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Posttranscriptional regulation of miRNAs in the DNA damage response
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NA damage response is an elabo-

rate process in which cells react
to external or internal DNA damaging
stress. An extensive network of signal-
ing molecules, complexes and pathways
has been identified in the DNA damage
response. Emerging evidence indicates
that microRNAs (miRNAs) play essen-
tial roles in the DNA damage and repair
pathways. While much effort has been
to predict in silico and verify miRNA
target genes, little is known about how
miRNAs themselves respond to DNA
damage. Here we discuss recent studies
showing whether and how miRNAs are
regulated in the DNA damage response.
MiRNA expression involves transcrip-
tion of miRNA genes and maturation
of the primary transcripts. Therefore,
miRNA levels might be regulated in
both transcription dependent and inde-
pendent manners. While the DNA
damage response is known to protect
against tumorigenesis in vivo, a deficient
response could contribute to tumorigen-
esis through miRNAs.

Introduction

To maintain genome stability, eukary-
otic cells have evolved with the ability to
detect and translate the initial signals of
DNA damage to proper cellular responses.
Different types of DNA damage are thus
repaired through different DNA repair
pathways that include base excision
repair, nucleotide excision repair, mis-
match repair, homologous recombination
(HR) and non-homologous end-joining.!
Meanwhile, DNA damage triggers a vari-
ety of cell activities that are collectively
called DNA damage response. Cell cycle

checkpoints are activated to arrest cell
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cycle, allowing cells to repair damaged
DNA, or if the damage is too severe,
apoptosis occurs to remove those “sick”
cells, thereby preventing the transmittal
of mutant DNA to daughter cells.

The key components of the DNA dam-
age response are the phosphoinositide-
3-kinase-related kinase (PIKK) family,
which includes ATM (ataxia-telangiec-
tasia mutated), ATR (ataxia-telangiecta-
sia and Rad3-related), and DNA-PKcs
(DNA dependent protein kinase catalytic
subunit).? The ATM kinase initiates a
major signaling pathway that responds
particularly to double-strand DNA breaks
(DSBs), whereas the ATR kinase is acti-
vated primarily by the disruption of DNA
replication. These two kinases share sub-
strate specificity by recognizing Ser-Gln
(SQ) and Thr-Gln (TQ) motifs.>* Recent
work from the Elledge laboratory has
unveiled a vast network of more than 700
ATM/ATR targets that function in a vari-
ety of cell activities.*

Genetic defects that perturb the DNA
damage response inevitably cause severe
syndromes that are characterized by tissue
degeneration, sensitivity to specific DNA-
damaging agents and predisposition to
cancer. As examples, A7M mutations
lead to the cancer-predisposing genetic
disorder ataxia-telangiectasia (A-T),>’
and about a third of hereditary breast
cancer is due to mutations in the BRCAI
gene, which is another important compo-
nent of the DNA damage response.® The
direct functional roles of the DNA dam-
age response in cancer resistance have
been recently demonstrated. Activated
oncogenes induce the stalling and col-
lapse of DNA replication forks, leading to
the formation of double-stranded breaks

(DSBs). The persistent DNA damage
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in precancerous lesions activates DNA
damage response pathways, as indicated
by upregulated levels of DNA damage
responsive proteins, including the acti-
vated and phosphorylated forms of ATM,
CHK2, p53 and H2AX. In addition,
advanced tumors often show inactivation
of DNA damage response markers, sug-
gesting that silencing of the DNA damage
response is an important prerequisite for
cancer progression.””

MiRNAs Target DNA
Damage Signaling

MicroRNAs (miRNAs) are ~22 nt small
non-coding RNAs that control gene
the
level through the translational inhibi-

expression  at posttranscriptional
tion and destabilization of their target
mRNAs."” MiRNAs are transcribed as
primary transcripts or pri-miRNAs by
RNA polymerase II. The pri-miRNA
is similar to mRNA in that it contains a
7-methylguanosine cap at the 5' end and
a poly(A) tail at the 3' end. The RNase
III enzyme Drosha digests pri-miRNAs to
produce pre-miRNAs that are ~70 nt long
and contain a characteristic stem-loop
structure.' Drosha functions in a protein
complex known as microprocessor that
also includes the double-stranded RNA
binding protein DGCRS, an essential
component for Drosha activity."" Because
the majority of mRNAs is found in the
cytoplasm, miRNAs need to be exported
from the nucleus, which is executed by
a RanGTP-binding nuclear transporter,
Exportin-5."% The final step for miRNA
maturation is executed by another RNase
IIT enzyme, Dicer, which cleaves pre-miR-
NAs into their mature forms."

Extensive efforts have been made in the
last two decades to dissect the components
and regulators involved in the DNA dam-
age response. Kinases/phosphatases, ubiq-
uitin ligases/deubiquitinases, and protein
adaptors and effectors have been identi-
fied in the network of the DNA damage
signaling pathways." It is estimated that
miRNAs may directly regulate the expres-
sion of at least 30% of human genes that
contain miRNA-targeting sequences in
their 3' untranslated regions (3-UTR).™
Not surprisingly, miRNAs were first
realized to be part of the DNA damage
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response when their targets were identi-
fied in the signaling pathways. For exam-
ple, the human miRNA-421 was found
to suppress ATM expression by targeting
the 3-UTR of ATM transcripts.” In neu-
roblastomas, overexpression of the onco-
genic transcription factor, N-Myc induces
miR-421 expression, which consequently
downregulates ATM expression and possi-
bly inhibits the ATM-p53 signaling path-
way. In addition, the Chowdhury group
reported that miR-24 inhibits the expres-
sion of the histone variant H2AX, which
has a key role in the repair of DSBs.!
Because miR-24 is upregulated during
post-mitotic differentiation of hematopoi-
etic cell lines, this finding helps explain
why terminally differentiated hematopoi-
etic cells have a reduced capacity to repair
double-stranded breaks. The same group
also recently showed that miR-182 down-
regulates BRCALI levels in human breast
cancer cells, which results in the impair-
ment of homologous recombination DNA
repair and sensitizes the cells to ionizing
radiation and chemotherapeutic agent
PARD.”

MiRNA expression is a critical com-
ponent of the DNA damage response
as well. Knocking down Dicer or Ago2
significantly reduces cell survival and
the checkpoint response to UV damage.
The Jones group reported that depletion
of Dicer in mice and the loss of mature
miRNAs induced a premature senescence
phenotype in mouse embryonic fibro-
blasts, developing limb and adult skin.'®
Loss of Dicer resulted in increased levels
of DNA damage, p53 activity and prema-
ture senescence in cells, suggesting that
loss of miRNA biogenesis activates DNA
damage checkpoints. As more miRNA
targets are identified, the regulatory roles
of miRNA in the DNA damage response
will become clearer.

How is miRNA Expression
Regulated in the DNA
Damage Response?

An initial report from the Persengiev
group showed that UV damage triggered
a change in miRNA expression profiling.
Caffeine, a non-specific ATM/ATR inhib-
itor, failed to abrogate the UV-induced
change in miRNA expression.” They
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also observed a cell cycle-dependent relo-
calization of Ago2 into stress granules,
which may contribute to the function
of miRNAs in the RNA-induced silenc-
ing complex (RISC). In our laboratory,
we examined DNA damage-responsive
miRNAs in Atm*”* and Atm™ littermate
mouse embryonic fibroblasts (MEFs).
The two types of MEFs were treated with
a radiomimetic drug, neocarzinostatin
(NCS) that generates double-stranded
DNA breaks and activates the ATM-
dependent DNA damage response. A
wide-spectrum induction of miRNAs was
observed, among which 71 miRNAs had a
greater than 2-fold induction in an ATM-
dependent manner. This observation sug-
gested that ATM may play a major role in
regulating miRNA expression.?’

While ATM is known as a central
player in the DNA damage response that
controls many signaling pathways, it is
extremely important to identify a direct
target of the ATM kinase in the miRNA
regulation. A recent study from Trabucchi
and colleagues has provided a clue.” In
their study, KH-type splicing regulatory
protein (KSRP) promoted the process-
ing of a subset of 29 miRNAs. KSRP was
originally thought to primarily control
messenger RNA decay, but the authors
showed convincing evidence that KSRP
regulates the maturation of this subset
of miRNAs through its interaction with
Drosha and Dicer. In our studies, all of
the KSRP-promoted miRNAs were also
induced after DNA damage in an ATM-
dependent manner, but no notable induc-
tion occurred as we measured the levels
of these pri-miRNAs after DNA dam-
age.?® What, then, does ATM do to these
miRNAs?

In a genome-wide search for the phos-
phorylation targets of the ATM/ATR
kinases, Matsuoka and colleagues iden-
tified KSRP as a potential ATM target
among more than 700 other targets.? Once
the ATM-mediated phosphorylation of
KSRP was verified in vitro and in vivo in
our laboratory, we examined if the ATM
phosphorylation of KSRP had functional
consequences in miRNA biogenesis.?
Mutating three ATM phosphorylation
sites on KSRP virtually abolished its activ-
ity in promoting miRNA expression. In
cells stressed by DNA damage, KSRP is
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localized primarily in the nucleus, and the
phosphorylation of KSRP enhances its
recruitment of pri-miRNAs to the Drosha
microprocesser. While we observed no
notable change in the binding capacity
of KSRP with Drosha in the presence or
absence of DNA damage, the interaction
between KSRP and its associated pri-miR-
NAs was remarkably enhanced after DNA
damage had occurred.?” As a consequence,
increased amounts of the pri-miRNAs
were processed by the Drosha complex and
more pre-miRNAs were produced. This
functional link between the ATM kinase
and the Drosha complex can explain the
DNA damage-mediated induction for the
KSRP-associated miRNAs.

Beyond KSRP, other regulators for
miRNA biogenesis in the DNA damage
response are poorly known. p53 is a hall-
mark tumor suppressor that responds to a
variety of stresses, including DNA dam-
age.”? In mammalian cells, p53 is primarily
regulated in a p53-Mdm2 autoregulatory
feedback loop. It is rapidly stabilized and
induced after DNA damage due to the
destabilization of Mdm2 and the inhi-
bition of the Mdm2-p53 interaction. A
recent study on p53 has revealed a connec-
tion between the p53 tumor suppressor
and miRNA biogenesis. p53 promotes the
processing of pri-miRNAs to pre-miRNAs
through its interaction with DEAD-box
RNA helicase p68 and Drosha complex.?
It is yet to be determined if other direct
or indirect mechanisms are involved in
the DNA damage-induced changes in
miRNA expression. From miRNA expres-
sion profilings in our study, a small group
of miRNAs (19 mouse miRNAs) had
ATM-dependent reduction of expression
after DNA damage.” It is likely that ATM
triggers an inhibitory pathway to specifi-
cally suppress these miRNAs.

Other Potential miRNA
Regulatory Pathways

Although mature miRNAs are non-cod-
ing small RNAs that differ from mRNAs
and other types of RNAs, the primary
transcripts of miRNAs (that are pri-
miRNAs) share similar characteristics of
mRNAs. Therefore, certain pathways may
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regulate both mRNAs and pri-miRNAs.
For example, like mRNAs, pri-miRNAs
may be degraded or stabilized in response
to various types of stress. It is noteworthy
that KSRP not only promotes miRNA
expression, but also is an mRNA decay
factor.?*® Other RNA-binding proteins
probably participate in the miRNA regu-
lation. For certain miRNAs transcrip-
tional regulation confers a specific effect.
To understand miRNA transcription,
greater effort is needed to identify the pro-
moter sequence of each pri-miRNA. The
sublocalization of miRNAs may also be
involved in miRNA processing or stability.
For example, Pothof and colleagues men-
tioned potential functions of stress gran-
ules in regulating miRNAs." It will be of
great interest to explore this possibility.

Other questions regarding the miRNA
regulatory pathway include the flow-
wing: (1) What other proteins in miRNA
expression machinery are direct or indirect
targets of the ATM/ATR DNA damage
signaling pathways? (2) How many regu-
latory proteins interact with the miRNA
transcription and processing machinery?
(3) Are miRNAs regulated specifically
in response to different types of DNA
damage stress? (4) Is miRNA transpor-
tation regulated after DNA damage? (5)
Are there unknown post-transcriptional
modifications of miRNAs? (6) Is miRNA
stability regulated after DNA damage, as
other types of RNA molecules are?

Regulatory Defects of miRNAs
in Human Cancer

Recent reports suggest that miRNA
expression is deregulated in human can-
cer. There appears to be a global repres-
sion of miRNA expression in cancer
tissues and cells.?* Dicer mutation or
dysregulation
miRNA  expressions.
as a haplo-insufficient tumor suppres-
sor in vivo.”?® Impaired miRNA pro-
cessing accelerates tumor formation and
increased tumor invasion. While Dicer
knockout mice are embryonic lethal, con-
ditional deletion of Dicerl in a K-Ras-
induced lung cancer model markedly
enhanced tumor progression.?® Lanbertz

contributes to reduced

Dicer functions
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and co-workers discovered that monoal-
lelic loss of Dicerl had no effect on the
normal retinal development of mice, but
remarkably accelerated retinoblastoma
formation.”” Frequent hemizygous dele-
tions of DICER1 have been observed in
human cancers as well.”” In addition, Su
et al. reported that the tumor suppressor
p63, a member of the p53 family, binds
to the promoter region of the Dicer gene
and activates its transcription. Knockout
of p63 dampens tumor metastasis in
mice.** Promoter hypermethylation and
oncogene-mediated transrepression may
also suppress the transcription of miRNA
genes in human cancer.® Finally, defects
in miRNA post-transcriptional regulation
have been found as a possible mechanism
for the miRNA repression in cancer cells.
A recent study identified a C-terminal
truncate of Exportin-5 in human colorec-
tal cancer cells which fails to transport
pre-miRNA to cytoplasm, thereby trap-
ping them in the nucleus.?

DNA damage checkpoints are consid-
ered as an anti-cancer barrier to tumorigen-
esis. Hyperactivation of these checkpoints
occurs in the early stages of tumorigenesis
and in precancerous lesions. However,
inactivation of these checkpoints often
accompanies the evolution of the cancer.
In the late stages of tumor development,
cells fail to properly respond to the internal
DNA damage caused by aberrant DNA
replication, resulting in genomic instabil-
ity and the accumulation of DNA muta-
tions that favor cancer cells.” Given the fact
that the ATM gene is frequently mutated
or deregulated in many types of tumors,’
our finding that ATM promotes miRNA
maturation provides another important
mechanism to explain why cancer cells
have a global miRNA silencing.?

Acknowledgments

The authors thank their lab members and
colleagues for helpful discussions. X.L. is
supported by grants from the National
Institutes of Health (R01CA136549,
R03CA142605), the American Cancer
Society  (119135-RSG-10-185-01-TBE),
and The University of Texas MD
Anderson Cancer Center (New Faculty
Start-up Fund).

Volume 8 Issue 6



References

Ciccia A, Elledge S]. The DNA damage response:
making it safe to play with knives. Mol Cell 2010;
40:179-204.

Shiloh Y. ATM and related protein kinases: safe-
guarding genome integrity. Nat Rev Cancer 2003;
3:155-68.

Kim ST, Lim DS, Canman CE, Kastan MB.
Substrate specificities and identification of putative
substrates of ATM kinase family members. J Biol
Chem 1999; 274:37538-43.

Matsuoka S, Ballif BA, Smogorzewska A, McDonald
ER, III, Hurov KE, Luo J, et al. ATM and ATR
substrate analysis reveals extensive protein networks
responsive to DNA damage. Science 2007; 316:1160-6.
Shiloh Y. ATM and ATR: networking cellular
responses to DNA damage. Curr Opin Genet Dev
2001; 11:71-7.

Antoniou AC, Pharoah PD, Easton DF, Evans DG.
BRCA1 and BRCA2 cancer risks. ] Clin Oncol 2006;
24:3312-3.

Bartek J, Lukas J, Bartkova J. DNA damage response
as an anti-cancer barrier: damage threshold and
the concept of ‘conditional haploinsufficiency’. Cell
Cycle 2007; 6:2344-7.

Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F,
Zieger K, et al. DNA damage response as a candidate
anti-cancer barrier in early human tumorigenesis.
Nature 2005; 434:864-70.

Halazonetis TD, Gorgoulis VG, Bartek J. An onco-
gene-induced DNA damage model for cancer devel-
opment. Science 2008; 319:1352-5.

. Bartel DP. MicroRNAs: target recognition and regu-

latory functions. Cell 2009; 136:215-33.

. Lee Y, Kim M, Han J, Yeom KH, Lee S, Back SH, et

al. MicroRNA genes are transcribed by RNA poly-
merase I[I. EMBO J 2004; 23:4051-60.

. Chendrimada TP, Gregory RI, Kumaraswamy E,

Norman J, Cooch N, Nishikura K, et al. TRBP
recruits the Dicer complex to Ago2 for microR-
NA processing and gene silencing. Nature 2005;
436:740-4.

www.landesbioscience.com

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lund E, Guttinger S, Calado A, Dahlberg JE, Kutay
U. Nuclear export of microRNA precursors. Science
2004; 303:95-8.

Nilsen TW. Mechanisms of microRNA-mediated
gene regulation in animal cells. Trends Genet 2007;
23:243-9.

Hu H, Du L, Nagabayashi G, Seeger RC, Gatti RA.
ATM is downregulated by N-Myc-regulated microR-
NA-421. Proc Natl Acad Sci USA 2010; 107:1506-11.
Lal A, Pan Y, Navarro F, Dykxhoorn DM, Moreau
L, Meire E, et al. miR-24-mediated downregulation
of H2AX suppresses DNA repair in terminally dif-
ferentiated blood cells. Nat Struct Mol Biol 2009;
16:492-8.

Moskwa P, Buffa FM, Pan Y, Panchakshari R,
Gottipati P, Muschel RJ, et al. miR-182-mediated
downregulation of BRCA1 impacts DNA repair
and sensitivity to PARP inhibitors. Mol Cell 2011;
41:210-20.

Mudhasani R, Zhu Z, Hutvagner G, Eischen CM,
Lyle S, Hall LL, et al. Loss of miRNA biogenesis
induces p19*-p53 signaling and senescence in pri-
mary cells. J Cell Biol 2008; 181:1055-63.

Pothof J, Verkaik NS, van IW, Wiemer EA, Ta VT,
van der Horst GT, et al. MicroRNA-mediated gene
silencing modulates the UV-induced DNA-damage
response. EMBO ] 2009; 28:2090-9.

Zhang X, Wan G, Berger FG, He X, Lu X. The ATM
Kinase Induces MicroRNA Biogenesis in the DNA
Damage Response. Mol Cell 2011; 41:371-83.
Trabucchi M, Briata P, Garcia-Mayoral M, Haase
AD, Filipowicz W, Ramos A, et al. The RNA-binding
protein KSRP promotes the biogenesis of a subset of
microRNAs. Nature 2009; 459:1010-4.

Toledo F, Wahl GM. Regulating the p53 pathway:
in vitro hypotheses, in vivo veritas. Nat Rev Cancer
2006; 6:909-23.

RNA Biology

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Suzuki HI, Yamagata K, Sugimoto K, Iwamoto T,
Kato S, Miyazono K. Modulation of microRNA
processing by p53. Nature 2009; 460:529-33.

Gherzi R, Trabucchi M, Ponassi M, Ruggiero T, Corte
G, Moroni C, et al. The RNA-binding protein KSRP
promotes decay of beta-catenin mRNA and is inacti-
vated by PI3K-AKT signaling. PLoS Biol 2006; 5:5.
Chou CF, Mulky A, Maitra S, Lin WJ, Gherzi R,
Kappes J, et al. Tethering KSRP, a decay-promoting
AU-rich element-binding protein, to mRNAs elicits
mRNA decay. Mol Cell Biol 2006; 26:3695-706.
Calin GA, Croce CM. MicroRNA signatures in
human cancers. Nat Rev Cancer 2006; 6:857-66.
Kumar MS, Pester RE, Chen CY, Lane K, Chin C,
Lu J, et al. Dicerl functions as a haploinsufficient
tumor suppressor. Genes Dev 2009; 23:2700-4.
Kumar MS, Lu ], Mercer KL, Golub TR, Jacks T.
Impaired microRNA processing enhances cellular
transformation and tumorigenesis. Nat Genet 2007;
39:673-7.

Lambertz I, Nittner D, Mestdagh P, Denecker G,
Vandesompele J, Dyer MA, et al. Monoallelic but
not biallelic loss of Dicerl promotes tumorigenesis in
vivo. Cell Death Differ 2010; 17:633-41.

Su X, Chakravarti D, Cho MS, Liu L, Gi YJ, Lin YL,
et al. TAp63 suppresses metastasis through coordi-
nate regulation of Dicer and miRNAs. Nature 2010;
467:986-90.

Liang R, Bates DJ, Wang E. Epigenetic Control of
MicroRNA Expression and Aging. Curr Genomics
2009; 10:184-93.

Melo SA, Moutinho C, Ropero S, Calin GA, Rossi
S, Spizzo R, et al. A genetic defect in exportin-5 traps
precursor microRNAs in the nucleus of cancer cells.
Cancer Cell 2010; 18:303-15.

963



