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Abstract: Genome-wide studies have revealed that human and other mammalian genomes are pervasively tran-
scribed and produce thousands of regulatory non-protein-coding RNAs (ncRNAs), including miRNAs, siRNAs, piRNAs 
and long non-coding RNAs (lncRNAs). Emerging evidences suggest that these ncRNAs also play a pivotal role in ge-
nome integrity and stability via the regulation of DNA damage response (DDR). In this review, we discuss the recent 
finding on the interplay of ncRNAs with the canonical DDR signaling pathway, with a particular emphasis on miRNAs 
and lncRNAs. While the expression of ncRNAs is regulated in the DDR, the DDR is also subjected to regulation by 
those DNA damage-responsive ncRNAs. In addition, the roles of those Dicer- and Drosha-dependent small RNAs 
produced in the vicinity of double-strand breaks sites are also described.
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Introduction

Maintenance of the integrity of genomic infor-
mation is critical to the survival and propaga-
tion of all organisms, avoiding propagation of 
mutations that could lead to genomic instability 
and cancer. DNA lesions can be caused by a 
variety of environmental and endogenous geno-
toxic insults, such as ultraviolet (UV) in sunlight 
or ionizing radiation (IR), numerous chemother-
apeutic agents and by-products of normal cell 
metabolism, notably reactive oxygen species 
(ROS) [1]. In order to maintain the integrity of 
genomic DNA, eukaryotes have evolved a high-
ly coordinated cellular system to sense and 
counteract these threads. Collectively, this sys-
tem is known as the DNA damage response 
(DDR). Of the many types of DNA damage, DNA 
double strand break (DSB) is one of the most 
severe ones because it’s lethal to the cell if the 
damage is not repaired. DSB can be repaired by 
homologous recombination (HR), which allows 
for error-free repair, and non-homologous end 
joining (NHEJ), which is an error-prone repair 
pathway, while other types of DNA damage are 
processed through the nucleotide excision 
repair (NER), base excision repair (BER) and 
mismatch repair (MMR) [2].

Almost all the DDR pathways encompass a sim-
ilar set of tightly regulated steps: firstly the 
detection of DNA damage, the recruitment of 
DNA repair factors to damage site and finally 
the repair of DNA lesion. Accordingly, all these 
components in the transduction pathway can 
be functionally categorized into: sensors of 
damage, signal transducers and effectors [3]. 
The information collected and transmitted by 
these factors will be used in making cell fate 
decision - either arrest cell cycle to allow repair 
of damaged DNA and survival or apoptosis in 
case of severe damage [4]. However, previously 
all these factors are believed to be protein-cod-
ing genes. Recent studies point to the need for 
an expanded definition beyond just protein-cod-
ing genes to also include non-coding RNAs 
(ncRNAs).

Indeed, there is increasing evidence suggests 
that various ncRNAs could play an important 
role during initiation and progression of human 
diseases and in response environmental stimu-
li like stress [5]. The ncRNAs are those highly 
abundant and functionally important RNA mol-
ecules that are not translated into proteins and 
can be divided into a variety of groups. Except 
those housekeeping ribosomal and transfer 
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RNAs (rRNAs and tRNAs), ncRNAs are largely 
classified into 2 classes based on its size: small 
ncRNAs and long non-coding RNAs (lncRNAs, > 
200 nt). The former class includes the well-doc-
umented microRNAs (miRNAs), small interfer-
ing RNAs (siRNAs), Piwi-interacting RNAs (piR-
NAs) as well as a collection of newly identified 
promoter-associated RNAs (PARs), enhancer 
RNAs (eRNAs) and DSB-induced RNAs (diRNAs 
or DDRNAs) [6-8]. Similar to protein-coding 
genes, the expression of miRNAs and lncRNAs 
genes following DNA damage appears to be 
modulated at transcriptional or post-transcrip-
tional levels. On the contrary, accumulating 
data indicate that the core protein-coding com-
ponents of DDR pathways are targets of miR-
NAs, and subjected to inhibition in damage 
response. In this review, we describe the char-
acteristics and biological roles of these ncRNAs 
in DDR, with a particular emphasis on miRNAs, 
lncRNAs and the recently identified site-specif-
ic small RNA flanking DNA damage sites – 
DDRNAs [9, 10].

microRNAs 

The most well-studied group of ncRNAs are 
miRNAs, which are ~19- to 24-nt small ncRNAs 
with post-transcriptional regulatory functions 
by perfect or imperfect base-pairing, usually at 
the 3’ untranslated region (3’ UTR) of targeted 
mRNA [11]. Since the first discovery of lin-4 and 
let-7 in C. elegans, miRNAs are now found to 
exist in nearly all eukaryotic organisms and 
even in DNA viruses, indicating miRNA-like 
gene regulatory mechanism evolved early in 
the eukaryotic lineage [12]. To date, almost 
2000 mature miRNAs have been annotated in 
human genome and involved in many cellular 
processes such as proliferation, differentiation, 
stress responses, apoptosis and development 
[13]. MiRNAs are encoded in diverse regions of 
the genome including both protein coding and 
non-coding transcription units. Approximately 
40% of miRNAs are embedded in the introns or 
3’ UTR of protein-coding genes. These intronic 
or UTR-derived miRNAs share a common pro-
moter with host genes and maybe generated by 
read-through transcription, whereas other 
intergenic miRNAs are transcribed indepen-
dently from non-protein-coding genes [14, 15].

The biogenesis of miRNAs is a tightly regulated 
process involving two ordered endonucleolytic 
cleavages by the RNase III enzymes Drosha 

and Dicer [16, 17]. Following transcription by 
RNA polymerase II (RNA pol II), the primary 
miRNA transcript (pri-miRNA) are first pro-
cessed by an RNase III enzyme Drosha and its 
co-factor DGCR8 into a ~60–100 nt hairpin 
structure termed the precursor-miRNA (pre-
miRNA) [18]. Through the interaction with 
exportin-5, a Ran-GTP-binding nuclear trans-
porter, the pre-miRNA is then transported into 
the cytoplasm, where it was further cleaved by 
Dicer and its cofactor, TRBP (Tar RNA binding 
protein), resulting in the production of mature 
~22 nt RNA duplex [19]. One strand of the 
duplex is preferentially incorporated into 
Argonaute (Ago) family proteins to form the 
RNA-induced silencing complex (RISC), while 
miRNA* passenger strand is usually degraded. 
The RISC loaded with mature miRNAs are sub-
sequently guided by miRNA to pair with target 
transcript at their 3’ UTR and induce mRNA 
degradation or inhibition of translation [20]. 
Although our understanding of the basic mech-
anism of miRNA biogenesis has increased dra-
matically, the specific mechanisms that regu-
late miRNA expression remain elusive. As 
discussed below, during DDR each step of the 
general biogenesis pathway has been found to 
be differentially regulated to allow exquisite 
control of miRNA expression.

Long noncoding RNAs 

In addition to miRNAs, the most majority of 
ncRNAs are mRNA-like lncRNAs, range in length 
from 200 nt in length to ~100 kilobases (kb) 
lacking significant open reading frames. Most 
of them are transcribed by RNA polymerase II 
(RNA pol II) and polyadenylated [21], but this is 
not a hard and fast rule. In spite of their low 
levels of expression and poor conservation 
between species as compared to protein-cod-
ing genes or miRNAs, the expression of lncRNAs 
is tightly regulated with cell type and tissue 
specificity. The exact number of lncRNAs 
encoded within human genome is unknown. 
However, with the advent of RNA sequencing 
(RNA-seq) and computational methods for tran-
scriptome reconstruction, thousands of 
lncRNAs have been identified in many different 
cell types and tissues in mammals [22, 23]. As 
the number of characterized long non-coding 
transcripts increased rapidly, so did the uncer-
tainty regarding their putative function. How do 
lncRNAs exert their functions? At present only a 
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handful of lncRNAs have been well-character-
ized with distinctive biological roles, such as 
XIST or TSIX in X-chromosome inactivation [24, 
25], H19 or AIR in genomic imprinting [26, 27], 
NRON in cytoplasmic-to-nuclear trafficking of 
NFAT transcriptional factor [28] and HORAIR or 
HOTTIP in trans-acting regulation of HOX gene 
family [29, 30]. Although only a minority has 
been studied in detail, it is now becoming evi-
dent that many lncRNAs, if not all, are impor-
tant transcriptional outputs of the genome, but 
not transcription noise.

The lncRNAs include a heterogeneous group of 
long non-coding transcripts. According to their 
proximity adjacent protein-coding genes, 
lncRNAs may be broadly classified into 5 class-
es: sense, antisense, bidirectional, intronic and 
intergenic [31, 32]. The majority of them are 
antisense lncRNAs, which are transcribed from 
the opposite DNA strand of a protein-coding 
gene, and overlap in part with sense mRNA. 
Both ends of protein-coding genes may have 
the potential to encode antisense transcripts, 
and it’s now clear that antisense transcription 
is a widespread feature of mammalian 
genomes, such as more than 70% of transcrip-
tion units sequenced in mouse genome are 
antisense transcripts, most of them are 
lncRNAs [33, 34]. Usually, antisense transcript 
exerts its effect by modulating the expression 
of corresponding sense transcript positively or 
negatively. For instance, BACE1-AS, a con-
served noncoding antisense transcript for 
β-secretase-1 (BACE1), is upregulated in 
patients with Alzheimer’s disease. It regulates 
the expression of BACE1 by increasing BACE1 
mRNA stability and generating additional 
BACE1 protein through a post-transcriptional 
feed-forward mechanism [35]. More recently, 
another group of lncRNAs, termed large or long 
intergenic ncRNAs (lincRNAs), have been identi-
fied by searching distinctive ‘K4–K36’ chroma-
tin signature indicative of active transcription. 
These lincRNAs are exclusively intergenic and  
marked by trimethylation of lysine 4 of histone 
H3 (H3K4me3) at the promoter region and tri-
methylation of lysine 36 of histone H3 
(H3K36me3) along the transcribed region. By 
searching for K4–K36 domains that do not 
overlap with known protein-coding genes, there 
are almost 1,600 regions in the mouse genome 
and 2,500 regions in the human genome, which 
show higher evolutionary conservation across 

mammals when compared to other types of 
lncRNAs [36-38]. For most of them, their bio-
logical functions are poorly defined, although 
they are presumably involved in transcription 
regulation by physically associating with differ-
ent chromatin regulatory proteins. Using loss-
of-function studies, dozens of lincRNAs has 
been found to play key roles in the circuitry con-
trolling embryonic stem (ES) cell state in trans. 
Knockdown of these lincRNAs causes either 
exit from the pluripotent state or upregulation 
of lineage commitment programs, comparable 
to knockdown of well-known ES cell regulators, 
such as Oct4 and Nanog [39].

The expression of ncRNAs is responsive to 
DDR

Eukaryotic cells respond to DNA damage by 
arresting the cell cycle and modulating gene 
expression to ensure efficient DNA repair. 
Tremendous progress has been achieved in 
elucidating the molecular regulators respond to 
diverse DNA damage. In addition to those pro-
tein-coding genes, expanding evidence shows 
that some ncRNAs, including miRNAs and 
lncRNAs, are also regulated by DDR and thought 
to be a new players in mediating the cellular 
response to damage response. 

Regulation of miRNAs in DNA damage  
response

It has been shown that treatment with different 
types of genotoxic agents, such as UV light, 
γ-irradiation, oxidative stress, and chemical 
mutagens, result in a global change on miRNAs 
expression in a variety of cell types [40-44]. 
Usually, the up- and down-regulation of miRNAs 
expression levels will happen in a few hours 
after DNA damage, and will return to basal lev-
els in 24 hours. This response is slower than 
post-translational protein modification, such as 
phosphorylation, acetylation and ubiquitina-
tion, but faster than the transcriptional activa-
tion of p53 target genes such as CDC25a and 
p21. Therefore, it was postulated that miRNA-
mediated gene silencing acts at the intermedi-
ate time points between the fast protein modi-
fication responses and the slow transcriptional 
reprogramming of genes. 

For example, using miRNA microarrays and 
quantitative real-time PCR, there were 73 and 
33 miRNAs being either up or down-regulated 
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(>2-fold) in 1 and 10 Gy-irradiated human lym-
phoblastic cells (IM9) respectively [40], indicat-
ing varying dose of DNA damage may lead to 
activation of different as well as common set of 
miRNAs. 

Similar experiments have been done in other 
cell lines, including human fibroblast cells, der-
mal microvascular endothelial cells and non-
small cell lung cancer cells [43, 45, 46]. 
However, there is no obvious overlap of 
IR-induced miRNA profiles in different cell lines 
upon the same treatment with IR, suggesting 
these IR-responsive miRNAs might be cell type-
specific. Other DNA damage agents, such as UV 
light, etoposide, cisplatin and hydrogen perox-
ide, also resulted in similar but unique set of 

miRNAs even in the same type of cells [41, 44, 
47]. Many of them were predicted to target 
those genes involved in DNA repair, cell cycle 
arrest or apoptosis, although there are some 
variations among DNA damage-responsive 
miRNAs. These variations between miRNA pro-
filing points to the fact that miRNAs could be 
regulated by DNA damage in a mechanism 
based not only on the nature and intensity of 
DNA damage, but also on the type of cells 
where DNA damage occurred. 

DDR modulates miRNAs biogenesis transcrip-
tionally

The expression of miRNAs can be directly regu-
lated by transcriptional factors (Figure 1), such 

Figure 1. DNA damage modulates the biogenesis of miRNAs. In response to DNA damage, the expression of some 
specific miRNAs can be directly regulated by transcriptional factors, such as the tumor suppressor family members 
p53 and TAp63, which are activated upon genotoxic stress and, in turn, promote or inhibit the transcription of some 
miRNAs. In addition, DNA damage also regulates a subset of miRNAs at post-transcriptional level. p53 is function-
ally linked to Drosha/DGCR8 via direct interaction with p68/p72, promoting the processing of some pri-miRNAs 
to pre-miRNAs. The ATM kinase also facilitates the maturation of miRNAs through activating and phosphorylating 
KSRP, which in turn interact with Drosha/DGCR8 complex to enhance miRNAs processing.
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as the tumor suppressor p53, a well-known 
transcriptional factors induced in DNA damage. 
In response to DNA damage, the ATM or ATR 
kinase activates p53, which in turn transacti-
vates those genes in cell cycle regulation, 
senescence and apoptosis. The first discovery 
that connects p53 to the transactivation of 
miRNAs was the discovery of miR-34 family, 
which was found to be directly induced by p53 
upon DNA damage and oncogenic stress [48]. 
Ectopic expression of miR-34a leads to G1 
phase cell cycle arrest in both primary and 
tumor-derived cell lines likely through silencing 
a program of genes which promote cell cycle 
progression, suggesting of their tumor suppres-
sive potentials. Moreover, miR-34a was report-
ed to inhibit cell proliferation through the induc-
tion p53-mediated apoptosis [49]. MiR-34c, 
another member of the miR-34 family, was 
transcriptionally induced by p53 following DNA 
damage. However, in cells lacking p53, an alter-
native pathway exists to induce miR-34c 
although to a lesser extent. This pathway 
involves signaling through p38 MAPK to MK2 
[50]. In addition to the miR-34 family, miR-192, 
miR-194, miR-215 and miR-17-92 cluster are 
other miRNAs found to be transcriptionally reg-
ulated by p53. Following genotoxic agents 
treatment, the expression levels of miR-192, 
miR-194 and miR-215 are upregulated and 
highly dependent on p53 activation. Ectopic 
expression of miR-192/215 induces cell-cycle 
arrest through targeting a number of transcripts 
that regulate G1/S and G2/M checkpoints [51, 
52]. However, other studies revealed that miR-
17-92 cluster was a novel repression target of 
p53, sensitizing the cells to apoptosis under 
hypoxia. The expression levels of miR-17-92 
cluster were reduced in hypoxia-treated 
p53-proficient cells, but remained unchanged 
in p53-deficient cells. ChIP, Re-ChIP and gel 
retardation assays revealed that p53-mediated 
transcriptional repression of miR-17-92 cluster 
is function through preventing the TATA-binding 
protein (TBP) from binding to a TATA-box which 
overlap with the p53-binding sites within the 
miR-17-92 promoter. Notably, the expression 
levels of pri-miR-17-92 inversely correlated with 
p53 status in colorectal carcinomas, suggest-
ing of their tumor-promoting role in cancers. 
These studies suggest that these p53-regulat-
ed miRNAs may act in concert with other p53 
transcriptional protein-coding targets to modu-
late cellular response to DNA damage.

Similar to p53, its homologues p63 and p73 
are also induced by and involved in DNA dam-
age via apoptosis and cell cycle arrest. 
Computational analyses show that all three 
members of the p53 family could function as 
both positive and negative regulator of the 
major component of the miRNA processing 
machinery, such as Drosha-DGCR8, Dicer-
TRBP2, and Argonaute proteins [53]. It has 
been reported that metastatic mouse and 
human tumors deficient in TAp63, the transac-
tivation (TA) isoform of p63, express a very low 
level of Dicer and overexpression of Dicer and 
miR-130b markedly affected their metastatic 
potentials [54]. Further studies revealed that 
TAp63 binds to the promoters of Dicer and miR-
130b and transactivates their expression, indi-
cating the direct transcriptional regulation of 
Dicer and miR-130b by TAp63. In addition, 
there are a number of other DNA damage-
responsive transcription factors have been 
identified, such as NF-κB, c-Myc, CREB and 
E2F1, which are known to modulate miRNA 
expression [55, 56]. However, the specific func-
tions of those miRNAs in DNA damage and how 
much they contribute to the cellular response 
to DNA damage are still elusive and need fur-
ther study.

DDR regulates miRNAs processing and matu-
ration

DNA damage also regulates miRNA expression 
through post-transcriptional processing, lead-
ing to increased levels of some pre-miRNAs 
and mature miRNAs without significant chang-
es in their primary transcripts (Figure 1). The 
first evidence of post-transcriptional regulation 
of certain miRNAs maturation came from the 
study of Miyazono group [57]. This study dem-
onstrated that several miRNAs, including miR-
16-1, miR-143 and miR-145, were post-tran-
scriptionally upregulated in a p53-dependent 
and p68/p72-dependent manner upon geno-
toxic stress. DEAD box RNA helicases p68 
(DDX5) and p72 (DDX17) were identified as sub-
units of the Drosha complex and required for 
recognition and processing of a subset of pri-
mary miRNAs [58, 59]. In HCT116 and WI-38 
cells, p53 interacts with the Drosha processing 
complex through direct interaction with p68 
and, in turn, facilitates the processing of pri-
miRNAs to pre-miRNAs. However, inactive p53 
mutants disrupt a functional assembly between 
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the Drosha complex and p68, resulting in 
attenuation of miRNA processing activity. 
These findings indicate that p53, apart from 
functions as a sequence-specific transcription 
factor, plays an important role in the post-tran-
scriptional modulation of miRNA biogenesis 
and processing. Remarkably, p53 mutations 
are frequently observed in cancers and most of 
them are located in a domain that is required 
for both the miRNA processing function and 
transcriptional activity [60]. Loss of p53 func-
tions in transcription and processing of specific 
miRNAs might act in concert and contribute to 
tumor progression. As mentioned before, the 
major components of the miRNAs processing 
machinery including Dicer are predicted to be 
transcriptional targets of p53 and its homolog 
p63 and p73. Interestingly, the guardians of 
genome, p53/p63/p73, appears to modulate 
the processing of a group of miRNAs, including 
the tumor suppressor miRNAs, let-7, miR-34, 
miR-15/16a, miR-145, miR-26, miR-29, and 
miR-146a [61]. It was also predicted that many 

components in the miRNA processing complex-
es are targeted by p53-regulated miRNAs, sug-
gesting a negative feedback effect also exists 
to maintain physiological levels of miRNAs in 
response to DNA damage.

Recent data from our lab show that miRNA bio-
genesis is globally induced in an ATM-
dependent manner [62]. As many as one-fourth 
of miRNAs were significantly upregulated upon 
DNA damage in ATM-proficient human fibro-
blasts, while a small group of miRNAs were 
decreased. Among these induced miRNAs, a 
cohort of miRNAs associated with the KH-type 
splicing regulatory protein (KSRP, also known 
as KHSRP), an AU-rich element binding protein 
that mediates mRNA decay. Previous studies 
revealed that KSRP serves as a critical compo-
nent of both Drosha and Dicer complexes and 
regulates the biogenesis of a subset of miRNAs 
[63]. The complex pattern of post-translational 
modifications on KSRP determines its interac-
tion with a wide spectrum of RNA target 

Figure 2. DNA damage regulates the expression of lncRNAs. Similar to those protein-coding genes, the expression 
levels of lncRNAs are regulated globally by the tumor suppressor p53 or other transcriptional factors after DNA 
damage. These lncRNAs, once activated, participate in the DNA damage response by modulating downstream gene 
expression via interacting with their protein partners.
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sequences, as well as with other RNA-binding 
proteins and adaptor proteins [64]. The ATM 
gene encodes a DNA damage-inducible kinase, 
initiating the DNA damage signaling. Our results 
show that DNA damage activates the ATM 
kinase which directly binds to and phosphory-
lates KSRP, leading to enhanced interaction 
between KSRP and pri-miRNAs and increased 
KSRP activity in miRNA processing [62]. This 
activity results in the activation of the pri-miR-
NA processing by Drosha microprocessors and 
stimulation of miRNA maturation. However, 
mutations of those sites phosphorylated by 
ATM on KSRP impaired its activity in regulating 
miRNAs biogenesis. These findings strongly 
support the hypothesis that ATM functions as a 
major regulator of KSRP in miRNA processing, 
and that KSRP acts as a molecular gatekeeper 
that promote the production of a subset of miR-
NAs that in turn act in concert with other pro-
tein coding effectors to regulate cellular 
response to DNA damage. However, we also 
noticed that the expression levels of some miR-
NAs after DNA damage were significantly 
reduced in an ATM-dependent manner, indicat-
ing that ATM may also participate in inhibitory 
signaling that down-regulate the expression of 
certain miRNAs. Further studies will be required 
to elucidate whether ATM-dependent or -inde-
pendent kinases involved in the regulation of 
miRNA biogenesis following genotoxic 
treatment.

Regulation of lncRNAs in DNA damage  
response

Interestingly, the earliest report describing 
functional lncRNAs known as H19 and XIST, 
which play an important role in imprinting and 
X-chromosome inactivation separately, was 
published in 1990s, predating the discovery of 
miRNA. However, the discovery of miRNA lin-14 
in C. elegans dramatically shifted the focus of 
research of ncRNAs from lncRNAs to miRNAs. 
In the past decade, a number of publications 
have documented the emerging functions of 
lncRNAs in a variety of biological processes, 
including nuclear organization, nuclear-cyto-
plasmic trafficking, dosage compensation, reg-
ulation of gene expression and epigenetic mod-
ification [5, 21, 65]. More recently, a few of 
lncRNAs have been examined experimentally, 
indicating they are indispensable players in 
DNA damage (Figure 2). 

CCND1 ncRNAs

In 2008, a series of lncRNAs, named CCND1 
ncRNAs, were generated in the upstream of 
CCND1 promoter when subjected to genotoxic 
stress and this was the first example of lncRNAs 
found to be responsive to DDR [66]. These 
lncRNAs, pol II-regulated and polyadenylated 
but not capped, vary in length from 200 to 330 
nt or even bigger and always show multiple or 
diffuse bands when detected using Northern 
blotting analyses. Surprisingly, these 
CCND1ncRNAs are, remarkably, present at low 
copy number (2-4 copies/cell) following IR treat-
ment and are associated with chromatin epi-
genetic modifications, functioning in cis as 
“selective ligands” to recruit and modulate the 
activity of TLS (translocated in liposarcoma), an 
RNA-binding protein with RNA-binding domains 
at its C-terminus. However, the N-terminal of 
TLS, glutamine-rich domain, is responsible for 
the interaction with two well-known histone 
acetyltransferases, CBP and p300. The inter-
action between TLS and CBP/p300 results in 
the substrate-specific inhibition of the HAT 
activities of CBP/p300 [66]. In response to 
genotoxic stress, the expression of 
CCND1ncRNAs was induced while the CCND1 
mRNA is down-regulated. The DDR-responsive 
lncRNAs, CCND1ncRNAs, localized to the regu-
latory regions of CCND1 gene, cooperatively 
recruit TLS and cause a close-to-open confor-
mation change in TLS that licenses its interac-
tion with CBP/p300, resulting in substrate-spe-
cific inhibition of their HAT enzymatic activities, 
and thus establishing the hypo-acetylation sta-
tus of the chromatin and repressing of the 
CCND1 mRNA expression [66, 67]. Surprisingly, 
in the same region of CCND1 promoter a num-
ber of antisense ncRNA transcripts were also 
found to be upregulated following IR treatment, 
but the functions of these promoter-derived 
ncRNAs and how they were modulated by geno-
toxic stress are currently unknown and need 
further study. 

LincRNA-p21 

Another example of a lncRNA involved in DNA 
damage and cell cycle control is the long inter-
genic ncRNA p21 (lincRNA-p21), which was 
identified in an attempt to unravel those lin-
cRNAs regulated by p53. Previously, by search-
ing for the specific K4–K36 methylation 
domains, indicator of RNA polymerase II active 
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transcription, reside outside known gene loci, 
more than thousands of lincRNAs were identi-
fied in mouse genome [36]. When p53+/+ and 
p53-/- MEF cells exposed to a DNA damaging 
agent (doxorubicin), 39 lincRNAs were signifi-
cantly induced in p53+/+ but not p53-/- cells. 
Interestingly, most of them bear the consensus 
p53 cis-regulatory binding element in their pro-
moters and reside in the cluster associated 
with p53-mediated damage response, indicat-
ing that p53, an important tumor suppressor 
gene in maintaining genome integrity, may 
exert its function in part by directly activating 
some lincRNAs, which in turn regulate down-
stream transcriptional repression in damage 
response. Indeed, numerous lincRNAs are 
identified to be induced by the p53 tumor-sup-
pressor pathway using microarray analysis in 
two independent cell systems. In particular, 
one of them is lincRNA-p21 , a ∼3 kb transcript 
located in the proximity of the cell cycle regula-
tor gene, CDKN1A [68]. The lincRNA-p21 is 
directly induced by p53 to play a critical role in 
the p53 transcriptional response. Unlike 
CCND1 ncRNA which acts locally by regulating 
nearby coding gene epigenetically, lincRNA-
p21acts globally as an inhibitor of the 
p53-dependent transcriptional response by 
repressing the transcription of genes that inter-
fere with apoptosis. Interestingly, lincRNA-p21 
mediates gene repression by physically inter-
acting with ribonucleoprotein K (hnRNP-K), 
which in turn be recruited to the promoters of 
genes known to be repressed in a p53-depen-
dent manner. Knockdown of lincRNA-p21 
results in hnRNP-K mislocalization at promot-
ers of p53-repressed genes, in reverse loss of 
hnRNP-K leads to derepression of these shared 
targets. A 780 nt region at the 5′ end of lin-
cRNA-p21 is necessary for interacting with 
hnRNP-K and RNA folding analyses of this 
region predict a highly stable 280 nt structure 
with deep evolutionary conservation [68]. 
However, the factors that determine the target-
ing of lincRNA-p21 to specific loci are poorly 
understood.

PANDA

Recently a diversity of small ncRNAs ranging 
from 18 to 200 nt, which have been variously 
named promoter-associated small RNAs 
(PASRs), transcription-initiation RNAs (tiRNAs) 
and transcription start site associated RNAs 

(TSSa-RNAs), have been identified in human, 
mouse, chicken and Drosophila [69-71]. 
However, it remains uncertain whether these 
small ncRNAs are functional or just as cleavage 
products of larger capped (m)RNAs. In addition 
to these small ncRNAs, a few long noncoding 
transcripts as mentioned above have been 
identified in promoters and implicated in tran-
scriptional regulation, considering the perva-
sive noncoding transcription proximal to tran-
scription start sites (TSS) is a widespread 
phenomenon at eukaryotic promoters. Inspired 
by these examples, Hung and his colleagues, 
taking advantage of ultrahigh-resolution micro-
array technology, identified 216 putative 
lncRNAs encoded in the genomic loci of 56 cell-
cycle genes (cyclins, cyclin-dependent kinases 
(CDKs), CDK inhibitors (CDKIs)) [72]. Similar to 
their neighboring coding partners, the expres-
sion levels of these lncRNAs fluctuate during 
cell cycle progression, stem cell differentiation, 
neoplastic transformation as well as DNA dam-
age. Among them, 12 lncRNAs showed at least 
2-fold change in response to p53 activation via 
DNA damage using tilling array and qRT-PCR. 
Notably, there is another lncRNA, coined PANDA 
(P21 Associated ncRNA DNA damage 
Activated), locates approximately 5 kb 
upstream on the antisense strand between the 
protein-coding CDKN1A gene and lincRNA-p21 
[72]. Interestingly, PANDA was specifically 
induced by p53 in response to genotoxic stress. 
Knockdown of PANDA selectively promoted the 
expression of p53-regulated pro-apoptotic 
genes such as FAS and APAF1, whereas its 
depletion had no effect on p21 expression, 
suggesting it is a p53 effector that acts inde-
pendently of p21. Using RNA chromatography 
and chromatin immunoprecipitation, they found 
that PANDA delimits DNA damage-induced 
apoptosis by physically interacting with the 
transcription factor NF-YA, not other chromatin 
modification complexes known to binding with 
lncRNAs, such as LSD1 or EZH2. NF-YA is a sub-
unit of heterotrimeric CCAAT-binding complex 
(NF-Y), which has been shown to function as a 
trans-activator of a subset of p53 targets, such 
as FAS [73]. Knockdown of PANDA promotes 
NF-YA occupancy at the promoter regions of 
p53-dependent pro-apoptotic target genes, 
such as FAS, PUMA, CCNB1 and NOXA, which in 
turn leading to increased cell death in response 
to DNA damage. However, the specific mecha-
nism of the pro-survival effects of PANDA dur-
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ing DNA damage is not yet entirely clear and 
need to be determined in future.

Site-specific small RNAs induced in DNA  
damage response

More recently, Francia et al have uncovered an 
unexpected additional layer of crosstalk 
between the RNA interference (RNAi) pathway 
and DNA damage. A novel and unsuspected 
class of small RNAs, named DDR-regulating 
RNAs (DDRNAs), have been identified in the 
vicinity of double strand breaks (DSB), one of 
the most lethally damaging effects after expo-
sure to ionizing radiation [10]. It was known that 
the RNAi pathway giving rise to double-strand-
ed RNA products are evolutionary conserved, 
and its components are thought to have evolved 
to preserve genome integrity against naturally 
occurring transposons and viruses. Conditional 
deletion of a single copy of Dicer led to 
enhanced tumor development and reduced 
survival on several mouse models and inactiva-
tion of various components of Dicer and Drosha 
complexes stimulate cell transformation and 
tumorigenesis [74, 75]. In addition, piRNAs and 
QDE-2 interacting RNAs (qiRNAs) in the filamen-
tous fungus Neurospora crassa have been 
implicated in maintenance of genomic integrity 
[76, 77]. These findings inspired them to exam-
ine the possibility that factors involved in small 
RNA biogenesis or processing may have some 
direct role in the control of DDR activation at 
the site of DNA damage. Inactivation of Dicer or 
Drosha, not the downstream components of 
RNAi pathway, significantly reduced the num-
ber of cell positive for DDR foci and impaired 
the DNA-damage-induced G1/S and G2/M cell 
cycle checkpoints in cultured human and 
mouse cells and even in various tissues of liv-
ing zebrafish larvae. In addition, these DDR foci 
are lost in irridiated cells following RNase A 
treatment and can be robustly restored when 
incubation RNase-A-treated cells with of exog-
enous RNA, even if generated by chemical syn-
thesis or processed by recombinant Dicer in 
vitro, suggesting these so call DDRNAs are 
locally generated and favor the assembly of 
DDR foci. Indeed deep sequencing analysis 
confirmed the presence of site-specific small 
RNAs arising from the integrated exogenous 
locus upon cleavage with SceI. Almost at the 
same time, another group reported the pres-
ence of Dicer-dependent small RNAs (named 

DSB-induced RNAs, diRNAs) arising from the 
sequences flanking DSBs in plant and even in 
human cells [9]. In Arabidopsis, the biogenesis 
of diRNAs requires the PI3K-related kinase 
ATR, RNA polymerase IV (Pol IV), and Dicer-like 
proteins (DCLs) and mutations in these pro-
teins significantly impair the repair efficiency of 
DSBs. The diRNAs exert their functions by inter-
action with Ago2 and Ago2 is important for their 
accumulation, while it is unclear whether 
DDRNAs also rely on the Argonaute protein 
family members. Although at present how 
these site-specific small RNAs act to control 
DDR activation has not fully understood, these 
findings indicate that the presence of DSB-
derived site-specific small RNAs may be a uni-
versal phenomenon in DNA damage, implicated 
in recruiting of chromatin-modifying complexes 
to sites of damage or orchestrating DNA repair 
signaling. 

The roles and mechanisms of ncRNAs in DNA 
damage response

Efficient repair of DNA damage requires a coor-
dinated response between the factors that 
sense DNA damage and those that mediate 
repair. Upon recognition of DNA damage, trans-
ducers, such as ATM (ataxia-telangiectasia 
mutated), ATR (ATM- and Rad3-related) and 
DNA-PKcs((DNA-dependent protein kinase cat-
alytic subunit) relay and amplify the damage 
signal to effectors proteins like Chk1 and Chk2 
that control cell cycle progression, DNA repair 
and apoptosis. In addition to the expression of 
ncRNAs is responsive to DNA damage as men-
tioned above, it is becoming more and more 
clear that those factors (sensors, transducers 
and effectors) in DNA damage are subjected to 
regulation by those DDR-responsive ncRNAs, 
including miRNAs and lncRNAs. In the following 
section, we will summarize our current under-
standing on the emerging and potential roles of 
these ncRNAs in the DDR pathway. 

MiRNAs-mediated gene silencing in DNA  
damage response

Because the transcription and maturation of 
miRNAs changes in response to DNA damage, 
it was not surprising that miRNAs are involved 
in the regulation of genes related to DNA dam-
age, implying bidirectional communication sig-
nals between miRNAs and DDR. One of the first 
clues that implicated miRNAs in the regulation 
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of DNA damage was knockdown of the essen-
tial component of miRNA-processing pathway, 
such as Dicer and Ago2, which result in a sig-
nificant decrease in cell survival and altered 
checkpoint response after exposure to DNA-
damaging agents UV and cisplatin [44, 78]. 
These studies indicate that miRNA-mediated 
gene silencing may have physiological rele-
vance in the responses of DNA damage and 
repair. It was known that miRNAs are known to 
control gene expression post-transcriptionally 
by binding to complementary sequences in tar-
get mRNAs, thereby leading to mRNA degrada-
tion or translational inhibition. In silico predic-
tion and experimental validation have identified 
that miRNAs regulate multiple aspects of DNA 
damage, including directly regulating the 
expression of diverse components of the DDR 
pathway and indirectly fine-tune the expression 
of master regulatory proteins such as p53 
through cross-talking with other signaling path-
ways (Figure 3). 

Direct regulation

By analyzing the 3′UTR of 142 genes that impli-
cated in DDR using 2 different miRNA target 

prediction algorithms, more than half of them 
predicted to contain conserved miRNA target 
sites [79]. With more and more prediction and 
then validation of these miRNA targets, it’s now 
clear that almost all principle components of 
the DDR signaling pathway are subjected to 
miRNAs-mediated gene silencing during DNA 
damage, including sensors or mediators of 
damage, signal transducers and effectors. 

For example, histone variant H2AX, an initial 
sensor protein for the DDR and rapidly phos-
phorylated (Ser139) by PI3K-related protein 
kinases (PIKKs) following DNA damage, was 
found to be a target of miR-24 [80]. 
Overexpression of miR-24 dramatically down-
regulated H2AX in terminal differentiated 
human blood cells, rendering them hypersensi-
tive to gamma-irradiation, deficient in DSB 
repair, and susceptible to chromosomal insta-
bility. Further studies revealed that H2AX was 
also targeted by miR-138 via directly binding to 
its 3’ UTR [81]. Ectopic expression of miR-138 
repressed γ-H2AX foci formation, inhibited 
homologous recombination and enhanced cel-
lular sensitivity to multiple DNA-damaging 

Figure 3. The roles of miRNAs in DNA damage response. A. Direct regulation. Nearly all primary components of the 
DDR signaling pathway are subjected to miRNAs-mediated gene silencing during DNA damage, including sensors 
or mediators of damage, signal transducers and effectors. B. Indirect regulation. miRNAs exert their functions by 
fine-tuning the expression of critical components of the DNA damage response indirectly, such as p53, which was 
subjected to indirect regulation by miRNAs via down-regulation of upstream regulators of p53.
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agents in a human osteosarcoma cell line 
U2OS.

ATM, a serine/threonine kinase that transfers 
the DNA damage signals to downstream path-
ways, was also reported to be attenuated by 
miR-421 upon DNA damage. Ectopic expres-
sion of miR-421 results in a deficient S-phase 
cell cycle checkpoint and an increased sensitiv-
ity to IR, while blocking the interaction between 
miR-421 and ATM with antisense morpholino 
oligonucleotides rescued this defective pheno-
type [82]. Interestingly, the expression of miR-
421 was significantly induced in N-Myc-
amplified neuroblastoma and large B cell 
lymphoma cell lines, implying the interaction 
between miR421 and ATM might contribute to 
N-Myc-induced tumorigenesis. Until now, there 
are a large body of literature has revealed that 
many crucial genes in DDR are regulated by 
miRNAs and a complete list of miRNAs involved 
in DNA damage has been summarized in our 
another review [83].

Indirect regulation

In addition to direct regulation of diverse com-
ponents in the DDR signaling pathway, miRNAs 
exert their functions by fine-tuning the expres-
sion of critical components of the DNA repair 
pathways indirectly, such as p53, which was 
subjected to indirect regulation by miRNAs via 
down-regulation of upstream regulators of p53. 
The tumor suppressor p53 plays a central role 
in the maintenance of genomic integrity and 
tumor suppression and, thus, its expression 
and activity are under tight surveillance [84]. 
Although it has long been known that p53 
directly transactivates miRNA expression, 
including the miR34 family miR15a/16-1, and 
the miR-192/194/215 clusters, recent studies 
shown that p53 activity was widely regulated by 
a number of miRNAs. For example, miR-125b 
and miR-504 were reported to repress p53 by 
binding to specific responsive element (MRE) 
located in the p53 3′ UTR, respectively. 
Functional studies revealed that overexpres-
sion of these miRNAs reduces endogenous 
p53 level and suppresses apoptosis in human 
cells, whereas loss of them had the opposite 
effect [85, 86]. In addition to direct binding to 
the 3’ UTR of p53, miRNAs were found to regu-
late p53 activity indirectly by modulating 
p53-associated factors. Mdm2 is an E3 ubiqui-

tin ligase and a known negative regulator of 
p53. The interaction of p53 and Mdm2 was dis-
rupted following DNA damage, which leads to 
the rapid activation of p53. The studies from 
Wang group showed that miR-605 is a new 
component in the p53 regulatory network, 
being transcriptionally activated by p53 and 
post-transcriptionally repressing Mdm2 [87]. 
Transactivated miR-605 directly decreases the 
expression of Mdm2 and thus indirectly 
enhances the transcriptional activity of p53. A 
similar feedback loop was also described for 
miR-192, miR-194 and miR-215, which are also 
induced by p53 and then negatively regulate 
MDM2 expression [88]. 

miR-34 also functions as a downstream effec-
tor to amplify the p53 signal by modulating mul-
tiple cell cycle-related transcripts, including 
silent information regulator 1 (SIRT1) [89]. 
Inhibition of SIRT1 by miR-34 results in an 
increase in the acetylation and activity of p53, 
which in turn promote the expression of its tar-
gets p21 and PUMA that regulate the cell cycle 
and apoptosis, respectively. Moreover, it was 
shown that miR-122 is involved in the up-regu-
lation of p53 activity [90]. By modulating cyclin 
G1, ectopic expression of miR-122 inhibits the 
recruitment of the PP2A phosphatase to 
MDM2, resulting in decreased MDM2 activity 
and increased p53 levels and activity, as well 
as increases sensitivity to doxorubicin chal-
lenge in hepatocellular carcinoma-derived cell 
lines. In the meanwhile, our own studies 
revealed that miR-16, induced immediately 
after DNA damage, targets the expression of 
PPM1D, which is a negative regulator of p53, 
leading to p53 induction [91]. Further studies 
described a similar loop between the miR-29 
family (miR-29a, b and c) and p53 [92, 93]. miR-
29 upregulates the expression levels of p53 
and induce apoptosis in a p53-dependent man-
ner by suppressing p85 (the regulatory subunit 
of PI3 kinase) and CDC42 (a Rho family GTPase), 
both of which negatively regulate p53. 
Furthermore, similar to miR-16, in DNA damage 
the transcriptionally activated miR-29 also 
found to represses Ppm1d phosphatase. Taken 
together, these results revealed p53 activity 
and expression are controlled by a dense net-
work of miRNAs, which forms a positive feed-
back loop that ensures rapid accumulation of 
p53 after DNA damage.
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Regulation of DNA damage response by 
lncRNAs 

Similar to coding genes, there is considerable 
variability in the functions of lncRNAs. They are 
involved in a surprisingly wide variety of cellular 
processes and these processes typically relat-
ed to transcriptional regulation or mRNA pro-
cessing, which is a reminiscent of miRNAs. 
However, unlike miRNAs, lncRNAs participate in 
a wide spectrum of biological contexts which 
show greater complexity to their functions. 
Here we will briefly discuss the potential mech-
anisms by which those lncRNAs exerts their 
effects in response to DNA damage, although 
much remains to be learned about the detailed 
mechanism of action in each case (Figure 4). 

Epigenetic regulation

Many lncRNAs such as XIST, ANRIL, HOTAIR, 
H19, KCNQ1OT1 and AIR have been shown to 

be involved in epigenetic regulation of target 
genes [24, 26, 30, 94-97]. These lncRNAs 
interact with chromatin-remodeling or histone-
modifying protein complexes and guide them to 
specific genomic loci to exert their functions. 
The most notable protein partners of lncRNAs 
are the polycomb repressive complex 1 and 2 
(PRC1 and PRC2), which usually transfer repres-
sive posttranslational modifications to specific 
amino acid positions on histone tail proteins, 
thereby facilitating chromatin compaction and 
heterochromatin formation. In support of this 
model, a recent study shows that approximate-
ly 20% of lncRNAs expressed in a given cell 
associated with chromatin-modifying complex-
es such as PRC2 and many of these lncRNAs 
interact with multiple chromatin factors [38]. 
For example, the lncRNA CCND1ncRNAs, which 
was abundantly induced from the 5′ regulatory 
regions of CCND1 upon DNA damage, functions 
as ‘GPS devices’ to guide other cellular compo-

Figure 4. The roles of lncRNAs in DNA damage response. A. Epigenetic regulation. lncRNAs such as CCND1-ncRNA 
and Tug1 can function as ‘GPS devices’ to interact with chromatin-remodeling or histone-modifying protein com-
plexes and then guide them to specific genomic loci to regulate specific genes expression. B. Transcriptional regula-
tion. Linc-p21 physically interacts with hn-RPK and modulates its localization at repressed genes, regulating p53-
mediated apoptosis. By contrast, the interaction of PANDA with the transcription factor NF-YA prevents its binding to 
chromatin, which impedes the expression of pro-apoptotic genes and facilitates cell-cycle arrest.
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nents to the sites of action [66]. It functions as 
a ligand to mediate histone modifications 
through interaction with RNA binding protein 
TLS. The CCND1ncRNA-TLS complex effectively 
binds to CBP/p300 and inhibits the substrate-
specific HAT activities of CBP/p300, resulting in 
repression of CCND1 expression. Another 
example is the lncRNA Tug1, which was origi-
nally identified as a transcript upregulated by 
taurine, involving in the mouse retinal develop-
ment [98]. Further study shows that Tug1 was 
one of those 39 lncRNAs specifically induced in 
p53-wild type, but not p53-mutant cells, likely 
through the binding of p53 to the conserved 
binding sites in promoter [38]. Unlike CCND1 
ncRNA which acts locally, Tug1 acts globally as 
a downstream repressor of the p53-dependent 
transcriptional response through interaction 
with chromatin-modifying complex PRC2. 

Transcriptional regulation

In addition to facilitating chromatin regulation 
by serving as molecular scaffold, emerging evi-
dence suggests that some lncRNAs are induced 
in response to specific stimuli, and in turn acti-
vate or repress specific transcriptional pro-
grams, which allow cells respond to these stim-
uli. Several lncRNAs such as linc-p21and 
PANDA are found to be direct targets of the 
tumor-suppressor protein p53 in response to 
DNA damage [72, 99]. Subsequently, these 
lncRNAs regulate downstream gene expression 
by distinct pathways. LincRNA-p21, located in 
the promoter of CDKN1A gene, was found to 
act as a transcriptional repressor in the canoni-
cal p53 pathway and to play a role in triggering 
apoptosis through its binding to and modula-

tion of hnRNP-K localization [99]. By contrast, 
the lncRNA PANDA, which is also transcribe 
from CDKN1A promoter, interacts with the tran-
scription factor NF-YA. The binding of PANDA to 
NF-YA may evict or prevent NF-YA binding to 
chromatin, which impedes the expression of 
pro-apoptotic genes and facilitates cell-cycle 
arrest [72], suggesting ncRNAs may act as key 
regulatory nodes in multiple transcriptional 
pathways.

Conclusions and perspectives

The DDR signaling pathway encompasses a set 
of tightly regulated steps: sense the DNA dam-
age, transduce the signal and initiate the repair 
of damaged DNA. The information collected 
and transmitted by these factors will be used in 
making cell fate decision - either arrest cell 
cycle to allow repair of damaged DNA and sur-
vival or apoptosis in case of severe damage [4]. 
In addition to those well-studied protein-coding 
genes, recent studies point to the need for an 
expanded definition to also include ncRNAs, 
such as miRNAs and lncRNAs. In the last 
decade, the crosstalk of miRNAs with DDR is 
extensively studied, although many questions 
remain to be resolved. Available evidences 
show that DNA damage signaling participates 
in the regulation of miRNA biogenesis at both 
the transcriptional and post-transcriptional lev-
els. On the other hand, the DDR-responsive 
miRNAs in turn act in concert with others pro-
tein factors to modulate the DDR signaling 
pathway via miRNA-mediated gene silencing. 
By contrast, the roles of lncRNAs in DNA dam-
age are poorly understood but beginning to 
emerge. So far only a few lncRNAs in DDR sig-
naling pathway have been evaluated experi-
mentally, although thousands of mRNA-like 
lncRNAs without significant protein-coding 
capacity have been predicted in human 
genome. Similar to miRNAs, these DDR-
responsive lncRNAs in turn work cooperatively 
with proteins by forming ribonucleoprotein 
complexes (RNPs) to modulate the DDR signal-
ing pathway. lncRNAs not only interact with 
chromatin-remodeling or histone-modifying 
protein complexes and guide them to specific 
genomic loci to exert their functions post-tran-
scriptionally, but also function as molecular 
scaffold to activate or repress specific pro-
grams transcriptionally. In addition to the inter-
plays of proteins with miRNAs and lncRNAs, 

Figure 5. The crosstalk of proteins, miRNAs and ln-
cRNAs in DNA damage response.
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recent evidences suggest that some lncRNAs 
may also regulate gene expression post-tran-
scriptionally by directly binding to miRNAs, act-
ing as a “sponge” to prevent specific miRNAs 
from binding to their target mRNAs [100]. These 
findings revealed a novel layer of regulation 
that distinct classes of ncRNAs interplay with 
each other and cooperate to regulate gene 
expression. However, it is unclear whether this 
kind of crosstalk between miRNAs and lncRNAs 
also exist in DDR signaling pathway. Based on 
the interplays of proteins, miRNAs and lncRNAs 
in DNA damage response, we proposed a four-
component model to depict the coding and 
noncoding genes’ interactions (Figure 5). In this 
model, proteins, miRNAs and lncRNAs are 3 
players and mediators that regulate each oth-
er’s expression by various means in DNA dam-
age response. More recently, a new class 
ncRNAs, Dicer- and Drosha-dependent small 
RNAs, was identified in the vicinity of DNA dou-
ble-strand break sites in human and mouse cell 
lines, as well as in plant [9, 10], indicating that 
the presence of DSB-derived site-specific small 
RNAs may be a universal phenomenon in DNA 
damage response. These results are very 
intriguing since they demonstrated a novel 
ncRNA player in DDR pathway and we are sure 
more of them are on the way and yet to be 
determined in future. 
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