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ABSTRACT

Small RNAs have been implicated in numerous
cellular processes, including effects on chromatin
structure and the repression of transposons. We
describe the generation of a small RNA response
at DNA ends in Drosophila that is analogous to the
recently reported double-strand break (DSB)-
induced RNAs or Dicer- and Drosha-dependent
small RNAs in Arabidopsis and vertebrates. Active
transcription in the vicinity of the break amplifies
this small RNA response, demonstrating that the
normal messenger RNA contributes to the
endogenous small interfering RNAs precursor. The
double-stranded RNA precursor forms with an anti-
sense transcript that initiates at the DNA break.
Breaks are thus sites of transcription initiation, a
novel aspect of the cellular DSB response. This
response is specific to a double-strand break
since nicked DNA structures do not trigger small
RNA production. The small RNAs are generated in-
dependently of the exact end structure (blunt, 30- or
50-overhang), can repress homologous sequences in
trans and may therefore—in addition to putative
roles in repair—exert a quality control function by
clearing potentially truncated messages from
genes in the vicinity of the break.

INTRODUCTION

The integrity of our genome is constantly challenged by
both extrinsic and intrinsic factors, which can change the
nucleotide sequence or induce DNA breaks. Transposable
elements and retroviruses can cause insertional mutagen-
esis. Furthermore, stalling and breakdown of the DNA
replication fork can also result in broken DNA (1).
Intricate surveillance systems detect and distinguish the
various types of DNA damage. They induce either the

appropriate repair processes or drive the cell into apop-
tosis (2). Following DNA damage, extensive modifications
and changes of the local chromatin structure take place,
most of which are triggered by action of the key signaling
kinases ATM and ATR (3).
In the case of transposable elements, a different strategy

is used. Rather than waiting for the damaging integration
event, cells must prevent the accumulation of RNA tran-
scripts, which upon translation will produce the enzymes
and substrate for integration. Here, the small RNA
silencing system provides an important line of cellular
defense. Complexes composed of an Argonaute-family
protein endowed with nuclease activity and a small
RNA that programs this nuclease to target perfectly com-
plementary sequences restrict the accumulation of trans-
poson messenger RNA (mRNA) and induce repressive
chromatin structures at genomic loci of homologous se-
quences (4–6). Somatic Drosophila cells repress transposon
activity through corresponding endogenous small
interfering RNAs (siRNAs) (7). This pathway is genetic-
ally separable from the micro RNA (miRNA) system that
regulates gene expression by translational control and
mRNA degradation. Their biogenesis requires a
double-stranded (ds) RNA precursor, which is processed
by Dicer-2 and then loaded into the cleavage-competent
Ago2 effector (7–11). Recent publications describe that in
Arabidopsis and vertebrate cells, a double-strand break
elicits a small RNA response that is required for recogni-
tion of the g-H2Ax foci by downstream effectors (12) and
efficient repair by homologous recombination (13). In
Arabidopsis, the damage recruits RNA pol IV enzymes
and their transcripts are subsequently converted into
dsRNA by RNA-dependent RNA polymerase (RdRP).
In the case of vertebrates, which lack both RNA pol IV
and RdRP, it is unknown how the precursor for
damage-induced siRNAs is generated. We have observed
an analogous small RNA response to DNA ends in
cultured Drosophila cells. This response requires a break
in both DNA strands, depends on endo-siRNA factors, is
stimulated by active transcription in the vicinity of the
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break and has the capacity to silence transcripts with hom-
ologous sequence in trans.

MATERIALS AND METHODS

Cell culture, RNAi, transfection and reporter assays

Drosophila S2-cells were cultured in Schneider’s medium
and transfected with Fugene-HD as previously described
(14). For plasmid linearization, the vectors were cut with
the indicated restriction endonucleases at 37�C overnight,
then the linearized DNA was gel purified. For reporter
assays, 100 ng of linearized green fluorescent protein
(GFP) expression vector or 50 ng each of linear and
circular luciferase expression vectors were transfected per
well of a 96-well plate. For deep sequencing analysis, we
transfected 300 ng each of circular plasmid, linear plasmid
and polymerase chain reaction (PCR) product in 1 well of
a 6-well dish.
Depletion of RNAi factors was performed by soaking

of previously validated (15), in vitro-transcribed dsRNA
triggers at a concentration of 20 mg/ml for 3 days. The cells
were subsequently diluted to a density of 0.5� 106

cells/ml, transfected as described above and reporter
gene expression was determined 3 days after transfection.
GFP fluorescence intensity was measured on a Becton
Dickinson FACSCalibur flow cytometer, non-transfected
cells were excluded and the mean fluorescence value of the
transfected cells was calculated. Luciferase activity was
measured with the Dual Luciferase assay system
(Promega) in a plate-reading luminometer (Berthold).

RNA isolation and deep sequencing

RNA was isolated and libraries were prepared as previ-
ously published (16) with indexes for multiplexing
appended during the final PCR step. Up to four libraries
were pooled and sequenced on an Illumina GAIIx Genome
Analyzer at the Gene Center core facility. The reads were
mapped using Bowtie (17) with no mismatch allowed.
Pre-computed index-files for the Drosophila genome and
all mature miRNAs were used to determine the number
of reads matching these target sequence collections. For
the transfected construct, a custom index was created
based on the sequences of the GFP expression vector
pKF63, the yeast plasmid pRS425 and the Firefly luciferase
open reading frame we amplified by PCR. Since reads
mapping to the plasmid origin or AmpR gene cannot be
unambiguously assigned, we excluded all reads that did not
map uniquely among all three constructs. The sequence
data have been deposited in the NCBI GEO database
with the accession number GSE38967.

Reporter gene vectors

The GFP expression vector with ubiquitin-promotor and
the SV40 30-untranslated region (UTR) was described pre-
viously (15). To generate an analogous myc-tagged Renilla
luciferase expression vector, we excised the myc-GFP
coding sequence with BamHI/NotI and inserted an ac-
cordingly digested PCR product obtained with oligo-
nucleotides 50-CAGGATCCTAATCCAAAATGGAAC

AGAAACTGATTAGCGAAGAAGATCTGGCTTCC
AAGGTGTACGACC-30 (fwd) and 50-ATGCGGCCGC
TTACTGCTCGTTCTTCAGCAC-30 (rev). For the
untagged N-terminal truncation, we used oligonucleotide
50-CAGGATCCATCAACTACTATGATTCCGAG-30 as
the forward primer instead. For the firefly luciferase ex-
pression vector, we used a previously described backbone
containing the tubulin promotor and 30-UTR (16), then
used KpnI/NotI to insert a PCR product coding for
Flag-tagged firefly luciferase obtained with oligonucleo-
tides 50-CAGGTACCTAATCCAAAATGGATTATAA
AGATGATGATGATAAAGCCGATGCTAAGAACA
TTAAG-30 (fwd) and 50-ATGCGGCCGCTTACACGGC
GATCTTGCCGC-30 (rev).

RESULTS

RNAi-mediated repression close to a double-strand break,
but not nicked DNA

We had previously noticed a limited production of small
RNAs from a transiently transfected, circular plasmid
containing a GFP expression cassette in Drosophila
S2-cells (14). An independent study (9) observed a much
more pronounced siRNA generation in response to tran-
siently transfected plasmid DNA. In our efforts to under-
stand the differences, we were motivated by the discovery
of a DNA-damage-induced small RNA response in
Neurospora to examine whether a damage of the plasmid
DNA may boost the endo-siRNA response. Analogous to
elegant experiments performed with budding yeast (e.g.
(18)), we transfected cells with a linearized plasmid
coding for GFP. Flow cytometry measurements indicated
strongly reduced, but clearly detectable expression
(Supplementary Figures S1 and S2A). Unlike, e.g. treat-
ment with ionizing radiation, this experimental system is
precise yet very flexible as it allows varying the position
and nature of the lesion in a controlled manner. When
combined with prior depletion of small RNA biogenesis
factors through RNAi, we observed an increase of GFP
expression specifically for the linearized vector in the
absence of Dcr-2, Loqs-D and Ago2 (Figure 1A) as well
as a smaller amount of de-repression in the absence of
Ago1 and Dcr-1. This profile is characteristic for the
endo-siRNA pathway (8,9,11,14,19) and we therefore
refer to the damage-induced small RNAs as endo-
siRNAs in the remainder of this article. We observe meas-
urable effects of Drosha and Dicer-1 depletion on reporter
gene expression levels from the circular as well as
linearized reporters (see also Figure 2B), but these treat-
ments also induce differences in the cell-cycle distribution
(data not shown). Since the cell-cycle distribution likely
affects both DNA repair and expression kinetics from
transfected constructs, we refrain from interpreting these
effects for the time being.

In contrast to the effect of plasmid linearization within
the GFP transcription unit, a cut in the ‘mini-white’
marker gene �2 kb downstream of the GFP insert
revealed no dependence on RNAi factors (Figure 1B,
SacI-cut). The break-induced repressive response thus
has a limited range along the DNA. To determine
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whether a single-strand break could also trigger a repres-
sive response, we treated our GFP-expression plasmid
with a series of nicking endonucleases that cleave only
one strand of the DNA. We could not detect a consistent
de-repression of the signal upon depletion of endo-siRNA
factors, only depletion of Loqs-PD led to a marginal
de-repression (Figure 1C). The endo-siRNA response is
thus specific to a double-strand break.

Blunt, 50- and 30-recessed DNA ends trigger an
endo-siRNA response

To rule out that the effects we observed only affect the
GFP reporter or the ubiquitin promotor, we replaced the
GFP coding sequence with the one of Renilla luciferase.
Upon co-transfection of a distinct plasmid coding for
firefly luciferase, which carries the tubulin promotor and
30-UTR and thus shares no common sequence with the
relevant region of the Renilla vector, both vectors
elicited an endo-siRNA response of comparable strength
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Figure 1. Linearized plasmids provoke an endo-siRNA response. (A)
Drosophila S2-cells were treated with dsRNA targeting the indicated
factors, transfected with either circular or linearized plasmids and the
resulting GFP expression was measured by flow cytometry.
Measurement values were normalized to control treatment (three inde-
pendent experiments, mean±SD; * below bar indicates P< 0.05, t-test
unequal variance). (B) Linearization in the downstream ‘mini-white’
marker gene by a SacI-cut (1940 nt downstream of the polyadenlyation
signal) does not induce an endo-siRNA response targeting GFP (three
independent experiments, mean±SD; * below bar indicates P< 0.05,
t-test unequal variance). (C) Drosophila S2-cells were treated with
dsRNA as in Figure 1A, then transfected with either circular or
nicked GFP expression plasmids (three independent experiments,
mean±SD, circular plasmid: one experiment for each knock-down
condition). The GFP fluorescence intensities were normalized to the
control (three independent experiments, mean±SD; * below bar indi-
cates P< 0.05, t-test unequal variance).
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Figure 2. The small RNA response is independent of the end structure
and can affect gene expression at other loci with homologous sequence.
(A) The plasmid encoding Renilla luciferase was either linearized with
EcoRI, or converted to a blunt end enzymatically, or cleaved with SphI
(327 nt upstream of the BamHI site) to generate a 4-nt 30-overhang. In
all three cases, de-repression occurred upon prior depletion of
endo-siRNA factors (three independent experiments, mean±SD;
* below bar indicates P< 0.05, t-test unequal variance). (B) A
plasmid with a deletion of �300 nt at the N-terminus of Renilla
luciferase, which renders the enzyme inactive, was used to generate
break-induced endo-siRNAs by linearization with EcoRI. Their
ability to repress reporter gene expression in trans was assessed with
the help of a co-transfected, circular Renilla luciferase expression vector
(three independent experiments, mean±SD; * below bar indicates
P< 0.05, t-test unequal variance).
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when linearized (Supplementary Figure S3). We used the
luciferase system to test whether specific DNA end struc-
tures are required to trigger the endo-siRNA response. We
modified our assay by either filling in the 50-overhang
generated by the EcoRI cut or by cleaving the vector
with SphI (322-nt upstream of the BamHI site, see
Figure 1B) to generate a 4-nt 30-overhang. In both
cases, the endo-siRNA repression remained detectable
(Figure 2A), indicating that generation of a dsRNA pre-
cursor is independent of the precise structure of the DNA
end. The magnitude of the response appears lower in the
case of the SphI cut, but this may be due to the position of
the cut (it is comparable in strength and position with the
BamHI-cut; Figure 1A). In conclusion, the small RNA
response requires a double-strand break but can initiate
at any of the end structures we tested. The simplest ex-
planation for this finding is that recognition and poten-
tially initial processing of the double-strand break can
occur before the generation of small RNAs. This is con-
sistent with the observation of Wei et al. (13) that the
formation of g-H2Ax foci is still possible when generation
of a small RNA response is blocked.

Break-derived endo-siRNA can repress gene expression
in trans

To test whether regulation by damage-induced endo-
siRNAs can occur in trans, we deleted �300 nt of the
Renilla luciferase coding sequence, leading to an
N-terminally truncated protein. This vector generated
only very low luciferase activity when transfected alone,
but after linearization induced an endo-siRNA response
that repressed luciferase expression from a co-transfected,
circular vector containing a full-length Renilla luciferase
coding sequence (Figure 2B). The repressive response
originating at a double-strand break can therefore act
in trans, most likely through the well-characterized deg-
radation pathway for perfectly matched target mRNAs.
However, we do not want to exclude the possibility that
the small RNA response also influences chromatin struc-
ture either in cis or in trans.

Transcriptional activity controls the endo-siRNA response

The work of Wei et al. (13) profiled the small RNAs
generated upon induction of a double-strand break
in vivo. In Arabidopsis, the small RNA response required
RNA pol IV and RdRP, appeared strongest in the region
upstream (with respect to transcription) of the cleavage
site and did not extend beyond the mRNA 30-end. An
analogous process has been proposed for the fungus
Neurospora crassa: here, a DNA-damage-induced small
RNA response arises from the ribosomal DNA (20) due
to an aberrant transcript (aRNA) generated by the DNA/
RdRP Qde-1 (21). In Drosophila—as in humans—there is
no RNA pol IV or RdRP homolog; a different mechanism
must therefore produce the dsRNA precursor required for
endo-siRNA biogenesis. For direct analysis, we deep
sequenced small RNAs from cells transfected with linear
and circular GFP expression plasmids (size: 10 800bp),
then mapped the uniquely matching reads onto the
plasmid sequence with no mismatch allowed. Compared

with the circular plasmid, the BamHI linearized plasmid
generated 13.5-fold more endo-siRNAs, the EcoRI-
linearized vector 11.5-fold more and the NotI-linearized
vector 6.5-fold more endo-siRNAs (Table 1). We observed
that endo-siRNAs were predominantly produced from the
region between the promotor (the three annotated tran-
scription start sites are indicated in Figure 3) and a down-
stream cut within the GFP transcriptional unit, while the
region corresponding to the mRNA downstream of the
cut is not enriched for small RNAs (Figure 3).
Furthermore, only a 2-fold increase of small RNAs was
detected upon a SacI-cut in the mini-white gene (Figure 3
and Table 1), which is only weakly transcribed in S2-cells.
The association of the small RNA response with an active
transcriptional unit containing the double-strand break
strongly suggests that the mRNA produced from the
locus contributes one strand of the dsRNA precursor for
endo-siRNA generation. Consistent with the reporter
assays presented in Figure 1C, we observe no preferential
generation of endo-siRNAs in cells transfected with
AlwI-nicked plasmid (Table 1 and Supplementary Figure
S4). The size distribution of plasmid-matching reads
showed a peak at 21 nt characteristic for siRNAs
(Supplementary Figure S5).

For control purposes, we had co-transfected equal
amounts of an unrelated yeast plasmid (pRS425,
6849 nt) and a PCR product comprising the firefly
luciferase coding sequence (2387 nt). We observed a low
but reproducible amount of endo-siRNA generation from
the circular yeast plasmid; their levels increased upon lin-
earization of this plasmid but showed no enrichment
around the cleavage site (Table 1 and Supplementary
Figure S4). We conclude that small RNA generation trig-
gered by a double-strand break (DSB) can occur also in
the absence of promotor activity, reminiscent of the small
RNAs reported by Francia and colleagues (12) at a break
in a non-transcribed sequence in human cells. Possibly
non-specific, cryptic transcription or a low-level,
non-physiologic recognition of the yeast promotors by
the Drosophila transcriptional machinery is contributing
the sense strand to dsRNA generation. Importantly, the
firefly luciferase PCR product did not elicit a significant
endo-siRNA response in any of the libraries examined.
Break-induced endo-siRNA generation therefore requires
sequence elements that mediate the assembly of at least a
rudimentary chromatin structure (this might be, e.g. the
yeast promotor sequences or the bacterial replication
origin present on the plasmids) in cis to the break.
Alternatively, a minimal DNA length or distance
between DSBs that lies between 2387 and 6849 nt is
needed.

DISCUSSION

Importance of small RNAs in DSB recognition
and repair pathways

A double-strand break must first be recognized, then a
signal is generated that arrests the cell cycle, induces the
repair process and finally either vanishes when the damage
is repaired or induces apoptosis if this cannot be reached.

4 Nucleic Acids Research, 2012
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Is the small RNA response an important player in one of
these processes?

Wei and colleagues have demonstrated that the
radiation-induced formation of g-H2Ax foci is independ-
ent of the small RNA response in Arabidopsis, arguing
that recognition and signaling to the DSB repair machin-
ery is still functioning without the small RNAs (13).
However, DSB repair efficiency by homologous recombin-
ation was reduced in the absence of small RNA biogenesis
factors in both Arabidopsis and human cells. In particular,
lack of pol IV completely blocked DSB-induced RNA
generation and reduced the DSB repair efficiency by a
factor of 5. In human cells, repair efficiency was about
2-fold lower upon depletion of Dicer or Ago2. Due to
the incomplete removal of protein inherent to the use of
RNAi, it is unclear whether this reflects the full extent of
siRNA implication. Since the frequency of homologous
recombination can be modulated to a similar extent by
shifts in cell-cycle distribution (22), indirect effects
cannot be fully excluded. DNA damage induces qiRNAs
in Neurospora and cells with mutations in qiRNA biogen-
esis factors are sensitive to DNA-damaging agents.
However, mutations in the key DNA-damage signaling
kinase atm display an even more pronounced sensitivity
(20). The Drosophila endo-siRNA system is separate from
the bulk of miRNA biogenesis, thus allowing a relatively
straightforward interpretation of genetic data. Loss of the
ATM and Mre11 proteins (tefu and mre11) leads to late
pupal lethality in Drosophila primarily due to telomere
fusions (23,24), and the DSB repair factor spnA, a
Rad51 homolog, is essential for female fertility (25). The
endo-siRNA factors dcr-2, ago2 and loqs (isoform D),
however, can be inactivated without causing lethality, ster-
ility or any morphological phenotype (reviewed in (7)).
Thus, the phenotypes of RNAi mutants are clearly
weaker. Although a genome-wide RNAi screen for
function of the DSB-triggered G2/M checkpoint in
Drosophila cells recovered many known and novel compo-
nents of the checkpoint signaling systems, the
endo-siRNA factors did not score positive (26).

In fact, one might even speculate that meiotic DSBs
are protected to some degree from generating an
endo-siRNA response: both injected dsRNA (27) and
transgenic hairpin-generating constructs are inefficiently
inducing RNAi in the germ line during oogenesis. For
the transgenic approach, this can be alleviated either by
overexpressing Dcr-2 (5,28,29) or by using artificial

miRNAs, which may be processed through Dcr-1
(30–32), indicating that the messages are not per se in-
accessible to the RNAi effector complexes. It is thus con-
ceivable that the siRNA system is not active enough to
generate a robust small RNA response at meiotic
double-strand breaks. Beyond this particular situation,
changes in chromatin structure, transcriptional activity
and mitotic chromosome condensation have been
reported for Drosophila dcr2 and ago2 mutants (33–36).
A contribution of the endo-siRNA response to the effi-
ciency of DSB repair through effects on local chromatin
structure is therefore possible. Furthermore, cell-type-
specific differences in the small RNA response pathways,
e.g. a putative piRNA response to breaks in meiosis or
early embryonic development (37) may also account for
weaker phenotypes. Our observation that small RNA gen-
eration initiates independently of the precise end structure
is consistent with a model where DSB recognition occurs
before the induction of antisense transcription. We specu-
late that after initial end processing, the 30-single-stranded
overhangs generated by DSB resection serve as a platform
to recruit one of the cellular DNA-dependent RNA poly-
merases and initiate antisense transcription close to the
DNA break. This break-induced antisense transcript
may then form dsRNA with the mRNA ‘stump’
produced by normal RNA Pol-II transcription (Figure 4).

A novel player in the DSB response: transcription
initiation at the break

We report that in cultured somatic cells of Drosophila, a
double-strand break within a transcribed gene leads to the
initiation of a cellular RNA polymerase, which then con-
tinues to transcribe in the direction away from the break.
To our knowledge, this event has not been described so far
and constitutes a new aspect of signaling by double-strand
breaks: By forming dsRNA with the normal sense tran-
script of the locus, this antisense transcript activates the
RNAi system and thereby has a signaling and/or effector
function, akin to the activation of a protein kinase. The
concept of a transcript with signaling function is well es-
tablished in plants and the fungus Neurospora crassa,
where specialized RNA polymerases (RNA pol IV and
V) are dedicated to the synthesis of transcripts that
activate and maintain the non-coding RNA response
(38). Accordingly, the requirement for RNA pol IV in
the Arabidopsis break-induced small RNA response
implied that this polymerase is recruited to the lesion

Table 1. Deep sequencing count data

Total
reads

21–23-nt
Length

Genome matching
(% of 21–23)

Mature miRNAs
(% of gen. mat.)

pKF63
(% of gen. mat.)

pRS425
(% of gen. mat.)

Fluc

pKF63 BamHI; pRS425 circ.; Fluc PCR 9 036 646 3 465 173 2 581 985 (74.5%) 1 301 398 (50.4%) 6931 (2.7%) 423 (0.16%) 0
pKF63 NotI; pRS425 circ.; Fluc PCR 8 224 052 3 909 854 2 947 756 (75.4%) 1 605 762 (54.5%) 3739 (1.3%) 149 (0.05%) 0
pKF63 EcoRI; pRS425 circ.; Fluc PCR 8 391 521 2 699 100 1 971 598 (73.1%) 965 493 (49.0%) 4544 (2.3%) 123 (0.06%) 5
pKF63 SacI; pRS425 circ.; Fluc PCR 7 515 383 3 931 978 2 887 215 (73.4%) 1 545 121 (53.5%) 1091 (0.4%) 167 (0.06%) 3
pKF63 AlwI; pRS425 circ.; Fluc PCR 9 381 901 3 394 873 2 480 116 (73.1%) 1 473 759 (59.4%) 606 (0.2%) 218 (0.08%) 2
pKF63 circ.; pRS425 BamHI; Fluc PCR 20 644 453 7 794 275 5 781 192 (74.2%) 2 775 175 (47.9%) 1075 (0.6%) 3034 (0.52%) 0
Untreated cells 21 055 737 5 435 317 4 938 222 (90.1%) 2 864 713 (58.0%) 38 (0.01%) 110 (0.02%) 0
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and produces a transcript that is recognized as aberrant
(13). It is unclear, however, where exactly RNA pol IV
initiates and in what direction this first transcript is
generated—toward or away from the break. Further char-
acterization of genetic requirements for the small RNA
response may elucidate whether the molecular events
leading from the DNA break to antisense transcription
in Drosophila and RNA pol IV recruitment in
Arabidopsis are conserved. Signaling of DNA damage by
RNA polymerases is well established in the case of
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Figure 3. Profiling of break-induced endo-siRNAs by deep
sequencing. We transfected our GFP expression vector after lineariza-
tion at the indicated positions, deep sequenced small RNAs and
determined the uniquely mapping reads with no mismatches allowed.
Their distribution along the plasmid sequence was calculated
by binning into non-overlapping 5-nt intervals and normalized to the
number of genome-matching reads in each library. The graphs depict
the sense (black) and antisense (red) matching reads as % of genome
matching 21–23-nt reads in the respective library. The three annotated
transcription start sites for the ubiquitin-promotor are indicated.
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in the vicinity of the DSB

Figure 4. Model for the generation of break-induced endo-siRNAs.
This figure depicts our hypothesis for break-induced endo-siRNA gen-
eration in Drosophila. Upon the creation of a double-strand break,
recognition and initial end processing likely occur independently of
and prior to the generation of small. The DNA ends recruit one of
the cellular DNA-dependent RNA polymerases (yellow), which then
generates a break-induced transcript that may be conceptually analo-
gous to the aberrant RNA described in Neurospora or the
damage-induced RNA pol IV transcript in Arabidopsis. If normal
mRNA transcription occurs toward the break, the two transcripts
produced from the locus form dsRNA, which is then processed and
loaded into Ago2. Since a PCR product comprising only the firefly
luciferase coding sequence did not generate any corresponding small
RNAs, the process may only operate in the context of chromatin.
We have not addressed the question whether the efficiency of DNA
repair is affected by the presence of small RNAs. However, the small
RNAs are capable of repressing gene expression at other sites with
homologous sequences. It is therefore possible that they participate in
a quality-control process that clears potentially truncated messages.
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nucleotide excision repair: here, the stalling of RNA poly-
merase II as it encounters a lesion either triggers
transcription-coupled nucleotide excision repair through
the cockayne syndrome protein A/cockayne syndrome
protein B complex, or leads to ubiquitylation and degrad-
ation of the polymerase (reviewed in (39)). Whether small
RNAs are produced in this context has not been
addressed.

The fact that Drosophila break-induced small RNAs can
silence in trans indicates that they may have a function
beyond the repair process by repressing transcripts that
might be affected by the DNA break. Such transcripts
could have adverse effects on the cell, e.g. if transcripts
truncated within an intron had an increased propensity to
engage in non-physiologic trans-splicing and thereby
acquire export- and translation competence. Since only
actively transcribed genes have the potential to generate
significant amounts of dsRNA upon damage, this
quality-control system would be automatically restricted
to its appropriate targets.

In summary, we propose that double-strand break rec-
ognition and potentially initial processing occur prior to
generation of small RNAs. Recruitment of a cellular RNA
polymerase then initiates transcription of antisense RNA
that can form dsRNA if a corresponding sense transcript
is made in the vicinity of the break. Dicing and loading are
performed by the Drosophila endo-siRNA pathway and—
besides putative roles in DNA repair—the resulting small
RNAs may serve a quality-control purpose to protect the
cell from potentially truncated mRNA (Figure 4).
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