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Introduction 

The DNA damage response (DDR) is a coordinate set of events that promptly follows 

the generation of a lesion in the DNA double helix. Detection of DNA discontinuities 

by specialized factors initiates a signaling cascade that, stemming from the site of 

DNA damage, amplifies the signal and reaches the whole nuclear space and the entire 

cell3. Detection of a DSB triggers the activity of the protein kinase ATM that, among 

other factors, phosphorylates the histone variant H2AX (phosphorylated H2AX or 

γH2AX) at the DNA damage site. This modification recruits DDR-mediators like 

MDC1 and 53BP1 that boost ATM activity. DDR activation can be triggered by 

exogenous DNA damaging agents such as ionizing radiations and by endogenous 

physiological events such as meiotic recombination and telomere shortening, as well 

as pathological events such as oncogene activation or viral infections3. Telomeres 

dysfunction and oncogene activation can generate a sustained DDR leading to a 

permanent cell-cycle arrest known as cellular senescence11.  

It has recently been observed that a significant fraction of transcripts in a cell do not 

encode for proteins4. These non-coding RNAs (ncRNAs) play a variety of nuclear 

functions. Some may remain associated with chromatin, and some aggregate in 

subnuclear structures such as speckles and paraspeckles5. An unsuspected increasing 

number of these ncRNA transcripts have been shown to be evolutionarily conserved 

among related species31,32 and play a role in relevant cellular functions by regulating 

the localization and the activity of proteins or providing structural support for cellular 

and sub-cellular structures33, controlling chromatin-modification34,5 and acting as 

enhancers35. Some ncRNAs are processed by ribonucleases of the RNA interference 

(RNAi) pathway, giving rise to small double-stranded RNA products that participate 

in various cellular functions. The RNAi pathway is an evolutionary conserved 
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machinery, whose components are thought to have evolved to preserve genome 

integrity from the attacks of viruses and mobile genetic elements36. It involves 

different types of small double-stranded RNA molecules including small interfering 

RNAs (siRNAs), microRNAs, repeat-associated small interfering RNAs (rasiRNAs), 

Piwi-interacting RNAs (piRNAs)37 and QDE-2 interacting RNAs (qiRNA) in 

Neurospora crassa38. RNAi is commonly thought to act by two posttranscriptional 

mechanisms: translational repression and mRNA decay. GW182-like proteins, 

TNRC6A, B and C in mammals are essential mediators of RNAi, they repress 

translation and promote mRNA degradation39,15. MicroRNAs-dependent gene 

expression regulation have been involved in several processes such as cell fate 

determination, transformation, proliferation and cell death40. piRNAs and qiRNAs 

have been implicated in genome stability maintenance38 and a family of microRNAs 

(miR-34) has been shown to act downstream of p5341. It is unknown whether small 

RNAs have any direct role in the control of DDR activation at sites of DNA damage.  
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Figure Supplementary 1| siRNA against DICER or DROSHA in pools at 
different concentrations and individually reproducibly allow escape of 
OIS cells from senescence. a. DICER or DROSHA knockdown by siRNA 
pools in OIS cells were evaluated by qRT-PCR. ATM knockdown by siRNA 
pool was evaluated by immunofluorescence and quantified as percentage of 
cells positive for pATM staining. b. DICER or DROSHA knockdown in OIS 
cells by siRNA increases BrdU incorporation rates. Histogram shows the 
percentage of BrdU-positive cells. siGFP was used as control. Error bars 
indicate s.e.m. (n ≥ 3). Differences are statistically significant (*p-value < 
0.001). c. Different concentrations (10 fold difference) of siRNA pools against 
DICER or DROSHA in OIS cells allow escape from senescence. Error bars 
indicate s.e.m. For the quantification shown more then 100 cells were 
analysed. d. Knockdown was evaluated by qRT-PCR. e. siRNA pools against 
DICER or DROSHA used in OIS cells were deconvolved and siRNAs were 
individually tested and reproducibly allowed escape from senescence. Error 
bars indicate s.e.m. For the quantification shown more then 300 cells were 
analysed. f. Knockdown was evaluated by qRT-PCR. 
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Figure Supplementary 2| DICER or DROSHA inactivation in OIS cells 
allows cell-cycle progression. a. DICER-, DROSHA- and 53BP1-
inactivation by transfection with siRNA pools in OIS cells induces MCM2 
expression, a marker of chromosomal DNA replication. Error bars indicate 
s.e.m. For the quantification shown more then 100 cells were analysed. b. 
DICER and DROSHA knockdown was evaluated by qRT-PCR. c. 53BP1 
knockdown was evaluated by immunofluorescence. d. DICER- and DROSHA- 
inactivated OIS cells re-express pH3, a marker of entry into mitosis. Error bars 
indicate s.e.m. For the quantification shown more then 100 cells were 
analysed. e. DICER and DROSHA knockdown was evaluated by qRT-PCR. 
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Figure supplementary 3 
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Figure Supplementary 3| DICER or DROSHA knockdown in OIS cells 
does not decrease SAHF or DDR protein levels but impairs DDR 
activation. a. DICER or DROSHA were knockdown by siRNA. Cells were 
stained for H3K9me3 SAHF marker and for 53BP1. siGFP was used as 
control. DICER or DROSHA inactivation affects 53BP1 foci without altering 
SAHF stability. b. Histograms show the percentage of cells positive for 
53BP1, pATM, pS/TQ and γH2AX or SAHFs as detected by H3K9me3. Error 
bars indicate s.e.m. (n ≥ 3). Differences are statistically significant (*p-value < 
0.05). c. Immunoblot analysis of 53BP1, ATM and H2AX in DICER- or 
DROSHA- inactivated OIS cells. Vinculin is used as loading control. d. 
Different concentrations (10 fold difference) of siRNA pools against DICER or 
DROSHA in OIS cells impair DDR foci detection. Error bars indicate s.e.m. 
For the quantification shown around 100 cells were analysed. e, f. Knockdown 
was evaluated by qRT-PCR. 
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Figure supplementary 4 
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Figure Supplementary 4| Simultaneous inactivation of TNRC6A, B and 
TNC6C in OIS cells does not affect DDR foci formation, while DROSHA 
inactivation does. a. OIS cells inactivated by siRNA for DROSHA or 
TNRC6A, B and C simultaneously (with two independent pools of siRNAs: 
pool #1 and #2) were stained for 53BP1, pATM and pS/TQ. TNRC6A, B and 
C concomitant inactivation with either siRNA pools #1 or #2 has no detectable 
effect on DDR. Error bars indicate s.e.m. For the quantification shown more 
than 100 cells were analysed.  b. Knockdown was evaluated by qRT-PCR. 
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Figure Supplementary 5| DICER or DROSHA inactivation in HNF impairs 
IR-induced DDR foci formation. a, b. Efficiency of DICER or DROSHA 
knockdown in WI38 human fibroblasts was evaluated by immunostaining (a) 
and qRT-PCR (b), respectively. c. Immunoblot analysis of ATM, 53BP1 and 
H2AX proteins expression levels in DICER- or DROSHA-inactivated WI38. 
siGFP transfected cells are used as control. Vinculin is used as loading 
control. d, e. siRNA pools against DICER or DROSHA were deconvolved and 
siRNAs were used individually. They all reduce DDR (53BP1, pATM and 
pS/TQ, but not γH2AX) foci formation. Error bars indicate s.e.m.. For the 
quantification shown around 100 cells from two independent experiments 
were analysed. f, g Knockdown was evaluated by qRT-PCR. 
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Figure Supplementary 6| 53BP1 foci formation is delayed upon DICER or 
DROSHA knockdown and impaired 53BP1 foci formation is rescued by 
wild-type but not mutant DICER. a. 53BP1-foci formation is impaired 10 
minutes post IR (5 Gy) in WI38 cells knocked-down for DICER or DROSHA by 
siRNA pools. Histogram shows the percentage of cells positive for 53BP1 foci. 
Differences are statistically significant (*p-value< 0.05). (n=3).  b. Expression 
of siRNA-resistant WT DICER, but not of the mutant allele DICER44ab 
lacking endonuclease activity, rescues DDR foci formation defect in DICER 
knocked-down HeLa cells. 53BP1 foci formation was studied 10’ after IR (2 
Gy), pATM and MDC1 1 hour afterward. c. Histogram shows the percentage 
of cells positive for DDR foci. Error bars indicate s.e.m. For the quantification 
shown around 100 cells were analysed. d. Knockdown of endogenous DICER 
by 3’UTR siRNA was evaluated by qRT-PCR. 
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Figure Supplementary 7| DICER inactivation or TNRC6 A, B and C, 
simultaneous inactivation in HeLa cells is associated with similar up-
regulation of RFP-miR126 reporter signal but DDR foci are impaired only 
in DICER-inactivated cells a. HeLa cells were transfected with a reporter 
vector carrying three binding sites for miR-126 in the 3’UTR of the RFP mRNA 
together with siRNAs pools against DICER or TNRC6A, B and C. Cells were 
irradiated (2Gy) and stained for 53BP1 10’ later. b. Both DICER and GW182-
like proteins inactivation resulted in the upregulation of the miR126-sensitive 
RFP reporter but (c) only DICER inactivation affects DDR activation. For the 
quantification shown around 50 cells were analysed. Error bars indicate s.e.m. 
d. Knockdown was evaluated by qRT-PCR. 
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Figure supplementary 8 
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Figure Supplementary 8| pATM, pS/TQ and MDC1 foci are impaired and 
53BP1 foci formation is delayed in DICERexon5 cells despite normal DDR 
factors expression. a. WT and DICERexon5 cells were irradiated (2Gy) and 
fixed 2h later. pATM, pS/TQ and MDC1, but not γH2AX, foci formation is 
impaired in DICERexon5cells. b. Irradiated DICERexon5 cells have delayed 
53BP1-foci formation. Images show 53BP1-foci at 10, 30 and 90 minutes post 
IR (2 Gy) in wild-type (WT) and DICERexon5 cells. c. Histograms show the 
percentage of cells positive for 53BP1 foci. Error bars indicate s.e.m. For the 
quantification shown around 200 cells from two independent experiments 
were analysed. d. Immunoblot analysis of ATM, MDC1, 53BP1 and H2AX in 
wild-type (WT) and DICERexon5 cells. Vinculin and Tubulin are used as loading 
control.  
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Figure Supplementary 9| Impaired DDR foci formation in DICERexon5 cells 
is rescued by wild-type but not mutant DICER. a. Expression of WT 
DICER but not the mutant allele DICER44ab, restores DDR foci formation 
defects in DICERexon5 cells. 53BP1 foci formation was studied 10’ after IR (2 
Gy), pATM and pS/TQ 1 hour afterward. b. Histograms show the percentage 
of cells positive for the indicated DDR foci. Error bars indicate s.e.m. For the 
quantification shown around 200 cells were analysed. 
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Figure Supplementary 10| ATM activation as detected by 
autophosphorylation is impaired in DICER- and DROSHA-inactivated 
cells. a. ATM activation following IR (10 Gy) is impaired in DICER or 
DROSHA knocked-down WI38 human fibroblasts as detected by immunoblot 
analysis for pATM. siGFP transfected cells are used as a positive control for 
ATM activation. Total ATM is not reduced. DICER knockdown was evaluated 
by immunoblot analysis. b. DROSHA knockdown in WI38 cells was evaluated 
by qRT-PCR. c. ATM activation is impaired in irradiated (2 Gy) DICERexon5 
cells. Total ATM and Vinculin are used as loading control.  
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Figure Supplementary 11| DICER or DROSHA knockdown impairs G1/S 
checkpoint. a. DICER, DROSHA or 53BP1 knockdown by siRNA pools in 
WI38 impairs irradiation-induced G1/S checkpoint. siGFP was used as 
control. Cells were irradiated (10Gy) and labeled with BrdU for 7 hours before 
fixation. Histograms show the percentage of BrdU-positive cells in not-
irradiated (-) and in irradiated (+) cells. Error bars indicate s.e.m. (n=3). 
Differences are statistically significant (*p-value<0.05). b. DICER, DROSHA 
and 53BP1 knockdowns by siRNA pools in WI38 cells were monitored by 
qRT-PCR, immunoblot and immunofluorescence, respectively. DICER (c) and 
DROSHA (d) siRNA pools were deconvolved and siRNAs were used 
individually and they reproducibly impaired G1/S checkpoint activation in 
WI38 cells. Histogram shows the percentage of BrdU positive cells before 
(black bar) and after IR (gray bar) upon normalization on the percentage of 
BrdU-positive cells before IR for each cell line. For the quantification shown 
more than 100 cells were analysed. Error bars indicate s.e.m. Knockdown 
was evaluated by qRT-PCR.  
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Figure Supplementary 12| Loss of G1/S checkpoint activation in 
DICERexon5 cells is restored by wild-type DICER cDNA re-expression but 
not by DICER mutant alleles. a. DICER-flag cDNA transfection into 
DICERexon5 cells restores a proficient G1/S checkpoint post IR (2 Gy). 
DICER110ab-flag and DICER44ab-flag double mutants carry two amino acid 
substitution in the and 

. Histograms show the percentage of BrdU-positive 
cells. Error bars indicate s.e.m. For the quantification shown more than 500 
cells were analysed. b. Immunoblot analysis against flag-epitope shows the 
expression of DICER alleles. 
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Figure Supplementary 13| Loss of G2/M checkpoint activation in DICER-
inactivated cells. a. DICER knocked-down cells have impaired G2/M 
checkpoint. FACS profiles of HEK293 cells transfected with an shRNA against 
DICER or against p53 at 12, 24 and 36 hours post irradiation (5Gy). shGFP is 
used as control. b. DICER knockdown by shRNA in HEK293 cells was 
monitored by qRT-PCR. c. DICER-inactivated HEK293 cells have impaired 
G2/M checkpoint as detected by pH3 immunostaining of mitotic cells in not 
irradiated (-) and 24h post IR (+). Histograms show the percentage of pH3 
positive cells in control and DICER-inactivated cells. Error bars indicate s.d. 
(n=3). Differences are statistically significant (*p-value<0.05). d. DICER 
knocked-down cells have an impaired G2/M checkpoint that can be restored 
upon transfection of siRNA-resistant DICER. The table shows the percentage 
of cells in G1, S and G2 phase of the cell cycle at different time points post IR. 
e. FACS profiles of HEK293 cells transfected with the indicated combinations 
of siRNA and vectors (EV stands for empty vector), 36 hours post IR (5Gy). f. 
Endogenous DICER (Endo DICER) knockdown and exogenous DICER (Exo 
DICER) overexpression were evaluated by qRT-PCR. 
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Figure Supplementary 14| Dicer1 morpholino-injected zebrafish embryos 
display a defect in pATM and γH2AX accumulation post IR. a. 3 days post 
fertilization (dpf) larvae injected with RFP-miR126 sensor mRNA alone or with 
Dicer1 morpholino. Note the jaw defects and small eye indicative of 
developmental delays in the Dicer1 morpholino-injected embryos. Images 
illustrate the location of the sections from the head of WT (not injected) and 
Dicer1-morpholino injected zebrafish larvae stained for pATM and γH2AX 
before and after irradiation (12 Gy). Sections were stained with DAPI and 
pATM or γH2AX antibody. The increased sensitivity of H2AX phosphorylation 
to Dicer1 inactivation in zebrafish compared to mammals is likely due to the 
apparent lack of the catalytic subunit of DNAPK in the zebrafish genome 
(unpublished observation), which makes any impact on ATM kinase activity 
more noticeable in terms of H2AX phosphorylation.  b. Immunoblot analysis of 
pATM and γH2AX accumulation in extracts from not irradiated and irradiated 
wild-type embryos or Dicer1 morpholino-injected embryos. Total ATM and 
histone H3 were used as loading control.  c. Specificity of miR126 sensor.  
Images show the expression levels of RFP-miR126 sensor and GFP in 
uninjected and Dicer1 morpholino injected larvae. Dicer inactivation results in 
the specific up-regulation of RFP-miR126 sensor, while GFP is unchanged. d. 
miRNAs expression of 48 and 72 hours post fertilization larvae injected or not 
with Dicer1 morpholino were analyzed by real-time PCR.  Data are expressed 
as relative expression level in Dicer1 morpholino-injected embryos compared 
to the control embryos and are the mean of two independent pools of 
embryos performed in duplicate. e. Table of raw CT values. 
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Figure Supplementary 15| Irradiation-induced γH2AX accumulation is 
impaired in Dicer1 morpholino-injected cells in chimaeric animals. a. 
Schematic drawing of the transplantation procedure: cells from embryos 
injected with Dicer1 morpholino and mRNA encoding for GFP were 
transplanted at blastula stage into control embryos. Chimaeric larvae were 
irradiated at 3 days post fertilization (dpf) and stained with antibodies against 
γH2AX. GFP-positive Dicer1 morpholino transplanted cells, integrated in 
various locations in the host, show reduced γH2AX signals following IR. b. 
Schematic drawing of the reverse transplantation procedure: control cells from 
embryos injected with mRNA encoding for GFP were transplanted into Dicer1 
morpholino injected embryos. Chimaeric larvae were irradiated as above and 
stained with antibodies against γH2AX. Dicer1-expressing cells display γH2AX 
signals, while the surrounding Dicer1 morpholino-injected cells do not. 
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Figure Supplementary 16| RNase A treatment degrades both mRNAs and 
microRNAs and compromises DDR activation without altering DDR 
protein levels. a. RNase A treatment does not affect DDR proteins (ATM, 
53BP1, MDC1) stability. Lamin A/C is used as loading control. qRT-PCR 
analysis of β-actin, 53BP1 and ATM mRNA and miR-21, in mock and RNase 
A-treated cells. Error bars indicate s.d. (n=3). Differences are statistically 
significant (p-value<0.05). b. Irradiated (2 Gy) HeLa cells were treated with 
PBS (-) or RNase A and probed for 53BP1, pATM, pS/TQ, MDC1 and γH2AX 
foci. 53BP1, pATM, pS/TQ and MDC1, but not γH2AX, foci are strongly 
reduced upon RNase A treatment. c. RNase A affects 53BP1 and MDC1 but 
not γH2AX at individual foci.  
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Figure supplementary 17 
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Figure Supplementary 17| α-amanitin inhibits spontaneous DDR foci 
reformation following RNase A treatment and RNase A inhibition by 
RNase OUT and incubation with 20-35nt long RNAs is sufficient to 
restore DDR foci. a. HeLa cells were irradiated and incubated with PBS (-) or 
RNase A (+).  Afterwards, cells were incubated with the RNase A inhibitor 
RNaseOUT, with or without α-amanitin for 10 or 45 minutes. b. Histogram 
shows the percentage of cells positive for 53BP1 foci. Incubation with α-
amanitin prevents 53BP1-foci reformation. Error bars indicate s.e.m. (n=3). 
Differences are statistically significant (*p-value<0.01). c. Irradiation-induced 
53BP1 and pATM foci are restored in RNase A and α-amanitin-treated cells 
upon incubation with 200ng of total RNA or a proportional volume of short 
RNA-enriched (<200nt) fraction. tRNA (200ng) was used as control. d. 
Histograms show the percentage of cells positive for 53BP1, pATM and 
pS/TQ foci. Error bars indicate s.e.m. For the quantification shown more than 
200 cells from two independent experiments were analysed. e. Relative 
enrichment of miR-21 RNA compared to β-actin mRNA quantity evaluated by 
qRT-PCR in total RNA and short RNA-enriched fractions. f. Total RNA was 
separated by polyacrylamide gel electrophoresis and gel-extracted. 100, 50 or 
20ng of gel extracted total RNA and 50ng of RNA extracted from each gel 
fraction (>100nt, 35-100nt and 20-35nt) were used for DDR foci reconstitution 
in HeLa cells.  b. QRT-PCR analysis of RNU19 (200 nt), RNU44 (61 nt) and 
miR-21 (22 nt) in the indicated RNA fractions extracted from gel. The 
enrichment was evaluated as the ratio between PCR cycles (ct values) of the 
small RNAs analyzed and ct values of β-actin mRNA in each fraction, after 
normalization over the total RNA fraction. Error bars indicate s.d.  
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Figure Supplementary 18| DICER and DROSHA RNA products are 
required for DDR foci reformation. a. Irradiated cells were RNase A-treated 
and incubated with RNA extracted from the indicated cells. RNA from wild-
type cells (WT RNA) or from DICERexon5 cells transfected with WT DICER 
(DICERexon5 +DIC WT RNA) allows 53BP1 foci reformation, while RNA from 
mock transfected DICERexon5 cells (DICERexon5 RNA) or from the same cells 
transfected with mutant DICER (DICERexon5 + DIC 44ab RNA) does not. b. 
Histograms show the percentage of cells positive for the indicated DDR 
markers. Error bars indicate s.e.m. For the quantification shown more than 
100 cells were analyzed. c. RNA extracted from shDICER- or GFP- 
transfected cells does not restore irradiation-induced 53BP1 foci in RNase A-
treated HeLa cells. tRNA is used as negative control. d. Histogram shows the 
percentage of cells positive for 53BP1 foci. For the quantification shown more 
than 400 cells from two independent experiments were analysed. e. 
Immunoblotting shows DICER knockdown efficiency. f. Histograms show the 
percentage of cells positive for 53BP1, pATM and pS/TQ foci in irradiated 
HeLa cells after RNase A treatment and incubation with RNA purified from 
siGFP and siDROSHA transfected cells. tRNA was used as control. For the 
quantification shown around 200 cells from two independent experiments 
were analysed. 
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Figure supplementary 19 
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Figure Supplementary 19| pATM and MRE11 focus in cut NIH2/4 cells is 
sensitive to RNase treatment. a. 53BP1 and pATM foci are lost in RNase A 
treated cut NIH2/4 cells. b. MRE11 foci, but not γH2AX foci, are lost in RNase 
A treated cut NIH2/4 cells. Error bars indicate s.e.m. (n=3). Differences are 
statistically significant (*p-value<0.05). c. Histograms show the percentage of 
cells in which 53BP1, pATM, MRE11 or γH2AX foci co-localize with the 
Cherry-Lac focus. d. Mirin (100µM) impairs pATM activation on the I-Sce I-
induced DSB. Histogram shows the percentage of cells in which pATM focus 
colocalize with the Cherry-Lac focus. For the quantification shown around 50 
cells from two independent experiments were analysed.  
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Figure Supplementary 20| Identification of biologically active, locus-
specific RNAs. Chemically synthesized locus-specific RNAs and in vitro 
generated DICER RNA products are sufficient to restore DDR focus 
formation in RNase A-treated cells. a. Nuclear RNAs shorter than 200 nt 
were purified and analyzed on the small RNA Bioanalyser kit (Agilent). b. 
Short RNA library was prepared and extracted from 6% polyacrylamide gel 
(indicated by an arrow at 100 bp). c. The integrity of the prepared library was 
checked using the Agilent DNA high sensitivity kit before sequencing on 
Illumina GAIIx. d. Length distribution of tags in the library. e. Length 
distribution of tags in the library mapping to the exogenous integrated locus 
combining tags from cut and uncut samples. f. A pool of chemically 
synthesized oligonucleotides mapping to the exogenous locus was tested to 
restore DDR focus formation in RNase A-treated NIH2/4 cells. Mixed with a 
constant amount of tRNA, a wide range of concentrations (0.1ng/µl, 0.1pg/µl 
and 1fg/µl) of locus-specific or control (GFP) RNAs, was used. Site-specific 
synthetic RNAs, but not control RNAs, induce site-specific DDR activation (up 
to the concentration of 0.1pg/µl). Histogram shows the percentage of cells in 
which 53BP1 focus co-localize with the Cherry-Lac focus. Error bars indicate 
s.e.m. (n=3). Differences are statistically significant (*p-value<0.05). g. DICER 
processing was evaluated by running DICER RNA-products on a 3% agarose 
gel. h. Small double-stranded RNAs generated by recombinant DICER, were 
tested to restore DDR focus formation in RNase A-treated NIH2/4 cells. 1ng/µl 
RNA was tested mixed with 800ng of tRNA. Locus-specific DICER RNA 
products, but not control ones, allow site-specific DDR activation. Histogram 
shows the percentage of cells in which 53BP1 focus co-localize with the 
Cherry-Lac focus. Error bars indicate s.e.m. (n=3). Differences are statistically 
significant (*p-value<0.05).	
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Figure Supplementary 20| Identification of biologically active, locus-
specific RNAs. Chemically synthesized locus-specific RNAs and in vitro 
generated DICER RNA products are sufficient to restore DDR focus 
formation in RNase A-treated cells. a. Nuclear RNAs shorter than 200 nt 
were purified and analyzed on the small RNA Bioanalyser kit (Agilent). b. 
Short RNA library was prepared and extracted from 6% polyacrylamide gel 
(indicated by an arrow at 100 bp). c. The integrity of the prepared library was 
checked using the Agilent DNA high sensitivity kit before sequencing on 
Illumina GAIIx. d. Length distribution of tags in the library. e. Length 
distribution of tags in the library mapping to the exogenous integrated locus 
combining tags from cut and uncut samples. f. A pool of chemically 
synthesized oligonucleotides mapping to the exogenous locus was tested to 
restore DDR focus formation in RNase A-treated NIH2/4 cells. Mixed with a 
constant amount of tRNA, a wide range of concentrations (0.1ng/µl, 0.1pg/µl 
and 1fg/µl) of locus-specific or control (GFP) RNAs, was used. Site-specific 
synthetic RNAs, but not control RNAs, induce site-specific DDR activation (up 
to the concentration of 0.1pg/µl). Histogram shows the percentage of cells in 
which 53BP1 focus co-localize with the Cherry-Lac focus. Error bars indicate 
s.e.m. (n=3). Differences are statistically significant (*p-value<0.05). g. DICER 
processing was evaluated by running DICER RNA-products on a 3% agarose 
gel. h. Small double-stranded RNAs generated by recombinant DICER, were 
tested to restore DDR focus formation in RNase A-treated NIH2/4 cells. 1ng/µl 
RNA was tested mixed with 800ng of tRNA. Locus-specific DICER RNA 
products, but not control ones, allow site-specific DDR activation. Histogram 
shows the percentage of cells in which 53BP1 focus co-localize with the 
Cherry-Lac focus. Error bars indicate s.e.m. (n=3). Differences are statistically 
significant (*p-value<0.05).	
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Figure supplementary 21 
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Figure Supplementary 21| Library profile and length distribution of 
sequenced samples. a. Bioanalyser profile of <200 nt RNAs from wild-type 
cut sample. b. Short RNA libraries were prepared from 40 ng RNA from each 
sample and run on a 6% PAGE gel. Arrow shows the 100 bp library band of 
interest. c. Wild-type cut library profile. Gel extracted libraries were run on 
Bioanalyser high sensitivity kit. Sequencing was performed on Hi seq Version 
3. d-i. Tag length distribution of each library.  
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Figure Supplementary 22| DICER and DROSHA knockdown down-
regulates miRNAs. a. DICER and DROSHA knockdown by shRNA in uncut 
and cut samples was evaluated by qRT-PCR. b. Reads mapping to the 
miRNA database miRBase release 18 were normalized with the number of 
reads of spike in each library. Normalized miRNAs in DICER and DROSHA 
knockdown samples were compared with wild-type samples before and after 
cut (as labeled). Statistical significance was calculated using the Wilcoxon 
signed-rank test. We find that miRNAs are significantly reduced in the DICER 
and DROSHA knockdown sample compared to the wild-type sample in both 
cut and uncut conditions (DICER knockdown uncut vs wild-type uncut p 
=1.544e-263; DROSHA knockdown uncut vs wild-type uncut p =3.843e-279; 
DICER knockdown cut vs wild-type cut  p = 8.911e-84; DROSHA knockdown 
cut vs wild-type cut p = 1.172e-275). 
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Figure supplementary 23 
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Figure Supplementary 23| Features of short RNAs arising from the 
locus. a. Length of tags arising from the locus before and after cut. X-axis 
shows tag lengths in nucleotides and Y-axis depicts number of tags mapping 
to the locus. The bulk of small RNAs in wild-type samples before and after cut 
are in the 22-23 nt size range. Among knockdown samples, DICER 
knockdown shows a broader tag length distribution. b. The fraction of 22-23 nt 
vs total small RNAs at the locus decreases in DICER and DROSHA 
knockdown samples both in UNCUT and CUT conditions. In DICER 
knockdown samples, the decrease is statistically significant (in the UNCUT 
samples p = 4.8e-7, in the CUT samples p=0.029). The fraction of 22-23 nt vs 
total small RNAs at the locus increases in the wild-type upon cutting (p=0.02). 
The statistical significance was calculated by fitting a negative binomial model 
to the small RNA count data and performing a likelihood ratio test, keeping the 
fraction of 22-23 nt vs total RNAs at the locus fixed across conditions under 
the null hypothesis and allowing it to vary between conditions under the 
alternative hypothesis. c. The fraction of 22-23 nt reads at the locus is 
significantly higher than at non miRNA genomic loci. Fractions of 22-23 nt vs 
total small RNAs at non miRNA genomic loci with at least 50 reads are shown 
in histograms with the vertical axis depicting their frequency. In each sample, 
the vertical line depicts the ratio of 22-23 nt RNAs to the total at the locus. The 
p-value was calculated by summing the area (indicated in red) to the right of 
this line. We find that the fraction of 22-23 nt vs total small RNAs at the locus 
studied is significantly higher than the fraction of 22-23 nt tags at non miRNA 
genomic loci in both uncut (p = 0.049) and cut (p = 0.022) conditions. d. The 
distribution of nucleotides at the 5’ and the 3’ end of RNA sequences from the 
locus is significantly different from both the genomic background nucleotide 
distribution (p=0.012 at the 5’ end and 0.008 at the 3’ end) as well as the 
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Figure Supplementary 23| Features of short RNAs arising from the 
locus. a. Length of tags arising from the locus before and after cut. X-axis 
shows tag lengths in nucleotides and Y-axis depicts number of tags mapping 
to the locus. The bulk of small RNAs in wild-type samples before and after cut 
are in the 22-23 nt size range. Among knockdown samples, DICER 
knockdown shows a broader tag length distribution. b. The fraction of 22-23 nt 
vs total small RNAs at the locus decreases in DICER and DROSHA 
knockdown samples both in UNCUT and CUT conditions. In DICER 
knockdown samples, the decrease is statistically significant (in the UNCUT 
samples p = 4.8e-7, in the CUT samples p=0.029). The fraction of 22-23 nt vs 
total small RNAs at the locus increases in the wild-type upon cutting (p=0.02). 
The statistical significance was calculated by fitting a negative binomial model 
to the small RNA count data and performing a likelihood ratio test, keeping the 
fraction of 22-23 nt vs total RNAs at the locus fixed across conditions under 
the null hypothesis and allowing it to vary between conditions under the 
alternative hypothesis. c. The fraction of 22-23 nt reads at the locus is 
significantly higher than at non miRNA genomic loci. Fractions of 22-23 nt vs 
total small RNAs at non miRNA genomic loci with at least 50 reads are shown 
in histograms with the vertical axis depicting their frequency. In each sample, 
the vertical line depicts the ratio of 22-23 nt RNAs to the total at the locus. The 
p-value was calculated by summing the area (indicated in red) to the right of 
this line. We find that the fraction of 22-23 nt vs total small RNAs at the locus 
studied is significantly higher than the fraction of 22-23 nt tags at non miRNA 
genomic loci in both uncut (p = 0.049) and cut (p = 0.022) conditions. d. The 
distribution of nucleotides at the 5’ and the 3’ end of RNA sequences from the 
locus is significantly different from both the genomic background nucleotide 
distribution (p=0.012 at the 5’ end and 0.008 at the 3’ end) as well as the 
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background nucleotide distribution at the locus (p=0.014 at the 5’ end and 
1.2e-6 at the 3’ end). Specifically, 82.9% sequences start with an A/U and 
48.6% sequences end with a G. 	
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Figure Supplementary 23| Features of short RNAs arising from the 
locus. a. Length of tags arising from the locus before and after cut. X-axis 
shows tag lengths in nucleotides and Y-axis depicts number of tags mapping 
to the locus. The bulk of small RNAs in wild-type samples before and after cut 
are in the 22-23 nt size range. Among knockdown samples, DICER 
knockdown shows a broader tag length distribution. b. The fraction of 22-23 nt 
vs total small RNAs at the locus decreases in DICER and DROSHA 
knockdown samples both in UNCUT and CUT conditions. In DICER 
knockdown samples, the decrease is statistically significant (in the UNCUT 
samples p = 4.8e-7, in the CUT samples p=0.029). The fraction of 22-23 nt vs 
total small RNAs at the locus increases in the wild-type upon cutting (p=0.02). 
The statistical significance was calculated by fitting a negative binomial model 
to the small RNA count data and performing a likelihood ratio test, keeping the 
fraction of 22-23 nt vs total RNAs at the locus fixed across conditions under 
the null hypothesis and allowing it to vary between conditions under the 
alternative hypothesis. c. The fraction of 22-23 nt reads at the locus is 
significantly higher than at non miRNA genomic loci. Fractions of 22-23 nt vs 
total small RNAs at non miRNA genomic loci with at least 50 reads are shown 
in histograms with the vertical axis depicting their frequency. In each sample, 
the vertical line depicts the ratio of 22-23 nt RNAs to the total at the locus. The 
p-value was calculated by summing the area (indicated in red) to the right of 
this line. We find that the fraction of 22-23 nt vs total small RNAs at the locus 
studied is significantly higher than the fraction of 22-23 nt tags at non miRNA 
genomic loci in both uncut (p = 0.049) and cut (p = 0.022) conditions. d. The 
distribution of nucleotides at the 5’ and the 3’ end of RNA sequences from the 
locus is significantly different from both the genomic background nucleotide 
distribution (p=0.012 at the 5’ end and 0.008 at the 3’ end) as well as the 



W W W. N A T U R E . C O M / N A T U R E  |  2 7

SUPPLEMENTARY INFORMATION RESEARCH

 27 

Discussion 

Here we show that different sources of DNA damage, including oncogenic stress, 

ionizing irradiation and endonucleases engage the DDR in a manner dependent on 

DICER and DROSHA RNA products. These DDR-regulating RNAs (DDRNAs) 

control DDR-foci formation and maintenance, checkpoint enforcement and cellular 

senescence. This occurs both in cultured human and mouse cells and in different 

tissues in living zebrafish larvae.  

Oncogene activation can trigger DDR and DDR-induced cellular senescence acts as 

tumor suppressive mechanism11,42. DICER inactivation enhances tumor development 

in a K-Ras-induced mouse model of lung cancer43 and inactivation of various 

components of DICER and DROSHA complexes stimulate cell transformation and 

tumorigenesis43,44. More recently, mutations of DICER and TARBP2, a DICER 

cofactor affecting its stability, have been described in human carcinomas45,46,47,48,49. 

However, individual microRNAs have been reported both to promote and to reduce 

cell proliferation by regulating stability and translation of mRNAs encoding proteins 

with different roles in cell proliferation40: it is therefore presently unclear how RNAi 

apparatus inactivation favors tumorigenesis. In the light of our novel findings pointing 

to a role of DDRNAs in DDR control, a known tumor suppressive mechanism42, it is 

tempting to suggest that, in addition to their well-characterized functions in the 

modulation of gene expression, DICER and DROSHA RNA products may curb 

cancerous cell proliferation by sustaining DDR activation and this generates the 

selective pressure for the inactivation of factors involved in their biogenesis. 

Genetic ablation of DICER in primary cells has been reported to cause premature 

senescence50. In line with our results, we propose that complete DICER inactivation 

may dramatically impair the cellular response to DNA damage resulting in massive 
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DNA-damage accumulation incompatible with proliferation while partial DICER 

inactivation may weaken DDR enforcement and thus favor genomic instability and 

tumor progression. This model fits nicely with the recent observations that DICER 

haploinsufficiency, but not its homozygous deletion, is frequent in human cancer, and 

that in mice DICER haploinsufficiency promotes cancer, while complete loss of 

DICER is lethal44.  

We also report that in an in vitro cellular system, DDR foci are lost in irradiated cells 

following RNase A treatment and that site-specific DDRNAs, even if generated by 

chemical synthesis or upon in vitro cleavage by recombinant DICER, are sufficient to 

restore them. This suggests that DDRNAs are locally generated and favor the 

assembly of DDR factors in the shape of detectable DDR foci. Indeed RNA 

sequencing confirmed the presence of small RNAs arising from the integrated 

exogenous locus which are induced upon cut. Comparison with small RNAs 

generated at other non-miRNA genomic loci indicates that they are distinct from 

products of RNA degradation and their nucleotide bias at 5’ end and 3’ end indicates 

that these RNAs are processed at preferential RNA precursors sites.  

Although at present how DDRNAs act to control DDR activation has not been 

elucidated in full, the observation that they act in a manner dependent on the MRN 

complex suggests they act as upstream elements of the canonical DDR signaling 

cascade. Interestingly, short MRN-dependent DNA oligonucleotides have been shown 

to stimulate ATM activity51. Although it may be conceived that DDRNAs act by 

base-pairing to nascent RNA at the DNA damage site, their demonstrated biological 

activity following RNase A treatment and in the presence of a-amanitin makes this 

possibility unlikely. 

Although novel and unanticipated, our results are consistent with the emerging 
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evidence supporting a role for RNA molecules in DDR. Indeed, an epistasis map 

generated in fission yeast has recently shown that DDR components display genetic 

interactions with the RNAi machinery52 and components of the large DROSHA 

complex have been identified in a ATM-dependent phosphoproteome screen53. In 

Drosophila, repeated DNA integrity is dependent on RNAi pathway54. In 

Saccharomyces cerevisiae and in Oxytricha Trifallax RNA orchestrates 

recombination and RNA can function as a template for DNA repair events in S. 

cerevisiae55,56 ,57. It is also intriguing to observe that like several DDR factors, which 

are inactivated early in apoptosis in order to prevent DDR activation58, also DICER is 

specifically cleaved by caspases during apoptosis59. Recently, ATM has been shown 

to directly modulate the biogenesis of DICER and DROSHA RNA products by 

phosphorylating KSRP60. Furthermore, several other DDR factors such as 53BP1, 

BRCA1, KU and ATR have been previously reported to bind to RNA61,21,62,63. 

Moreover, while this manuscript was under evaluation, the presence of DICER-

dependent RNAs at DSB was reported64.  The observed dependency on DICER and 

DROSHA suggests that DDRNAs may also rise from cleavage of folded RNA. 

Finally, it is worth noticing that the here-described novel functions of DICER and 

DROSHA, components of the RNAi machinery, in the modulation of DDR are 

consistent with the well-established and evolutionary-conserved role of this apparatus 

in preserving genome integrity from viral invaders, transposons and retroelements65,36. 
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dependent RNAs at DSB was reported64.  The observed dependency on DICER and 

DROSHA suggests that DDRNAs may also rise from cleavage of folded RNA. 

Finally, it is worth noticing that the here-described novel functions of DICER and 

DROSHA, components of the RNAi machinery, in the modulation of DDR are 

consistent with the well-established and evolutionary-conserved role of this apparatus 
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