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SUMMARY

Transfer RNA (tRNA) fragmentation in response to
stress conditions has been described in many organ-
isms. tRNA fragments have been found in associa-
tion with small interfering RNA (siRNA) components,
but the biological role of these interactions remains
unclear. We report here that the tRNA methyltrans-
ferase Dnmt2 is essential for efficient Dicer-2
(Dcr-2) function in Drosophila. Using small RNA
(sRNA) sequencing, we confirmed that Dnmt2 limits
the extent of tRNA fragmentation during the heat-
shock response. tRNAs as well as tRNA fragments
serve as Dcr-2 substrates, and Dcr-2 degrades
tRNA-derived sequences, especially under heat-
shock conditions. tRNA-derived RNAs are able to
inhibit Dcr-2 activity on long double-stranded RNAs
(dsRNAs). Consequently, heat-shocked Dnmt2
mutant animals accumulate dsRNAs, produce fewer
siRNAs, and show misregulation of siRNA pathway-
dependent genes. These results reveal the impact
of tRNA fragmentation on siRNA pathways and impli-
cate tRNA modifications in the regulation of sRNA
homeostasis during the heat-shock response.

INTRODUCTION

Transfer RNA (tRNA) fragmentation contributes to conserved
stress-response mechanisms (Thompson and Parker, 2009),
but the exact nature of tRNA fragment-mediated effects is poorly
understood. tRNAs represent the most abundant class of small
RNAs (sRNAs; 4%-10% of all RNAs). If tRNA-derived sequences
relay stress responses, their fragmentation process must be
tightly controlled to avoid constant stress signaling. The associ-
ation of tRNA fragments with siRNA pathway components
(Czech et al., 2008; Ghildiyal et al., 2008; Okamura et al.,
2008b; Cole et al., 2009) indicated crosstalk between tRNA frag-
ment production and siRNA pathway function. Dcr-2 and Ago-2
are important siRNA pathway components in flies, and their
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molecular function in RNA-induced silencing complexes (RISC)
is well defined (Saito and Siomi, 2010). However, the impact of
siRNA pathways on gene expression, especially under stress
conditions and in the presence of stress-induced tRNA frag-
ments, is less well understood.

Recent work has linked Dnmt2 mutations to decreased tRNA
stability during stress and certain developmental conditions
(Schaefer et al., 2010; Tuorto et al., 2012), underscoring the
importance of cytosine-5-tRNA methylation for correct RNA
metabolism. Dnmt2 enzymes are highly conserved RNA cyto-
sine-5-methyltransferases that modify the anti-codon loop of
tRNAs (Goll et al., 2006; Schaefer et al., 2010), but the signifi-
cance of Dnmt2-mediated tRNA methylation and stability has
remained unclear.

Although an impact of tRNA fragments on protein synthesis
has been established (Yamasaki et al., 2009; Ivanov et al.,
2011; Sobala and Hutvagner, 2013), other tRNA-mediated func-
tions remain to be explored. Interestingly, tRNA fragments can
affect the efficiency of sSRNA silencing pathways in human cells
(Haussecker et al., 2010), raising the possibility that tRNA-
derived RNAs play as yet unidentified roles in posttranscriptional
gene silencing (Pederson, 2010; Hurto, 2011; Durdevic and
Schaefer, 2013).

We report here that siRNA pathways in Drosophila can be tran-
siently affected by heat-shock-induced tRNA fragmentation.
Under these conditions, Dnmt2 mutant flies showed a stronger
and more prolonged inhibition of siRNA pathway activity.
Increased tRNA fragmentation in Dnmt2 mutants after heat
shock and the promiscuous loading of tRNA fragments into
Dcr-2 complexes blocked Dcr-2 processing of long dsRNAs, re-
sulting in the misregulation of siRNA pathway-controlled gene
expression. Our findings reveal that correct tRNA methylation
contributes to the control of siRNA pathway components during
the heat shock response.

RESULTS

tRNA Fragmentation Is Specifically Affected in Dnmt2
Mutants

To globally quantify the extent of Dnmt2-dependent RNA frag-
mentation, we heat shocked adult male flies, extracted sRNAs
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from somatic tissues (Figure 1A), and sequenced complemen-
tary DNA (cDNA) libraries on an lllumina platform. Mapping of
tRNA-derived reads revealed significant Dnmt2-dependent
effects on the fragmentation of various tRNAs (Figures 1B,
S1A, and S1B; Tables S1, S2, and S3), including known Dnmt2
substrates (tRNAxg,°'C and tRNAg,,%“©). Analysis of individual
tRNAA, 5T halves showed that Dnmt2 mutant tissues accu-
mulated shorter 5’ fragments than controls after heat shock
(Figure S1C; Table S4), indicating that tRNA cleavage-site
accessibility or further processing of tRNA fragments was
Dnmt2 dependent.

Ribosomal RNA fragmentation was not significantly changed
in Dnmt2 mutants after heat shock (Figures 1C, S1D, and S1E).
Also, most messenger RNA (mRNA) fragments were derived
from exons of large genes (Figures S1F and S1G) and no signif-
icant differences were detectable between genotypes (Fig-
ure STH). These results indicate that Dnmt2 function specifically
affected tRNA stability during the heat-shock response.

Dicer-2 Cleaves tRNA Sequences into sRNAs

Angiogenin-dependent tRNA cleavage has been shown in
mammalian cells (Yamasaki et al., 2009), but the responsible en-
zymes in Drosophila remain to be identified. Importantly, DICER-
dependent tRNA cleavage has also been observed in mammals
(Babiarz et al., 2008; Cole et al., 2009), suggesting that Dicer pro-
teins accept tRNAs as substrates. RNA immunoprecipitations
confirmed the association of Dcr-2 with tRNA fragments in
Drosophila S2 cells (Figure 2A). In vitro cleavage assays using
purified tRNAs and ovary protein extracts showed that Dcr-2
activity contributed to tRNA fragmentation (Figure 2B). Fragmen-
tation was enhanced in heat-shocked extracts, indicating stress-
induced changes in Dcr-2 activity. tRNA cleavage could be
partially blocked by RNase inhibitors (Figure 2B), suggesting
also the presence of stress-induced but Dcr-2-independent
nuclease activities. Of note, overexpression of Dcr-2 in S2 cells
also caused tRNA fragmentation (Figure 2C), indicating that

See also Figure S1 and Tables S1, S2, S8, and S4.

changes in Dcr-2 protein concentration supported Dcr-2-medi-
ated tRNA cleavage.

Purified Dcr-2 has been shown to cleave noncanonical sub-
strates such as pre-microRNAs (pre-miRNAs) (Cenik et al.,
2011). To analyze whether Dcr-2 was also able to cleave tRNA
fragments, S2 cell protein extracts were incubated with tRNA,g,
GTC fragments (nt 1-38). This revealed the production of distinct
sRNAs (Figure S2A), specifically in heat-shocked protein extracts,
which was dependent on Dcr-2 but not on Dcr-1 (Figures S2B—-
S2D). RNAi-mediated depletion of annotated Drosophila nucle-
ases confirmed the specificity for Dcr-2 (Figure S2E). Furthermore,
extracts from wild-type ovaries, but not catalytically inactive Dcr-2
mutant ovaries, degraded tRNA halves (Figures 2D and S2F).
This confirmed that Dcr-2 accepted tRNA-derived sequences,
especially if provided in excess, which indicates that Dcr-2, tRNAs
and their fragments interact under specific conditions.

Dcr-2 Activity on Long dsRNA Is Inhibited by tRNA
Fragments

Dcr-2 processes long dsRNA originating from self-complemen-
tary transcripts, convergent mRNAs, and mobile elements (Car-
thew and Sontheimer, 2009). To analyze Dcr-2 activity, defined
long dsRNAs were incubated with ovary protein extracts and
the production of small RNAs (sRNAs) was monitored in vitro.
sRNAs (21 nt) were produced in a time- and Dcr-2 activity-
dependent manner (Figure 3A). Addition of tRNAxg,®'C frag-
ments (nt 1-38) resulted in a concentration-dependent loss of
sRNAs (Figure 3B), indicating that tRNA fragments interfered
with Dcr-2 activity. Heat shock of S2 cells reduced Dcr-2 protein
levels transiently and Dcr-2 activity on dsRNA was diminished
(Figures S3A and S3B). Fragmentation of tF{NAAspGTC into halves
was highest when Dcr-2 activity levels were low (Figure S3C),
indicating that Dcr-2 was not primarily responsible for tRNA frag-
mentation. Instead, these results suggest competition between
dsRNA precursors and tRNA fragments for reduced Dcr-2
protein levels during the heat-shock response.
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Figure 2. Dcr-2 Processes tRNAs into Halves and siRNA-Sized

Fragments

(A) Northern blot (using 5’ probes) for tRNAas,®™° and tRNAg;,*C in Dcr-2-
FLAG complexes after RNA immunoprecipitation. Arrowheads indicate un-
specific tRNA binding (black), tRNA halves (gray), smaller tRNA-derived RNAs
(white). 1gG, immunoglobulin G control.

(B) RNA in vitro cleavage assay using wild-type (+) and Dcr-2 catalytic mutant
(—) ovary protein extracts (15 pg) on purified tRNA preparations followed by
northern blotting for tRNAs using 5' probes against tRNAAspGTC (upper) and
tRNAG, “C (lower). Arrowheads indicate tRNA (black) and tRNA fragmentation
products (gray). HS, heat shock; PE, protein extract; R-Inh, RNase inhibitor.
(C) Northern blot on RNA (15 pg) from S2 cells that express endogenous (—) or
ectopic Dcr-2-FLAG protein (+) using probes against tRNAx,®'C and
tRNAG, 5°C.

(D) RNA in vitro cleavage assay using protein extracts as in (B) on tRNAag,®'©
oligonucleotides (nt 1-38; 1 uM). Upper part shows SYBR-stained
Urea-PAGE-gel. Lower part shows northern blot using 5 probes against
tRNAAs,®'C. Arrowheads indicate tRNA (black) and tRNA oligonucleotide
(gray). Mg++, Mg ions.

See also Figure S2.

Dcr-2 Activity Is Impaired in Dnmt2 Mutant Protein
Extracts

Next, adult flies were heat shocked to analyze Dcr-2 activity
in vivo. Expression analysis revealed transient upregulation of
Dcr-2 and Dcr-1 in controls (Figure S3D), suggesting positive
feedback on Dicer transcription in response to heat shock. In
contrast, Dnmt2 mutants displayed constantly increasing Dcr-2
and Dcr-1 transcript levels, which indicated prolonged tran-
scriptional feedback. Western blotting showed increased Dcr-2
protein levels in both genotypes after heat shock of adult flies,
whereas Dcr-1 or Ago-2 expression was not affected (Figure S3E
and S3F). Wild-type ovary extracts showed reduced Dcr-2 activ-
ity after heat shock, which could be restored to baseline levels

by adding three times more Dcr-2 protein to the reaction (Fig-
ure 3C). Importantly, extracts from Dnmt2 mutant ovaries were
unable to restore Dcr-2 activity (Figure 3C), indicating impaired
Dcr-2 activity in Dnmt2 mutants. Dcr-2 activity in heat-shocked
wild-type ovaries could also be restored by increased cleavage
reaction times (Figure 3D), indicating Dcr-2 processivity on
dsRNA substrates, which was not the case in Dnmt2 mutant ex-
tracts (Figure 3D). Lower Dcr-2 activity in Dnmt2 mutant ovaries
did not correlate with lower Dcr-2 protein levels (Figure 3E), sug-
gesting that Dcr-2 activity was present but limited in Dnmt2
mutants. Northern blotting confirmed increased levels of tRNA
fragments in Dnmt2 mutant ovaries after heat shock (Figure 3F),
supporting the notion that increased tRNA fragmentation in
Dnmt2 mutants interfered with Dcr-2 activity, especially after
heat shock.

dsRNAs Accumulate in Dnmt2 Mutants After Heat Shock
To test whether Dnmt2 mutant conditions affected Dcr-2 sub-
strate levels globally, antibodies against dsRNAs (Schonborn
et al., 1991) and RNA dot blotting were used. Antibody speci-
ficity was confirmed using Dcr-2 mutant RNA, which revealed
high levels of dsRNA (Figure 4A). RNA from heat-shocked
Dnmt2 mutants contained increasing dsRNA concentrations
(Figure 4B), indicating that dsRNAs, which were efficiently
processed by Dcr-2 in wild-type tissues, accumulated in
Dnmt2 mutants. These results confirm that Dcr-2 activity was
globally impaired in Dnmt2 mutant tissues, especially after
heat shock.

SRNA Production Is Affected in Dnmt2 Mutants

Dcr-2 processes long dsRNAs into sRNAs. To analyze the pro-
duction of sRNAs, northern blotting for a highly expressed
endo-siRNA (esi-2.1) and a miRNA (miR-bantam) was per-
formed. As previously shown, Dcr-2 or Ago-2 mutants did not
produce mature esi-2.1, and only Ago-2 mutants affected miR-
bantam production (Figure 4C). Of note, Dnmt2 mutant flies
showed reduced esi-2.1 production and also miR-bantam levels
were lower than in controls (Figure 4C), which indicated a role for
Dnmt2 in endo-siRNA and miRNA maturation. Heat shock
caused a decrease of esi-2.1 in controls, whereas Dnmt2 mutant
flies showed lower esi-2.1 levels during all time points of the
experiment (Figure 4D). These results are consistent with the
notion that Dcr-2 activity in Dnmt2 mutant flies was impaired,
causing inefficient processing of long dsRNAs and consequen-
tially reduced production of Dcr-2-dependent siRNAs. In addi-
tion, changes in miR-bantam levels in Dnmt2 mutants after
heat shock (Figure 4D) also suggest Dnmt2-mediated effects
on Dcr-1-dependent miRNA production.

The esi-2.1 Target mus308 Is Upregulated in Dcr-2

and Dnmt2 Mutants

esi-2.1 matches the coding sequence of the DNA repair enzyme
mus308 (Czech et al., 2008; Okamura et al., 2008b), suggesting
endo-siRNA-mediated repression of Mus308-mediated DNA
repair. Mus308 RNA levels were slightly elevated in adult Dcr-2
and Dnmt2 mutant flies during a heat-shock experiment (Fig-
ure 4E), indicating that Dnmt2 function affects mus308 expres-
sion. Separation of male somatic and germline tissues followed
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by expression analysis showed transiently increased mus308
expression in controls after heat shock, supporting the notion
that temporary inhibition of Dcr-2 activity caused reduced esi-
2.1 production and concomitantly the derepression of mus308
transcription. In contrast, constantly elevated mus308 levels
were observed in Dnmt2 mutants (Figure 4F). These results are
consistent with the notion that molecular inhibition of Dcr-2 ac-
tivities in Dnmt2 mutant tissues resulted in inefficient endo-
siRNA production, leading to long-term derepression of mus308.

Dnmt2-Dependent RNA Fragments Affect siRNA
Pathway-Regulated Gene Expression

Dcr-2 and Ago-2 mutant animals are viable and fertile (Lee et al.,
2004; Okamura et al., 2004), suggesting a predominant function
for siRNA pathways under nonstandard conditions. Previous
expression analyses showed that Dcr-2- and Ago-2-regulated
genes include various stress-induced factors and DNA repair en-
zymes (Lim et al., 2013; Rehwinkel et al., 2006). Gene-expression
analysis of a representative number of these genes using quan-
titative PCR (gPCR) confirmed that Dcr-2 or Ago-2 depletion
from S2 cells did not significantly affect transcript levels (Figures

S4A and S4B). In contrast, heat shock caused gene-expression
changes in Dcr-2- and Ago-2-depleted cells during stress recov-
ery, supporting the notion that loss-of-function phenotypes
caused by Dcr-2 and Ago-2 depletion become detectable under
stress conditions (Figure S4B). To test whether heat-shock-
induced sRNAs (including tRNA fragments) caused these
gene-expression changes, we extracted sRNAs (10-60 nt)
from heat-shocked adult flies (Figures S4C) and incubated
them with S2 cells. The results showed the induction of Dcr-2-
and Ago-2-regulated genes by sRNAs that were derived from
heat-shocked Dnmt2 mutants but not from control flies (Figures
S4D). Finally, incubation of S2 cells with specific tRNApg,S'C
fragments also induced the expression of Dcr-2- and Ago-2-
regulated genes (Figure S4E), indicating that ectopic tRNA frag-
ments were able to mimic heat-shock-induced effects on siRNA
pathway components.

DISCUSSION

siRNA pathways function to silence mobile elements and regu-
late  mRNA expression (Carthew and Sontheimer, 2009).

934 Cell Reports 4, 931-937, September 12, 2013 ©2013 The Authors
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Figure 4. Dnmt2 Mutants Accumulate
DsRNAs and Show Reduced sRNA Produc-
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(D) Northern blot of RNA (15 ng) from WT and
Dnmt2 mutant (D27/7) flies during a heat-shock
experiment probed for esi-2.1, miR-bantam and
2S rRNA.

(E) gPCR analysis for mus308 mRNA in adult WT,
Dcr-2 (Der-2°%%) and Dnmt2 mutant (D27/7) flies
during a heat-shock experiment (hs = 37°C, R =
recovery in days). Three independent experi-

O wt
W Dz

ctrl hs R1 R2 R3

ctrl hs R1 R2R3 ctrl hs R1 R2R3

ments were performed for quantification
(mean + SD).

(F) gPCR analysis for mus308 mRNA in WT and Dnmt2 mutant (D2~/~) male soma (left) and germline tissue (right) during a heat-shock experiment as
in (E). Three independent experiments were performed for quantification (mean + SD).

See also Figure S4.

Predicted mRNA targets encode proteins with roles in cell-cycle
control, DNA repair, and stress response (Czech et al., 2008;
Okamura et al., 2008a), and profiling of both RNA and protein
expression indicated that Ago-2 and Dcr-2 function impacts
stress and metabolic processes (Rehwinkel et al., 2006; Lim
etal., 2011, 2013). These observations suggest that siRNA path-
ways downregulate stress-related gene products under non-
stress conditions. However, how such siRNA-mediated mRNA
suppression is relieved during stress conditions to accommo-
date efficient stress responses has remained unclear.

Our results define a mechanism for the regulation siRNA path-
ways during the heat-shock response. Our findings show that
heat shock causes a transient reduction in Dcr-2 protein levels
that leads to reduced Dcr-2 activities on long dsRNA substrates,
resulting in lower levels of mature sSRNAs and the derepression of
siRNA pathway-controlled genes. Concomitantly with the reduc-
tion of Dcr-2 activity, we observe an increase in tRNA fragmen-
tation, which is known to contribute to stress-response
mechanisms (Thompson and Parker, 2009). Dcr-2 binding to
tRNA-derived sequences and Dcr-2-dependent processing of
tRNA fragments into sRNAs confirms that the competition of
small dsRNAs with long dsRNA substrates contributes to the
transient reduction of siRNA pathway function during stress con-
ditions. In contrast to the stress recovery in wild-type flies,
Dnmt2 mutant flies show signs of constant or prolonged siRNA
pathway inhibition, and thereby resemble Dcr-2 or Ago-2 mutant
animals, especially after heat shock. Because Dnmt2 mutants
produce more tRNA fragments during the heat-shock response,
these findings strongly indicate a connection between Dnmt2-
mediated tRNA stability and correct siRNA pathway function.

tRNA fragments have also been found in Ago-2 complexes un-
der normal conditions (Czech et al., 2008; Ghildiyal et al., 2008;
Okamura et al., 2008b; Cole et al., 2009). Specific tRNA frag-
ments affected siRNA pathways in human cells (Haussecker
et al., 2010), implicating tRNA fragments in the fine-tuning of
sRNA-mediated gene regulation. Whether tRNA fragments could
also function as bona fide miRNAs or siRNAs has been debated
(Pederson, 2010), and in vivo tRNA fragment targets remain to be
defined. However, matching of various tRNA fragments to
human endogenous virus sequences (Li et al., 2012) suggests
a putative biological role for constitutive tRNA fragmentation to
target siRNA pathway activities after leaky virus expression.

Taken together, our findings suggest that tRNA fragmentation
is not only required to inhibit protein synthesis but also contrib-
utes to safeguard the transient downregulation of siRNA path-
ways during the heat-shock response. tRNA-based interference
with siRNA pathway activities might rapidly block the inhibitory
effects of sRNAs on various stress-relevant mRNAs, which
would facilitate the restarting of important cellular processes
during the stress recovery (Durdevic and Schaefer, 2013). We
conclude that an important biological role for Dnmt2 enzymes
is the suppression of aberrant tRNA fragmentation to ensure
the correct regulation of sSRNA pathways.

EXPERIMENTAL PROCEDURES

RNA Extraction, Reverse Transcription, and gPCR

Total RNA was extracted from S2 cells, whole flies, or germline tissues
(ovaries) using Trizol (Invitrogen). For first-strand cDNA synthesis, RNA was
either reverse transcribed using the QuantiTect Reverse Transcription Kit

Cell Reports 4, 931-937, September 12, 2013 ©2013 The Authors 935
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(QIAGEN) or treated with TurboDNase (Ambion) before reverse transcription
using SuperScript Il (Invitrogen). gPCR analyses were performed on a Light-
Cycler 480 Real Time PCR System (Roche) using the ABsolute gPCR SYBR
Green Mix (Thermo Scientific).

Northern Blotting

RNA was extracted using Trizol (Invitrogen) and separated on denaturing urea-
PAGE, transferred to nylon membranes (Roche), and hybridized overnight at
30-40°C with *2P-end-labeled oligonucleotides in hybridization solution (5%
saline sodium citrate [SSC], 20 MM Na,HPO,4 pH 7.4, 1% SDS, 1x Denhardt’s
reagent). After washing at 40°C with 1x SSC, 0.1% SDS (3% 15 min), the mem-
branes were exposed to film at —80°C.

sRNA Sequencing
RNA extraction, library preparation, and deep sequencing are described in
detail in the Extended Experimental Procedures.

tRNA and tRNA Fragment Cleavage Assay

We heated 2 pl of a 5'-end phosphorylated RNA oligonucleotide (20 uM;
Sigma; see Extended Experimental Procedures) or 300 ng of gel-purified
tRNA from Dnmt2 mutant flies in water (total volume of 10 pl) to 75°C for
2 min. An equal volume of 2x reaction buffer S2 (200 mM potassium acetate
[KOAc]; 10 mM dithiothreitol [DTT]; 1 mM ATP, 0.1 U/ul RNase inhibitor;
Promega) was added for cleavage reactions in S2 cell extracts; an equal vol-
ume of 2 X reaction buffer (200 MM KOAc; 30 mM HEPES-KOH, pH 7.4; 6 mM
Mg(OAc),; 10 mM DTT; 0.5% glycerol, 60 pg/ml creatine kinase, 2 mM creatine
phosphate, 2 mM ATP, 0.1 U/ul RNase inhibitor; Promega) was added for
cleavage reactions in ovary extracts, followed by incubation for 10 min at
37°C. Reactions were assembled by adding hypotonic protein extracts
(15 ng total protein) in the respective reaction buffer (final reaction volume
30-50 pl). Reactions were incubated for 1 hr at 25°C. RNA was recovered using
phenol/chloroform extraction and analyzed by denaturing urea-PAGE (15%)
and northern blotting.

dsRNA Cleavage Assay

For cleavage reactions, 5-10 ng of a *2P-end-labeled egfo-derived dsRNA was
incubated in 1x reaction buffer (100 mM KOAc; 15 mM HEPES-KOH, pH 7.4;
3 mM Mg(OAc),; 5 mM DTT; 0.25% glycerol, 30 png/ml creatine phosphate
kinase, 1 mM creatine phosphate, 1 mM ATP, 0.1 U/ul RNase inhibitor; Prom-
ega), and 7.5-30 pg ovary protein extract at 29°C for the indicated times.
Reactions were stopped by adding 1 vol of 2x RNA loading dye (Thermo
Scientific). Samples were heated to 80°C and subjected to denaturing urea-
PAGE (15%). Gels were blotted onto nylon membranes (Roche) and mem-
branes were exposed to film at —80°C.
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The sRNA sequencing data have been deposited in the GEO database under
the accession number GSE35981.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, four
figures, and four tables and can be found with this article online at http://dx.
doi.org/10.1016/j.celrep.2013.07.046.

ACKNOWLEDGMENTS

We thank Sebastian Bender and Glinter Raddatz for bioinformatics support,
Haruhiko Siomi for the Dcr-2 FLAG construct, and David A. Garfield and Tim
Pollex for helpful comments on the manuscript. This work was supported by
a grant from the Deutsche Forschungsgemeinschaft (FOR1082 to M.S. and
F.L.). Z.D. is a fellow of the HBIGS graduate program at the University of
Heidelberg.

Received: October 1, 2012
Revised: April 24, 2013
Accepted: July 31, 2013
Published: September 5, 2013

REFERENCES

Babiarz, J.E., Ruby, J.G., Wang, Y., Bartel, D.P., and Blelloch, R. (2008).
Mouse ES cells express endogenous shRNAs, siRNAs, and other Micropro-
cessor-independent, Dicer-dependent small RNAs. Genes Dev. 22,
2773-2785.

Carthew, R.W., and Sontheimer, E.J. (2009). Origins and Mechanisms of
miRNAs and siRNAs. Cell 136, 642-655.

Cenik, E.S., Fukunaga, R., Lu, G., Dutcher, R., Wang, Y., Tanaka Hall, T.M.,
and Zamore, P.D. (2011). Phosphate and R2D2 restrict the substrate speci-
ficity of Dicer-2, an ATP-driven ribonuclease. Mol. Cell 42, 172-184.

Cole, C., Sobala, A., Lu, C., Thatcher, S.R., Bowman, A., Brown, J.W.S.,
Green, P.J., Barton, G.J., and Hutvagner, G. (2009). Filtering of deep
sequencing data reveals the existence of abundant Dicer-dependent small
RNAs derived from tRNAs. RNA 15, 2147-2160.

Czech, B., Malone, C.D., Zhou, R., Stark, A., Schlingeheyde, C., Dus, M., Per-
rimon, N., Kellis, M., Wohlschlegel, J.A., Sachidanandam, R., et al. (2008). An
endogenous small interfering RNA pathway in Drosophila. Nature 453,
798-802.

Durdevic, Z., and Schaefer, M. (2013). tRNA modifications: necessary for cor-
rect tRNA-derived fragments during the recovery from stress? Bioessays 35,
323-327.

Ghildiyal, M., Seitz, H., Horwich, M.D., Li, C., Du, T., Lee, S., Xu, J., Kittler,
E.L.W., Zapp, M.L., Weng, Z., and Zamore, P.D. (2008). Endogenous siRNAs
derived from transposons and mRNAs in Drosophila somatic cells. Science
320, 1077-1081.

Goll, M.G., Kirpekar, F., Maggert, K.A., Yoder, J.A., Hsieh, C.-L., Zhang, X.,
Golic, K.G., Jacobsen, S.E., and Bestor, T.H. (2006). Methylation of tRNAAsp
by the DNA methyltransferase homolog Dnmt2. Science 317, 395-398.

Haussecker, D., Huang, Y., Lau, A., Parameswaran, P., Fire, A.Z., and Kay,
M.A. (2010). Human tRNA-derived small RNAs in the global regulation of
RNA silencing. RNA 16, 673-695.

Hurto, R.L. (2011). Unexpected functions of tRNA and tRNA processing en-
zymes. Adv. Exp. Med. Biol. 722, 137-155.

Ivanov, P., Emara, M.M., Villen, J., Gygi, S.P., and Anderson, P. (2011). Angio-
genin-induced tRNA fragments inhibit translation initiation. Mol. Cell 43, 613—
623.

Lee, Y.S., Nakahara, K., Pham, J.W., Kim, K., He, Z., Sontheimer, E.J., and
Carthew, R.W. (2004). Distinct roles for Drosophila Dicer-1 and Dicer-2 in
the siRNA/miRNA silencing pathways. Cell 117, 69-81.

Li, Z., Ender, C., Meister, G., Moore, P.S., Chang, Y., and John, B. (2012).
Extensive terminal and asymmetric processing of small RNAs from rRNAs,
snoRNAs, snRNAs, and tRNAs. Nucleic Acids Res. 40, 6787-6799.

Lim, D.-H., Oh, C.-T., Lee, L., Hong, J.-S., Noh, S.-H., Hwang, S., Kim, S., Han,
S.-J., and Lee, Y.S. (2011). The endogenous siRNA pathway in Drosophila im-
pacts stress resistance and lifespan by regulating metabolic homeostasis.
FEBS Lett. 585, 3079-3085.

Lim, D.-H., Lee, L., Oh, C.-T., Kim, N.-H., Hwang, S., Han, S.-J., and Lee, Y.S.
(2013). Microarray analysis of Drosophila dicer-2 mutants reveals potential
regulation of mitochondrial metabolism by endogenous siRNAs. J. Cell. Bio-
chem. 114, 418-427.

Okamura, K., Ishizuka, A., Siomi, H., and Siomi, M.C. (2004). Distinct roles for
Argonaute proteins in small RNA-directed RNA cleavage pathways. Genes
Dev. 18, 1655-1666.

Okamura, K., Balla, S., Martin, R., Liu, N., and Lai, E.C. (2008a). Two distinct
mechanisms generate endogenous siRNAs from bidirectional transcription
in Drosophila melanogaster. Nat. Struct. Mol. Biol. 15, 581-590.

936 Cell Reports 4, 931-937, September 12, 2013 ©2013 The Authors


http://dx.doi.org/10.1016/j.celrep.2013.07.046
http://dx.doi.org/10.1016/j.celrep.2013.07.046

Okamura, K., Chung, W.-J., Ruby, J.G., Guo, H., Bartel, D.P., and Lai, E.C.
(2008b). The Drosophila hairpin RNA pathway generates endogenous short
interfering RNAs. Nature 453, 803-806.

Pederson, T. (2010). Regulatory RNAs derived from transfer RNA? RNA 16,
1865-1869.

Rehwinkel, J., Natalin, P., Stark, A., Brennecke, J., Cohen, S.M., and lzaur-
ralde, E. (2006). Genome-wide analysis of mMRNAs regulated by Drosha and
Argonaute proteins in Drosophila melanogaster. Mol. Cell. Biol. 26, 2965-
2975.

Saito, K., and Siomi, M.C. (2010). Small RNA-mediated quiescence of trans-
posable elements in animals. Dev. Cell 19, 687-697.

Schaefer, M., Pollex, T., Hanna, K., Tuorto, F., Meusburger, M., Helm, M., and
Lyko, F. (2010). RNA methylation by Dnmt2 protects transfer RNAs against
stress-induced cleavage. Genes Dev. 24, 1590-1595.

Cell Reports 4, 931-937, September 12, 2013 ©2013 The Authors 937

Schénborn, J., Oberstrass, J., Breyel, E., Tittgen, J., Schumacher, J., and Lu-
kacs, N. (1991). Monoclonal antibodies to double-stranded RNA as probes of
RNA structure in crude nucleic acid extracts. Nucleic Acids Res. 79, 2993-
3000.

Sobala, A., and Hutvagner, G. (2013). Small RNAs derived from the 5’ end of
tRNA can inhibit protein translation in human cells. RNA Biol. 70, 553-563.

Thompson, D.M., and Parker, R. (2009). Stressing out over tRNA cleavage. Cell
138, 215-219.

Tuorto, F., Liebers, R., Musch, T., Schaefer, M., Hofmann, S., Kellner, S., Frye,
M., Helm, M., Stoecklin, G., and Lyko, F. (2012). RNA cytosine methylation by
Dnmt2 and NSun2 promotes tRNA stability and protein synthesis. Nat. Struct.
Mol. Biol. 19, 900-905.

Yamasaki, S., lvanov, P., Hu, G.-F., and Anderson, P. (2009). Angiogenin

cleaves tRNA and promotes stress-induced translational repression. J. Cell
Biol. 185, 35-42.

Cell

PRESS

Open

ACCESS



	The RNA Methyltransferase Dnmt2 Is Required for Efficient Dicer-2-Dependent siRNA Pathway Activity in Drosophila
	Introduction
	Results
	tRNA Fragmentation Is Specifically Affected in Dnmt2 Mutants
	Dicer-2 Cleaves tRNA Sequences into sRNAs
	Dcr-2 Activity on Long dsRNA Is Inhibited by tRNA Fragments
	Dcr-2 Activity Is Impaired in Dnmt2 Mutant Protein Extracts
	dsRNAs Accumulate in Dnmt2 Mutants After Heat Shock
	sRNA Production Is Affected in Dnmt2 Mutants
	The esi-2.1 Target mus308 Is Upregulated in Dcr-2 and Dnmt2 Mutants
	Dnmt2-Dependent RNA Fragments Affect siRNA Pathway-Regulated Gene Expression

	Discussion
	Experimental Procedures
	RNA Extraction, Reverse Transcription, and qPCR
	Northern Blotting
	sRNA Sequencing
	tRNA and tRNA Fragment Cleavage Assay
	dsRNA Cleavage Assay

	Accession Numbers
	Supplemental Information
	Acknowledgments
	References


