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SUMMARY

The DNA damage response involves a complex network of processes that detect and repair DNA
damage. Here we show that miRNA biogenesis is globally induced upon DNA damage in an
ATM-dependent manner. About one fourth of miRNAs are significantly up-regulated after DNA
damage, while loss of ATM abolishes their induction. KSRP (KH-type splicing regulatory protein)
is a key player that translates DNA damage signaling to miRNA biogenesis. The ATM kinase
directly binds to and phosphorylates KSRP, leading to enhanced interaction between KSRP and
pri-miRNAs and increased KSRP activity in miRNA processing. Mutations of the ATM
phosphorylation sites of KSRP impaired its activity in regulating miRNAs. These findings reveal a
mechanism by which DNA damage signaling is linked to miRNA biogenesis.

INTRODUCTION

The maintenance of genome integrity is essential for the proper function and survival of all
organisms. Eukaryatic cells have evolved prompt and efficient DNA damage responses to
eliminate the detrimental effects of DNA lesions. Upon sensing DNA damage or replication
stalling, cell cycle checkpoints are activated to arrest cell cycle progression and allow time
for cell to repair DNA damage. The DNA damage response also leads to transcriptional
regulation, activation of DNA repair, and when the level of damage is severe, to initiation of
apoptosis(Harper and Elledge, 2007). ATM (ataxia-telangiectasia mutated) kinase is one of
the key sensors in the DNA damage response, which in particular responds to double-strand
DNA breaks (DSB)(Shiloh, 2003).

The ATM Kkinase preferentially phosphorylates its target proteins at Ser-Gln (SQ) and Thr-
GIn (TQ) motifs. ATM-mediated phosphorylation is often associated with increased protein
activity or stability(Shiloh, 2001). For example, the checkpoint kinase Chkz2 is activated by
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ATM phosphorylation of Chk2 Thr68 in response to DSB(Matsuoka et al., 2000). ATM and
its related kinases, including ATR (ataxia telangiectasia and Rad3 related) and DNA-PKcs
(DNA-dependent protein kinase, catalytic subunit), have global effects on many aspects of
cellular and organismal function(Durocher and Jackson, 2001). Recent work from the
Elledge laboratory unveiled a vast network of over 700 ATM/ATR targets that function in
numerous signaling pathways(Matsuoka et al., 2007).

Emerging evidence has shown that microRNAs (miRNAS) are essential modulators of gene
expression. MiRNAs are small (~22 nucleotides) noncoding regulatory RNA molecules that
are involved in diverse biological processes. They bind to complementary sequences in the
3’ untranslated regions of target mMRNA transcripts(Bartel, 2009). MiRNAs are initially
transcribed by RNA Polymerase Il as primary miRNAs (pri-miRNAs) that include 5’ caps
and 3’ poly(A) tails(Lee et al., 2004; Lee et al., 2003). The dsRNA-specific ribonuclease
Drosha digests pri-miRNAs in the nucleus to release precursor miRNAs (pre-miRNAs). Pre-
miRNAs are approximately 70 nt RNAs with 3’ overhangs, 25-30 base pair stems, and
relatively small loops(Lee et al., 2004). Exportin-5, a RanGTP-binding nuclear transporter is
responsible for export of pre-miRNAs from nucleus to cytoplasm where Dicer, an
endoribonuclease in the RNase 111 family, cleaves pre-miRNAs to produce mature
miRNAs(Chendrimada et al., 2005; Lund et al., 2004).

Several recent reports suggested that miRNA expression is possibly regulated in the DNA
damage response. A report from the Persengiev group showed that UV damage triggered
relocalization of Argonaute 2 (a key component of RNA-induced silencing complex) into
stress granules and promoted miRNA expression in partially ATM/ATR independent
manner(Pothof et al., 2009). A subsequent study demonstrated that the tumor suppressor p53
promotes pri-miRNA processing via an RNA helicase p68(Suzuki et al., 2009). MiRNAs
also influence the DNA damage response by regulating the expression levels of their target
genes. For example, human miR-421 was shown to directly target and suppresses the
expression of the ATM transcripts. As a result, overexpression of miR-421 sensitized cells to
ionizing radiation(Hu et al., 2010). The human miR-15 and miR-16 cluster targets Cyclin
D1 and BCL2, regulating DNA damage-induced cell cycle checkpoints and apoptosis,
respectively(Cimmino et al., 2005; Bonci et al., 2008). Our recent study showed that miR-16
is involved in the homeostatic regulation of the DNA damage response through its
suppression of the Wipl phosphatase, a master inhibitor of the ATM-p53 signaling(Lu et al.,
2007; Zhang et al., 2010).

In a recent study, the KH-type splicing regulatory protein (KSRP or KHSRP) was identified
as a key component in both Drosha and Dicer miRNA-processing complexes. KSRP was
originally thought to primarily control mRNA decay(Gherzi et al., 2006; Ruggiero et al.,
2007). However, Trabucchi and colleagues provided compelling evidence showing that
KSRP also regulates the maturation of a subset of miRNAs, which is potentially required for
cell proliferation, apoptosis and differentiation (Trabucchi et al., 2009). In the present study
we show that KSRP-dependent miRNAs are included in a class of miRNAs whose
expression is induced in an ATM-dependent manner in the DNA damage response. A direct
interaction between KSRP and ATM was identified. The ATM kinase directly
phosphorylates KSRP, which facilitates the function of KSRP in miRNA maturation.

ATM-mediated DNA Damage Signaling Regulates the Biogenesis of KSRP-associated

MiRNAs

To examine how miRNAs are regulated in the DNA damage response, we assessed the
genome-wide mature miRNA expression in Atm+/+ and Atm—/— littermate mouse
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embryonic fibroblasts (MEFs). MEFs were treated with a radiomimetic drug,
neocarzinostatin (NCS) that generates DSBs(Ziv et al., 2006). Cells were harvested at
varying time points (0-24 h) and miRNA expression profiling in each sample was
determined by mouse miRNA microarray analysis. As many as 71 specific miRNAs,
representing about one fourth of total identified mouse miRNAS, were shown to be
significantly (= 2-fold) induced in the NCS-treated Atm+/+ MEFs, but not in the
counterpart Atm—/— MEFs, suggesting that DNA damage stress triggers wide-spectrum
alterations on miRNA expression (Figure S1). Comparing these DNA damage-induced
miRNAs with the previously reported KSRP-dependent miRNAs(Trabucchi et al., 2009), we
found that virtually all of the KSRP-dependent miRNAS (29 miRNAs) were induced in the
Atm+/+ MEFs after DNA damage (Figure 1A). More interestingly, the induction of these
miRNAs is completely dependent on the functionality of the Atm gene. Loss of ATM in the
Atm—/— MEFs completely abolished the DNA damage induction of these miRNAs,
suggesting that ATM is probably a pivotal regulator for the activity of KSRP in miRNA
biogenesis (Figure 1A). Studies from Trabucchi and colleagues suggested that KSRP is
primarily involved in the post-transcriptional processing of miRNAs. To determine whether
DNA damage promotes the transcription of these miRNAs, we analyzed the expression
levels of primary miRNA transcripts (pri-mRNASs) in both Atm+/+ and Atm—/— MEFs by
quantitative reverse-transcriptase PCR (RT-PCR) using primer sets designed specifically for
pri-miRNAs. These pri-miRNAs exhibited no significant induction or reduction (< £ 50%
change) of their transcription levels during the DNA damage response regardless of the
ATM status (Figure 1B). These results suggested that ATM may promote miRNA
biogenesis at least in part through KSRP activation.

KSRP-dependent and DNA Damage-induced MiRNA Expression

To confirm that the DNA damage-mediated miRNA induction in MEFs was not species-
specific, we employed a pair of human fibroblast cell lines with proficient (GM0637) or
deficient (GM9607) ATM to assess the levels of six representative mature miRNAS that
were randomly selected out of the pool for both ATM- and KSRP- induced miRNAs. The
primary transcripts of these miRNAs were not induced after DNA damage in either ATM-
proficient or -deficient cells (Figure S2A and S2B. Note that miR-16, miR-125b and
miR-199a have two primary transcripts). Consistent with the results from MEFs, the levels
of these miRNAs were robustly increased after NCS treatment in ATM-proficient cells, but
not in ATM-deficient cells. DNA damage induction was not observed for the control
miR-218 that was not regulated by ATM or KSRP (Figure 2A). We further examined
whether KSRP is an essential mediator for the ATM-dependent induction of these miRNAs.
To this end, U20S cells stably expressing KSRP shRNA were generated, in which KSRP
expression was knocked down by over 80% (Figure S2C and S2D). We assessed the DNA
damage induction of the miRNAs in control and KSRP-depleted U20S cells. Basal levels of
mature miRNAs were globally suppressed in the KSRP-depleted cells (Figure 2B). MiRNA
induction after DNA damage was dependent on KSRP. Knocking down KSRP clearly
abolished the induction of these miRNAs, suggesting a functional correlation between
KSRP and ATM in miRNA biogenesis (Figure 2B).

Predicted ATM Phosphorylation Contributes to the Activity of KSRP

The substrates of the ATM kinase have the consensus motif BXBS/TQ, where B residues
are often hydrophobic(Kim et al., 1999). Three serine sites (Ser132, Ser274, and Ser670)
were identified in a genome-wide search for ATM/ATR targets(Matsuoka et al., 2007).
Protein sequence comparisons showed that all of these three sites are conserved in
mammals, implicating their functional importance (Figure 3A). To determine if the
predicted ATM phosphorylation contributes to the function of KSRP in miRNA biogenesis,
we generated a series of mutant forms of KSRP corresponding to each phosphorylation site.
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Serine to alanine mutation prevents phosphorylation at the mutated site, while serine to
aspartic acid mutation mimics constitutive phosphorylation because aspartic acid carries
negative charges and structurally resembles phosphorylated serine (Figure 3B). We next
tested whether expression of wildtype or mutant KSRP in the KSRP-depleted cells restored
the phenotype of DNA damage-induced miRNA biogenesis. Nucleotides targeted by the
KSRP shRNA in these KSRP expression constructs were mutated to synonymous ones that
encode the same amino acids but are resistant to KSRP shRNA. Overexpression of ShRNA-
resistant wildtype KSRP greatly increased the levels of the tested 6 mature miRNAs, but not
the level of the control miR-218 in untreated cells (Figure 3C, Figure S3A). In contrast,
triply 3A mutant of KSRP failed to promote mature miRNA levels. Moreover, inhibiting
ATM kinase suppressed miRNA expression even in the absence of DNA damage, indicating
basal levels of ATM phosphorylation profoundly contributes to the activity of KSRP in the
maintenance of miRNA expression (Figure S3B). Wildtype KSRP-overexpressed cells
treated with NCS incurred greater induction of miRNAs than the cells with mock treatment,
whereas overexpression of KSRP 3A mutant failed to facilitate the DNA damage induction
of miRNAs in the KSRP-depleted cells, highlighting the important roles of ATM
phosphorylation in the activity of KSRP (Figure 3C).

ATM Directly Phosphorylates KSRP

To verify whether ATM directly phosphorylates KSRP, we first performed in vivo phospho-
labeling assays by incubating GM0637 cells expressing FLAG-tagged wildtype or mutant
KSRP in medium containing 32P-orthophosphate (Figure 4A). Radioactive orthophosphate
generates DNA damage in cells without additional DNA damaging agents. In the ATM-
proficient GM0637 cells, immunoprecipitated KSRP was shown to be phosphorylated, while
mutating each of the three putative phosphorylation sites resulted in diminished
phosphorylation levels of KSRP. A2 (S274A) and A3 (S670A) mutations appeared to have
greater reduction on the phosphorylation of KSRP compared to Al (S132A) mutation,
indicating that Ser 274 and Ser670 are the major ATM target sites. Due to the ATM
deficiency, global protein phosphorylation in whole cell lysates was remarkably impaired in
the GM9607 cells and no notable phosphorylated KSRP was detected (Figure 4A). While
phospho-specific KSRP antibodies were unavailable, we detected the phosphorylated forms
of KSRP in the immunoprecipitated KSRP proteins using a specific antibody that recognizes
pS/TQ sites. The results were consistent with the above in vivo phospho-labeling assays,
showing the phosphorylation of all three serine sites in ATM-proficient cells, but not in
ATM-deficient cells (Figure 4B). The A3 mutation also had the most inhibitory effect on the
KSRP phosphorylation (Figure 4B). Because ATM initiates a signaling transduction cascade
involving a number of downstream kinases, it is important to know whether the ATM kinase
directly phosphorylates KSRP. We incubated purified FLAG-KSRP proteins with
immunopurified ATM proteins in the in vitro kinase assays. As a positive control, p53
proteins were phosphorylated by wildtype ATM kinase, but not the kinase-dead mutant
(Ser1981 to Ala) ATM (Figure 4C), consistent with the previous studies showing that ATM
phosphorylates the Serl15 of p53(Banin et al., 1998; Canman et al., 1998). ATM exhibited
robust kinase activity on wildtype KSRP, while phosphorylation levels for mutant forms of
KSRP were significantly reduced. A2 and A3 mutations appeared to have greater reduction
of ATM phosphorylation, further confirming the above results that these two serines are
primary ATM phosphorylation sites (Figure 4C). The triple phosphorylation mutant of
KSRP (3A mutant) only showed minimal phosphorylation, meaning that these three
predicted sites possibly represent all major ATM target sites (Figure 4C).

The effects of ATM on KSRP phosphorylation are likely to be direct. We showed that
endogenous KSRP binds to endogenous ATM in U20S cells as measured by reciprocal
immunoprecipitation and Western blot analyses (Figure 4D, Figure S4A). DNA damage
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treatment appeared to have no significant impact on the ATM-KSRP interaction, suggesting
that DNA damage-induced protein modifications on ATM or KSRP are not prerequisites for
their interaction (Figure 4D). KSRP proteins primarily localize in cell nucleus as shown by
immunofluorescence, where ATM proteins are phosphorylated after DNA damage (Figure
S4B). A previous study reported that KSRP is involved in the regulation of Dicer and
Drosha complex(Trabucchi et al., 2009). Nuclear localization of KSRP may suggest that its
primary regulation of miRNAs is associated with the Drosha complex that also localizes and
functions in the nucleus.

ATM Phosphorylation Controls the Activity of KSRP on miRNA Induction

To pinpoint the critical phosphorylation site(s) of KSRP, we examined the activity of
wildtype or mutant KSRP on the biogenesis of the six miRNAs tested in Figure 2 with or
without DNA damage. In the ATM-proficient GM0637 cells, overexpression of wildtype
KSRP resulted in ~ 2-fold induction of all of these KSRP-associated miRNAs tested in the
experiments (Figure 5A). However, mutating any of the ATM phosphorylation sites
markedly impaired the activity of KSRP. Among the three phosphorylation sites, the Al
mutation exhibited less impact on the KSRP activity, while the A2 or A3 mutation greatly
reduced KSRP activity. Triple mutation 3A had largely depleted KSRP activity (Figure 5A,
Figure S5A). In contrast, D2, D3 and 3D mutations dramatically increased the activation
effects of KSRP in miRNA biogenesis, while the effect of D1 mutation was modest.
Phosphorylation mutations showed no notable effects on KSRP activity in the ATM-
deficient GM9607 cells (Figure 5A). These results strongly suggested that basal levels of
ATM phosphorylation contribute to the activation of KSRP in miRNA biogenesis. NCS
treatment led to more robust activity of KSRP in the ATM-proficient GM0637 cells, while
the A2 and A3 mutations abolished the activity of exogenous KSRP, and triple mutation
(3A) even exhibited dominant negative effects compared to the control cells (Figure 5B).
Similar to the results from the untreated cells, phosphorylation mutations exhibited no
effects in the ATM-deficient GM9607 cells treated with NCS (Figure 5B, Figure S5B).
Interestingly, 3D mutant failed to rescue the ATM deficiency in the NCS-treated GM9607
cells, indicating that ATM phosphorylation of KSRP is necessary but not sufficient for
miRNA induction after DNA damage. Other ATM targets may also regulate miRNA
expression in the DNA damage response.

KSRP-pri-miRNA Interaction is Promoted by ATM phosphorylation

Observations from us and other groups showed that the intracellular localization of KSRP is
in the nucleus(Hall et al., 2004; vis-Smyth et al., 1996), suggesting that the primary function
of KSRP may involve its regulation of the Drosha complex that processes the primary
transcripts of miRNAs in the nucleus. We asked how ATM phosphorylation regulated the
function of KSRP in miRNA processing. One possibility is that phosphorylated KSRP binds
to the Drosha complex with higher affinity. The interactions between KSRP and Dicer or
Drosha were examined by immunoprecipitation and Western blots using NCS-treated or —
untreated cells. Both Dicer and Drosha bound to KSRP regardless of DNA damage and
DNA damage treatment had no notable effect on the binding capacity of KSRP (Figure 6A).
Thus, ATM phosphorylation most probably does not lead to better recruitment of KSRP to
the Drosha microprocessors. We also examined whether phosphorylation mutant forms of
KSRP retain their binding activity with Dicer and Drosha in the NCS-treated cells. Mutating
either one or all of the three ATM phospho-sites had minimal effects on the interaction of
KSRP with Drosha and Dicer (Figure 6B). KSRP has been previously shown to bind with a
high affinity to the terminal loop of target pri-miRNA and promotes miRNA
maturation(Trabucchi et al., 2009). We employed RNA-ChIP (chromatin
immunoprecipitation) assays to analyze the interaction of KSRP with pri-miRNAs. We
examined the levels of the primary transcripts of three KSRP-induced miRNAs: miR-16-1,
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miR-21 and miR-199a in the KSRP immunoprecipitates (Figure 6C). In the NCS-untreated
cells, about 5.0-7.5% of the three KSRP-associated pri-miRNAs were detected in the KSRP
immunoprecipitates. The pri-miRNA binding capacity of KSRP was dramatically increased
after DNA damage. Significantly higher percentage (21-25%) of pri-miRNAs was detected
in the KSRP immunoprecipitates. As a negative control, pri-miR-218 did not bind to KSRP
(Figure 6C). Wildtype KSRP exhibited significantly higher pri-miRNA-binding capacity
than phosphorylation-deficient KSRP (3A mutant) in either treated or untreated cells (Figure
6C). D2, D3 and 3D mutations (but not 3A mutation) markedly increased the binding
activity of KSRP with pri-miRNAs in the untreated cells, but not in the cells with DNA
damage. The results suggested that D mutants functionally mimic the phosphorylated KSRP
in the DNA damage response.

ATM appeared to play a dominating role in the DNA damage-induced KSRP activity, which
was examined in two separate contexts: 1) ATM inhibitor (KU55933, 10 uM. Its effects
were tested and are shown in Figure S6) dramatically reduced the binding of pri-miRNA to
KSRP to a level comparable to that of the untreated samples; 2) NCS treatment failed to
promote the pri-miRNA-KSRP interaction in the ATM-deficient cells (Figure 6D).

Phosphorylated KSRP Promotes Pri-miRNA Processing

Pri-miRNAs are processed to pre-miRNAs by Drosha-containing microprocessor. We first
explored whether DNA damage induces the interaction of Drosha with pri-miRNAs in
RNA-ChIP assays. In the absence of DNA damage, primary transcripts of three ATM-
induced miRNAs and control miR-218 bound to Drosha at similar levels (8 to 12% of each
total pri-miRNA). While NCS treatment had no detectable effect on the Drosha-binding
activity of pri-miR-218, pri-miR-16-1, pri-miR-21 and pri-miR-199a had significantly
increased binding with Drosha (2.5-3.2-fold) after DNA damage (Figure 7A). We next
examined whether the phosphorylation of KSRP promotes the interaction of pri-miRNAs
with Drosha (Figure 7B). Consistent with the previous report(Trabucchi et al., 2009),
depletion of KSRP in cells remarkably reduced the binding of the three ATM-induced pri-
miRNAs (but not the control pri-miR-218) to Drosha. Reintroducing wildtype KSRP into
cells restored the interaction of pri-miRNAs and Drosha. Expression of phosphorylation-
mimicking mutants (D2, D3 and 3D) further enhanced the pri-miRNA-Drosha interaction,
while phosphorylation-deficient 3A mutant KSRP did not (Figure 7B).

We further examined whether enhanced pri-miRNA-Drosha interaction promotes pri-
miRNA processing. We performed in vitro pri-miRNA processing assays using 32P-labeled
pri-miRNAs and cell extracts from normal and KSRP-depleted or-overexpressed U20S cells
(Figure 7C). NCS treatment significantly increased the pri-miR-21 processing, leaving the
control pri-miR-218 processing unaffected. Stable KSRP knockdown reduced the pri-
miR-21 processing either in the presence or absence of DNA damage, while overexpression
of KSRP in U20S cells increased both of the basal and DNA damage-induced pri-miR-21
processing activity (upper panel in Figure 7C). The processing activity of the control pri-
miR218 was not correlated with KSRP levels and NCS treatment (bottom panel in Figure
7C). We next tested whether addition of wildtype or mutant KSRP restores pri-miRNA
processing activity in KSRP-depleted cells (Figure 7D). Expression of sShRNA-resistant
wildtype KSRP robustly promoted the pri-miR-21 processing and DNA damage further
increased the processing activity. While expressing 3A mutant of KSRP exhibited minimal
effect, 3D mutant increased the pri-miR-21 processing to a significantly higher level than
wildtype KSRP in the cells with DNA damage. The pri-miR-21 processing activity was only
slightly induced in the 3D mutant expressing cells after DNA damage, suggesting that 3D
mutant is functionally similar to the phosphorylated KSRP after DNA damage.
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DISCUSSION

The role of miRNAS in gene regulation is one of the most important and exciting emerging
paradigms, linked to multiple facets of cell activities(Bartel, 2009). MiRNA production and
maturation are assumed to be regulated by transcription, processing and nucleus-cytoplasm
transportation(Davis and Hata, 2009; Siomi and Siomi, 2010). To date, it remains largely
unknown whether and how miRNA biogenesis responds to DNA damage, although several
recent reports provided evidence indicating that miRNA expression may be modulated in
cells treated with DNA damaging agents(Hu et al., 2010; Pothof et al., 2009; Shin et al.,
2009; Suzuki et al., 2009; Ishii and Saito, 2006). It is intriguing to hypothesize that primary
transcription of miRNAS is probably activated or suppressed upon DNA damage. While
genome-wide assessment of the primary transcript levels of miRNAs has yet to be analyzed,
we show in the current study that at least for a subset of miRNAs, transcriptional regulation
does not appear to account for the DNA damage-induced miRNA expression. Instead, post-
transcriptional processing plays a major role in regulating miRNA levels.

As a key kinase to initiate DNA damage signaling cascade, ATM is logically considered to
be a potential modulator of miRNA expression in the DNA damage response. In the present
paper, our studies started from well-controlled analyses of ATM-dependent alterations of
miRNA expression profiling. While a small number of miRNAs had diminished expression
in the DNA damage-stressed cells, many more miRNAs were remarkably induced after
DNA damage, including miR-16, miR-21 and other miRNAs that are known to be involved
in DNA damage checkpoints(Ageilan et al., 2010; Krichevsky and Gabriely, 2009). We
further showed that virtually all of the KSRP-dependent miRNAs were induced after DNA
damage. We proposed that ATM-mediated phosphorylation of KSRP may contribute to the
induction of these miRNAs. Consistent with this is the fact that ATM directly
phosphorylates KSRP, leading to the activation of KSRP and up-regulated miRNA
biogenesis. We show that the ATM kinase plays a role in the miRNA processing via
substrate phosphorylation. Previous studies have identified two other independent
phosphorylation events that involve KSRP-mediated mRNA degradation. Phosphorylation
of C-terminal Thr692 by p38 MAPK is essential to regulate the decay of ARE-containing
myogenic mMRNAs, and Ser193 within the KH1 domain of KSRP is phosphorylated by AKT
kinase, which reduces the degradation rate of a subset of MRNAs (az-Moreno et al., 2009;
Briata et al., 2005; Garcia-Mayoral et al., 2007). Our results showed that ATM
phosphorylation is a major switch for the activity of KSRP in miRNA biogenesis. The
activation of KSRP by ATM phosphorylation appears to be site-specific, as phosphorylation
on Ser670 and Ser274 imposes more profound effects on the KSRP activity than Ser132
phosphorylation. Protein-binding analyses revealed that the interaction between KSRP and
Drosha/Dicer remained intact regardless of DNA damage. However, the binding of KSRP to
pri-miRNAs was significantly promoted after DNA damage and phosphorylation-deficient
KSRP had severely impaired binding capacity to pri-miRNAs. Ser274 locates in the second
KH domain of KSRP and Ser670 is close to the C-terminus(az-Moreno et al., 2009).
Although the KH3 domain was considered as a direct binding site for pri-miRNAs, it is
reasonable to speculate that phosphorylation events on these two sites probably lead to the
conformational changes of KSRP that influence its pre-miRNA binding capacity.

The findings reported here indicate that KSRP plays an integral role in transducing DNA
damage signals to the miRNA processing machinery. The effects of ATM on KSRP are
multiple and include: (1) facilitation of the KSRP-pri-miRNA interaction, (2) activation of
the pri-miRNA processing by Drosha microprocessors, (3) stimulation of miRNA
maturation. Through phosphorylating KSRP, ATM integrates a component of miRNA
regulatory system into complex DNA damage signaling pathways. In addition to its
important functions on mRNA decay, KSRP may act as a molecular gatekeeper that
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accelerates the production of miRNAs that regulate cell activities in response to DNA
damage.

Is phosphorylation of KSRP the primary mechanism by which ATM promotes miRNA
expression in the DNA damage response? While we believe this is the case at least for the
KSRP-regulated miRNAs, alternative or parallel mechanisms should exist for the rest of
DNA damage-induced miRNAs that are not associated with KSRP (Figure S1). Other
possibilities include (1) enzymatic activities of Drosha and Dicer may be regulated by post-
translational modifications or translocation in the DNA damage response. Multiple
phosphorylation sites have been identified or predicted on Drosha and Dicer proteins, some
of which may be phosphorylated by ATM or its downstream kinases(Dephoure et al., 2008;
Gauci et al., 2009; Brill et al., 2009); (2) transportation of pre-miRNAs from nucleus to
cytoplasm is stimulated by DNA damage. Recent proteomic analyses revealed a complex
network of Exportin 5-interacting proteins whose levels or binding activity may be altered
after DNA damage(Brownawell and Macara, 2002; Chen et al., 2004); (3) transcription of
some pri-miRNAs is promoted by activated transcriptional factors. He and colleagues
reported that genes encoding miRNAs in the miR-34 family were direct transcriptional
targets of p53 and their induction by DNA damage depended on p53(He et al., 2007). A
recent study showed that p53 interacts with the Drosha processing complex through the
association with DEAD-box RNA helicase p68 and facilitates the processing of several
miRNAs (Suzuki et al., 2009).

The ability of KSRP to induce miRNA biogenesis through ATM potentially makes it an
important gene in the regulation of tumorigenesis. Homozygous mutations in the ATM gene
are responsible for ataxia telangiectasia (AT), a syndrome characterized by acute sensitivity
to ionizing radiation and predisposition to cancer. Individuals with ataxia-telangiectasia are
estimated to have a 100-fold increased risk of cancer compared with the general population.
(Shiloh, 2003; Shiloh, 2001). While only a small population (1%) carries ATM mutations,
genes in the ATM signaling pathways are much more frequently mutated in familial and
spontaneous human cancers(Shiloh, 2003; Bernstein et al., 2010). Moreover, accumulating
evidence from recent studies suggested oncogene-induced DNA damage signaling serve as
an anti-cancer barrier in tumorigenesis, underpinning a critical role of ATM in tumor
suppression(Bartkova et al., 2006; Bartkova et al., 2005; Halazonetis et al., 2008). Our data
clearly showed that loss of ATM abrogated the DNA damage-induced miRNA biogenesis in
both human and mouse cells. Some of these miRNAs have been reported to be tumor
suppressor candidates, one of which is miR-16. Knockout of miR-16 leads to lymphoid
leukemias in mice that are often observed in the A-T patients(Ageilan et al., 2010). It is
predicted that deficient miRNA expression may ultimately contribute to the initiation and
progression of tumors. Sood and colleagues recently reported that expression levels of Dicer
and Drosha were decreased in 60% and 51% of ovarian-cancer specimens
respectively(Merritt et al., 2008). Our preliminary results showed that the expression of
KSRP was suppressed in several types of human cancer including cancers in breast,
esophagus, kidney, liver and testis (Figure S7), suggesting that KSRP-induced miRNA
biogenesis may be inhibited in these cancers.

In summary, we have demonstrated here that ATM plays an important role in the regulation
of miRNA biogenesis. ATM directly interacts with and phosphorylates KSRP upon DNA
damage, leading to enhanced interaction between KSRP and pri-miRNAs and increased pri-
miRNA processing activity by Drosha microprocessors. Our findings on the miRNA
regulation in the DNA damage response provides valuable and mechanistic insights into
ATM and its associated signaling in suppression of tumorigenesis.
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EXPERIMENTAL PROCEDURES

Cell lines and Tissue culture

The U20S cell line is a human osteosarcoma line that was obtained from the American Type
Culture Collection (ATCC). GM0637 (ATM-proficient) and GM9607 (ATM-deficient) are
SV40- transformed human fibroblast lines that were obtained from Coriell Cell Repositories.
HCT116p53+/+ and HCT116p53—/— cell lines were obtained from the Vogelstein
laboratory at Johns Hopkins University. Primary Atm+/+ and Atm—/—mouse embryonic
fibroblasts were harvested and cultured as previously described(Lu et al., 2007).

MiRNA Microarray Analysis

Mouse genome-wide miRNA microarray analysis was performed by Phalanx Biotech. The
GEO accession number for the microarray data is GSE25916.

Plasmid Constructs and Cell transfection

The FLAG-KSRP expression construct was kindly provided by Dr. Ching-Yi Chen at the
University of Alabama. Using this construct, mutagenesis was performed by using
QuikChange Lightning Multisite Directed Mutagenesis kit (#210515-5, Stratagene) to obtain
constructs expressing mutant forms of KSRP, including A1(S132A), A2(S274A),
A3(S670A), 3A(S132A, S274A, S670A), D1(S132D), D2(S274D), D3(S670D), and 3D
(S132D, S274D, S670D). ShRNA-resistant KSRP expression constructs were generated
from constructs expressing wildtype and mutant forms of KSRP. Anonymous mutations (in
parentheses) are shown in the KSRP gene sequence:
GAC(T)CAACCGGAGT(A)C(G)CAAGA.

In vivo Phosphorylation Assays

Cells were washed with phosphate-free DMEM (#11971-025, Invitrogen) and subsequently
incubated with 0.5 mCi/ml of 32P-orthophosphate in the phosphate-free DMEM containing

10% dialyzed FBS (#26400-036, Invitrogen) for 4 h at 37°C. Cells were harvested and cell

lysates were immunoprecipitated by anti-FLAG antibody. KSRP immunoprecipitates were

run in SDS-PAGE and then dried for X-ray film exposure(Maya et al., 2001).

RNA-ChIP Analyses

RNA-ChIP was performed as described previously(Trabucchi et al., 2009). Briefly, cells
were crosslinked for 20 min with 1% formaldehyde, and cell pellets was resuspended in
Buffer B (1% SDS, 10mM EDTA, 50mM Tris-HCI, pH8.1, 1x protease inhibitor, 50U/ml
RNase inhibitor). Incubated 10 min in ice, the pellets were disrupted by sonication and the
lysates were cleared and subjected to immunoprecipitation with anti-FLAG, anti-KSRP,
anti-Drosha, or control antibody, followed by stringent washing, elution and reversal of
crosslinking. The RNA was resuspended in 20 pl of TE buffer (10mM Tris-HCI, pH7.5,
1mM EDTA, 50U/ml RNase inhibitor), and incubated with DNase | for 30 min at 37°C to
remove any remaining DNA. After extraction with phenol:chloroform:isoamyl alcohol
(25:24:1), RNA was precipitated with ethanol and dissolved in 20 pl of DEPC-treated water.
5 ul of RNA was used for the cDNA synthesis reaction. Quantitative PCR reactions were
then performed on real-time PCR machine (Realplex2, Eppendorf).

In vitro Pri-miRNA Processing Assays

Pri-miRNA processing assays were performed as described previously(Trabucchi et al.,
2009). Briefly, total cell extracts were prepared from U20S cells and incubated (20 pg per
reaction) at 37 °C for 15 min with in vitro synthesized and uniformly labeled pri-miRNAs (5
fmol) in processing buffer containing 100 mM KCH3COOH, 2 mM Mg(CH3COOQOH),, 10
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mM Tris-Cl, pH 7.6, 2 mM DTT, 10 mM creatine phosphate, 1 pg creatine phosphokinase, 1
mM ATP, 0.4 mM GTP, 0.1 mM spermine, 2 units/ul of RNasin. RNA was purified from
the reaction mixture and resolved on 10% polyacrylamide—urea gels that were dried and
exposed to X-ray film.

Statistical Analysis

Statistical differences were determined by analysis of variance using one-way ANOVA and
Turkey’s Multiple Comparison Test on GraphPad Prism 5 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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dependent miRNAs are induced after DNA damage in an ATM-dependent manner. Atm+/+
and Atm—/—mouse embryonic fibroblasts were treated with NCS (200 ng/ml), and cells
were harvested at indicated time points for microarray analyses. Green or red color on the
heat map indicates a decrease or increase of miRNA level and color intensities correspond to
relative signal levels on a logarithmic scale. (B) DNA damage has no significant effects on
the primary transcript levels of the KSRP-dependent miRNAs. Expression levels of pri-

miRNAs in the RNA samples were analyzed by quantitative RT-PCR and error bars

represent the mean + SD.

Mol Cell. Author manuscript; available in PMC 2012 February 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 14

TTTTY P ooy :

Hiw?
il il ]
o | i’

Figure 2.

DNA Damage Induction of miRNAs is Dependent on KSRP. (A) KSRP-dependent miRNAS
are induced after DNA damage only in ATM-proficient cells. Human fibroblast GM0637
(ATM-proficient) and GM9607 (ATM-deficient) cells were treated with NCS (500 ng/ml)
and mature miRNA levels were determined by quantitative RT-PCR. (B) KSRP-depletion
abolishes the DNA damage induction of miRNAs. Control U20S cells or U20S cells stably
overexpressing KSRP shRNA were treated with NCS and RNA samples were harvested for
the expression analyses of mature miRNAs. * P < 0.05, versus the values obtained from the
mock-treated controls. Error bars represent the mean £ SD in the figure.
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Figure 3.

Activity of KSRP in Regulating miRNA Biogenesis is Dependent on the Predicted ATM
Phosphorylation. (A) Protein sequence analysis reveals three conserved serines that are
potentially phosphorylated by ATM in mammals. (B) A series of point mutations were
generated on the predicted phosphorylation sites. (C) Wildtype, but not phosphorylation-
deficient mutant KSRP restores DNA damage-induced miRNA biogenesis. KSRP-depleted
U20S cells were transfected with control vector or vector expressing shRNA-resistant
wildtype KSRP or 3A mutant of KSRP. Cells were treated with NCS (500 ng/ml) 24 h after
transfection and expression levels of mature miRNAs were determined by quantitative RT-
PCR. Error bars represent the mean + SD.
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Figure 4.

ATM Interacts with and Phosphorylates KSRP in vivo and in vitro. (A) KSRP is
phosphorylated in vivo in an ATM-dependent manner. GM0637 and GM9607 cells were
transfected with control vector or vector expressing FLAG-tagged wildtype or
phosphorylation mutant forms of KSRP. Cells were labeled with 32P-orthophate 24 h after
transfection and KSRP proteins were immunoprecipitated by anti-FLAG antibodies. Total
phosphorylated proteins or phosphorylated KSRP were analyzed by SDS-PAGE and
Western blotting. (B) KSRP is phosphorylated on the predicted ATM target sites. Cells were
transfected with wildtype or phosphorylation mutant forms of KSRP and treated with or
without NCS. Immunoprecipitated KSRP proteins were analyzed using specific anti-pS/TQ
antibodies. (C) KSRP is directly phosphorylated by the ATM kinase in vitro. Purified KSRP
proteins were incubated with immunopurified wildtype or kinase-dead mutant ATM in a
kinase reaction buffer containing 32P-ATP. Purified GST-p53 is used as a positive control
for the kinase activity of ATM. (D) Endogenous KSRP binds to endogenous ATM
independently of DNA damage. U20S cells were treated with or without NCS for 4 h and
then lysed for reciprocal immunoprecipitation and Western blotting analyses.
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Figure 5.

ATM Phosphorylation Controls the Activity of KSRP on MiRNA Induction. (A) KSRP
induces miRNA biogenesis in the absence of DNA damage. GM0637 (ATM-proficient) and
GM9607 (ATM-deficient) cells were transfected with control vector or vector expressing
wildtype or mutant forms of KSRP. Expression levels of mature miRNAs were determined
by quantitative RT-PCR. (B) KSRP induces miRNA biogenesis in the presence of DNA
damage. Cells were transfected as above described and treated with NCS (500 ng/ml) for 4
h. *P < 0.05, versus the values obtained from the control vector transfected samples. Error
bars represent the mean + SD in the figure.
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Figure 6.

ATM Phosphorylation Enhances the Interaction between KSRP and Pri-miRNAs. (A)
KSRP-Dicer and KSRP-Drosha interactions are not enhanced by DNA damage. U20S cells
were treated with or without NCS and cell lysates immunoprecipitated with anti-KSRP
antibody. Drosha and Dicer in the KSRP immunoprecipitates were detected by Western
blotting. (B) KSRP-Dicer and KSRP-Drosha interactions are not affected by the ATM
phosphorylation of KSRP. U20S cells were transfected with vector DNA expressing FLAG-
tagged wildtype or mutant forms of KSRP. Cells were treated with NCS for 4 h. Anti-FLAG
antibody was used to pull down FLAG-KSRP proteins. (C) DNA damage promotes the
interaction between KSRP and pri-miRNAs. U20S cells were transfected with control
vector or vector expressing FLAG-tagged wildtype or mutant KSRP. Cells were treated with
or without NCS. Binding of pri-miRNA to KSRP was determined by RNA-ChIP assays
described in the Experimental Procedures. (D) ATM phosphorylation promotes the
interaction between KSRP and pri-miRNAs. GM0637 (ATM-proficient) and GM9607
(ATM-deficient) cells were treated with or without NCS (500 ng/ml) in the presence or
absence of ATM inhibitor CGK733 (ATM-IN). Binding of pri-miRNA to KSRP was
determined by RNA-ChIP assays. Error bars represent the mean + SD in the figure.
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Figure 7.

Phosphorylated KSRP Promotes Pri-miRNA Processing. (A) Pri-miRNA-Drosha interaction
is enhanced after DNA damage. Binding of pri-miRNA to Drosha was determined by RNA-
ChIP assays using control 1gG or Drosha antibody. (B) Exogenous KSRP restores the
binding of pri-miRNAs to Drosha in KSRP-depleted cells. KSRP-depleted U20S cells were
transfected with control vector or vector expressing shRNA-resistant wildtype or
phosphorylation mutants of KSRP. Binding of pri-miRNA to Drosha was determined by
RNA-ChIP assays. (C) KSRP promotes pri-miRNA processing. 32P-labeled pri-miRNAs
were incubated with cell extracts from normal and KSRP-depleted or-overexpressed U20S
cells treated with or without NCS (500 ng/ml). (D) Expression of KSRP restores pri-miRNA
processing activity in KSRP-depleted cells. KSRP-depleted U20S cells were transfected
with control vector or vector expressing ShRNA-resistant wildtype or mutant KSRP. Pri-
miRNA processing assays were performed as above described. Error bars represent the
mean + SD in the figure.
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