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1 Introduction

Genomic DNA damage can be induced by differ鄄
ent physical or chemical endogenous and exogenous
factors. Cells respond to DNA breaks for survival [1].
Those proliferating cells have to arrest the cell divi鄄
sion cycle to repair DNA lesions. If the repair cannot
be completed, cells undergo programmed cell death.
Ionizing radiation(IR) and chemical agents can cause
a variety of DNA lesions, namely, mutation, single鄄
strand, and double鄄strand breaks. Double鄄strand breaks
(DSBs) are the most serious damage type of genomic
DNA and individual DSBs for cells are fatal. Cells use
two major repair pathways, namely, homologous re鄄
combination and non鄄homologous end joining(NHEJ),
to complete DSB repair. Homologous recombination
requires an undamaged homologous DNA template to
replace the adjacent broken high鄄fidelity DNA[2]. By

contrast, NHEJ is an error鄄prone quick鄄repair process
that directly connects the ends of two broken strands[3].

The sequencing of the human genome showed
that only approximately 20 000 protein鄄coding genes
exist, representing <2% of the total genomic sequence,
whereas the rest of the genome has over 90% tran鄄
scribed into non鄄coding RNAs(ncRNAs). Initially,
these ncRNAs were called "transcriptional noise".
Then, the development of modern molecular biology
techniques enabled scientists to discover that ncRNAs
were involved in many biological processes, such as
chromatin remodeling, histone modification, DNA
methylation, amplification, and rearrangement, among
others. The regulation pattern of RNA molecules is
highly diverse. NcRNAs can be roughly classified into
the following two categories based on the length of
ncRNAs: Long non鄄coding RNAs(LncRNAs) greater
than 200 bp, and short non鄄coding RNAs less than
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200 bp. The latter includes micro RNA, PIWI(P鄄ele鄄
ment induced wimpy testis)鄄interacting RNA, endoge鄄
nous small interfering RNA, and competitive endoge鄄
nous RNA. This diversity creates a highly enriching,
rigorous, and orderly gene expression process.

In recent years, studies have shown the partici鄄
pation of ncRNAs in nearly all biological processes
and signaling pathways. DNA damage and repair in
the DNA damage response(DDR) process further re鄄
quire the ncRNAs regulation. Some evidence show
that DSB repair proteins, including 53BP1(p53 bind鄄
ing protein 1), BRCA1(breast cancer 1), and Ku70(a
protein that, in humans, is encoded by the X鄄ray re鄄
pair cross鄄complementing 6 gene), combine ncRNAs
into DSB sites, thereby affecting the efficiency of re鄄
pair [4]. Micro RNA expression is regulated by DNA
damage, and is further directly affected by DDR proteins
in certain cases[2-3, 5-6]. However, how these ncRNAs
affect DDR remains unclear.

LncRNAs are transcribed RNA molecules with a
length of over 200 nucleotides. At present, scientific
research mainly focuses on a role of lncRNAs in can鄄
cer and other major diseases, but the regulatory mech鄄
anism in the development of DDR remains unclear.
Wang et al.[7] found that a group of lncRNAs, CCND1
(cyclin D1), regulate DDR caused by IR through epi鄄
genetic modification of chromatin. Since then, other
researchers have reported lincRNA 鄄p21渊also called
TP53COR1, tumor protein p53 pathway corepressor
1冤, PANDA (promoter of CDKN1A antisense DNA
damage activated RNA), and DDR鄄related lncRNAs.
LncRNAs may control DDR through other mecha鄄
nisms. Still, no systematic study has been conducted
on this aspect. The interplay among lncRNAs, mi鄄
croRNAs, and proteins in the regulation of DNA dam鄄
age response requires investigation. In radiobiology,
research on IR鄄induced DDR regulated by lncRNAs
remains extremely rare. Thus, this paper reviews the
emerging role of lncRNAs in DNA damage repair.
2 DDR

Genomic instability is one of the most common

features of tumor cells, which may be caused by the
following: DNA injury, comprehensive effect of tumor鄄
specific DNA repair defects, and failure of cell cycle
arrest before the cell divides into daughter cells. To
maintain genomic stability and respond to DNA dam鄄
age, cells evolve a set of complex cellular responses to
DDR, thereby coordinating DNA damage checkpoints
of the cell cycle[1].

The matter of coordinating DDR is divided into
sensor, transducer, and effector. DNA damage recogni鄄
tion is the first step in activating DNA鄄damage check鄄
point signaling cascades. DNA damage is detected by
corresponding sensor proteins, such as MRN(MRE11鄄
RAD50鄄NBS1) complexes that receive signals; the RPA
(replication protein A) protein binds to a single鄄strand
DNA at the DNA damage loci. Subsequently, the
highly conserved DDR kinase, ATM(ataxia telangiec鄄
tasia鄄mutated), and ATR(ataxia telangiectasia and
Rad3 related), have been recruited and activated. In
yeast and mammalian cells, Tel1/ATM identifies DSBs,
whereas Mec1/ATR can be activated when a long sin鄄
gle strand of DNA ends exists. Once activated, the
DDR signal is transducted via the phosphorylation
and activation of downstream kinase, such as CHK1
(checkpoint kinase 1) and CHK2(checkpoint kinase 2).
Checkpoint activation triggers a series of cellular re鄄
sponses, allowing cells enough time to repair the DNA
damage by coordinating cell鄄cycle progression.
3 LncRNAs鄄mediated DDR pathways

LncRNAs may have the following four functions
in the DDR pathway: (1)guiding or signaling recruit鄄
ing repair proteins or chromatin鄄modifying complexes
to sites of DNA damage, (2)acting as scaffolds for
DNA repair proteins or chromatin remodeling machin鄄
ery at the site of the DNA repair foci, (3)preventing the
action of negative regulators of DNA repair at the site
of DNA damage by acting as decoys, and (4)regulating
DNA damage鄄sensitive gene expression programs, such
as lincRNA鄄p21 and PANDA [8].
3.1 LncRNAs鄄mediated non鄄canonical DDR pathways

DDR is a major protective mechanism against ge鄄
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nomic instability in eukaryotic cells. In the past cou鄄
ple of decades, several protein components have been
identified in the DDR pathways, including DNA dam鄄
age sensors, signaling PIKKs(phosphatidylinositol 3鄄
kinase鄄related kinases), and effectors[1]. The ATM ki鄄
nase is a primary PIKK that responds to DSBs and
activates a variety of cell activities[9]. The ATM鄄p53
signaling plays a central role in cell鄄cycle checkpoints
and cell death pathways following DNA damage and
oncogenic stresses[10]. Regulators in the ATM鄄p53 sig鄄
naling modulate not only the activity and stability of
signaling proteins but also their mutual recognition,
interaction, and signaling complex formation.

Aberrant expression of individual lncRNAs has
been reported in tumors of various tissue origins [11].
Furthermore, recent data revealed that lncRNAs tran鄄
scripts can modulate gene activity in response to DNA
damage[12]. LncRNAs are increasingly associated with
DDR. Fig.1 shows the proposed mechanisms of lncRNAs鄄
mediated regulation of the p53 pathway. Kitagawa et
al.[13] emphasized that non鄄canonical DDR are partici鄄
pated by certain lncRNAs in cell cycle arrest or in鄄

duct apoptosis, whereas the ATM/ATR pathway refers
to a canonical DDR to deactivate CDK(cyclin鄄depen鄄
dent kinase) activity as a DNA damage checkpoint.
LncRNAs鄄mediated non鄄canonical pathways may en鄄
sure DDR, which is diverse and reliable depending on
the cellular context.
3.2 LncRNAs participate in cell cycle arrest in re鄄

sponse to DNA damage
A number of lncRNAs are expressed in a cell cycle鄄

regulated manner. Some of these lncRNAs are induced
by DNA damage and inhibit cell cycle progression by
regulating cell cycle regulators, such as ncRNACCND1,
which suppresses Cyclin D1 transcription(G1 phase);
gadd7(growth arrested DNA鄄damage inducible gene 7),
which destabilizes CDK6(cyclin鄄dependent kinase 6)
mRNA(G1 phase); ANRIL(antisense non鄄coding RNA
in the INK4 locus), which suppresses p15/p16 tran鄄
scription with PRC1/2(G1 phase); and PANDA , which
suppresses FAS(Fas cell surface death receptor) and
BIK(Bcl鄄2鄄interacting killer) transcription.

NcRNACCND1 or pncRNA (promoter鄄associated non鄄
coding RNA) is transcribed from the upstream region

of the cyclin D1 gene, CCND1,
and negatively regulates cyclin
D1. NcRNACCND1 functions as a
transcription factor regulator [7]. It
is induced in a DNA鄄damage de鄄
pendent manner, and associates
with and recruits TLS(translocated
in liposarcoma)[14], an RNA bind鄄
ing protein. The ncRNACCND1鄄TLS
complex is recruited to the CCND1
promoter to inhibit the activity of
the coactivator, CBP/p300, there鄄
by preventing CCND1 transcrip鄄
tion(Fig.2). Thus, the suppression
of cyclin D1 as regulated by the
ncRNACCND1鄄TLS complex may
participate in G1 arrest in re鄄
sponse to DNA damage.

Gadd7 is an lncRNA in鄄
volved in regulating CDK6 ex鄄

Fig.1 Model demonstrating the proposed mechanisms of lncRNA鄄mediated regulation of the
p53 pathway, which controls cell cycle arrest, repair, and apoptosis in response to DNA dam鄄
age. In response to DNA damage, p53 is stabilized and activated via phosphorylation mediated
by the ATM/ATR pathway. p53 directly binds the target genes and regulates their expression
to control cell cycle arrest, repair, and apoptosis. p21 and lincRNA鄄p21, which are transcribed
near the p21 gene, are p53鄄target genes. LincRNA鄄p21 controls the expression of some p53鄄
target genes. p53 function is partially mediated by gene regulation via lincRNA鄄p21.
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pression [ 15 ] in a posttranscriptional manner . TDP鄄43
(TAR DNA binding protein) binds to the 3忆 untranslated
region of CDK6 mRNA to stabilize it. Gadd7 is transcrip鄄
tionally induced via the DNA damage mediated by UV
radiation and cisplatin[15], binds to TDP鄄43, and dissoci鄄
ates from CDK6 mRNA[16]. The CDK6 mRNA is then de鄄
graded, resulting in the inhibition of the G1/S transi鄄
tion(Fig.2). Therefore, gadd7 negatively controls CDK6
expression, which functions as a translation regulator.
3.3 LncRNAs participate in apoptosis induction in

response to DNA damage
The p21 gene locus expresses several cis鄄 and

trans鄄acting lncRNAs in normal and stressed cells.
lncRNA lincRNA鄄p21 and PANDA are respectively
transcribed from 15 kb or 5 kb upstream to the p21
TSS(transcription start site), induced by p53 upon
DNA damage, and involved in the regulation in trans
of multiple genes downstream of p53[12, 17](Fig.1). How鄄
ever, the transcriptional regulation of p21 itself is in鄄
dependent of lincRNA鄄p21 and PANDA [12, 17].

LncRNAs PANDA is a bidirectional transcript
from the CDKN1A promoter. PANDA is a p53 effector
in response to DNA damage to suppress apoptosis,
while CDKN1A induces cell cycle arrest. Suppression

of PANDA leads to doxo鄄induced apoptosis; it simul鄄
taneously upregulates genes involved in apoptosis, in鄄
cluding the apoptotic activators APAF1(apoptotic pro鄄
tease activating factor 1), BIK, FAS, and LRDD
(leucine鄄rich repeats and death domain containing) [12].
PANDA RNA mechanistically interacts with the tran鄄
scription factor NF鄄YA(nuclear transcription factor Y
subunit alpha). Together, they are able to suppress the
expression of pro鄄apoptotic genes that carry putative
NF鄄YA binding sites in their promoter regions. The
results suggest that abnormal overexpression of PANDA
may suppress apoptosis induced by DNA damage that
accumulates and pushes the genome toward carcino鄄
genesis. p53 directly binds to its binding element in
the lincRNA鄄p21 promoter. LincRNA鄄p21 binds to
hnRNP鄄K(heterogeneous nuclear ribonucleoprotein K)
and recruits it to the target genes, but the mechanism
of target gene regulation is unknown. p53 function is
partially mediated by gene regulation via lincRNA鄄
p21鄄hnRNP鄄K(Fig.1).
3.4 LncRNAs are involved in canonical DDR

Apart from investigating canonical protein
components, recent studies have revealed essential
functions of ncRNAs in DDR[18]. Considering that DNA
repair factors, such as 53BP1, KU80(a protein that, in
humans, is encoded by the XRCC5 gene), and BRCA1,
associate with RNA[19-21]; that certain RNA鄄binding
proteins, such as RBMX(RNA binding motif protein,
X鄄linked) and hRNPU(heterogeneous nuclear ribonu鄄
cleoprotein U(scaffold attachment factor A), are re鄄
cruited to DSB sites[4, 22]; and that telomeric repeat 鄄
containing RNA associates with DNA repair proteins[23-24],
researchers are convinced that DNA damage鄄induced
lncRNAs tend to play a role in DDR.

Wan et al. [25] identified a novel lncRNAs named
lncRNAs鄄JADE. The uniqueness of lncRNAs鄄JADE
lies in the dependence of its induction on ATM but
not on p53. Consistent with this finding, no p53鄄re鄄
sponsive elements are found in the putative promoter
region of lncRNAs鄄JADE. Inhibiting ATM or NF鄄资B
markedly suppresses the DNA damage induction of
lncRNAs鄄JADE and the positive control IRF鄄1 (inter鄄

Fig.2 Model demonstrating the proposed mechanisms of
lncRNAs鄄mediated regulation of cyclin D1 and CDK6 induced by
DNA damage. DNA damage induces the transcription of ncRNACCND1

from the promoter region of the cyclin D1 gene. NcRNACCND1 associ鄄
ates with and recruits TLS, an RNA鄄binding protein, to the cyclin
D1 promoter, thereby preventing cyclin D1 gene transcription. DNA
damage induces the expression of the lncRNAs, gadd7, which dis鄄
sociates TDP鄄43 from the CDK6 mRNA to destabilize it, thereby
downregulating CDK6 and inhibiting the G1/S transition.
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feron regulatory factor 1, an NF鄄资B target). This find鄄
ing suggests that the transactivation of lncRNA鄄JADE
is regulated by the ATM鄄NF鄄资B signaling in the DDR,
whereas p53 is dispensable in the induction of lncRNAs鄄
JADE in the DDR.

Furthermore, Jade1 is an essential component of
the HBO1(human acetylase binding to ORC1) complex
responsible for histone H4 acetylation. Similar to
lncRNAs鄄JADE, the Jade1 protein is further induced
after DNA damage. Thus, lncRNAs鄄JADE is an impor鄄
tant link that connects the DNA damage signaling to
the Jade1鄄mediated H4 acetylation [25]. Inhibition of
lncRNAs鄄JADE may enhance the DNA damage鄄in鄄
duced apoptosis and may sensitize cells to DNA鄄dam鄄
aging agents. Prensner et al.[26] reported the character鄄
ization of PCAT鄄1 (prostate cancer associated tran鄄
scripts) as a prostate cancer lncRNAs implicated in
the regulation of DSBs repair. PCAT鄄1 represses the
BRCA2 tumor suppressor gene, thereby leading to
downstream impairment of homologous recombination.
4 Perspectives

At present, studies on the functions of lncRNAs
mainly focus on tumor, nerve, and development. Thus
far, our understanding of the interaction between
lncRNAs and DDR, a complex biological problem, re鄄
mains incomplete. Some key issues are unresolved,
such as the origin of lncRNAs, their active mecha鄄
nism, and the cause of their appearance at the DSBs
site. The most important problem is how lncRNAs
function at the DNA damage site. Available scarce
data suggest that ncRNAs recruit DNA repair proteins
to the DSBs site or maintain the DNA repair foci [18].
Intensive study regarding the participation of lncRNAs
molecules in the regulatory mechanism of DSBs repair
will help us further clarify the mechanism of DNA
damage repair. In鄄depth research can simultaneously
provide new guidelines in developing new drugs for
radiation protection and tumor chemotherapy or ra鄄
diosensitivity via the DNA damage repair pathway.
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