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ABSTRACT

RNA interference is a eukaryotic regulatory mechanism by which small non-coding RNAs typically mediate specific silencing of their cognate
genes. In Drosophila, the RNase III enzyme Dicer-2 (Dcr-2) is essential for biogenesis of endogenous small interfering RNAs (endo-siRNAs),
which have been implicated in regulation of endogenous protein-coding genes. Although much is known about microRNA-based regulatory
networks, the biological functions of endo-siRNAs in animals remain poorly understood. We performed gene expression profiling on
Drosophila dcr-2 null mutant pupae to investigate transcriptional effects caused by a severe defect in endo-siRNA production, and found 306
up-regulated and 357 down-regulated genes with at least a twofold change in expression compared with the wild type. Most of these up-
regulated and down-regulated genes were associated with energy metabolism and development, respectively. Importantly, mRNA sequences
0f 39% of the up-regulated genes were perfectly complementary to the sequences of previously reported endo-siRNAs, suggesting they may be
direct targets of endo-siRNAs. We confirmed up-regulation of five selected genes matching endo-siRNAs and concomitant down-regulation
of the corresponding endo-siRNAs in dcr-2 mutant pupae. Most of the potential endo-siRNA target genes were associated with energy
metabolism, including the citric acid cycle and oxidative phosphorylation in mitochondria, implying that these are major metabolic processes
directly affected by endo-siRNAs in Drosophila. Consistent with this finding, dcr-2 null mutant pupae had lower ATP content compared with
controls, indicating that mitochondrial energy production is impaired in these mutants. Our data support a potential role for the endo-siRNA
pathway in energy homeostasis through regulation of mitochondrial metabolism. J. Cell. Biochem. 114: 418-427, 2013.
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R NA interference (RNAi) is a biological process by which (siRNAs) [Farazi et al., 2008]. siRNAs were first thought to be
small non-coding RNAs regulate the expression of their exogenously derived from viral RNAs or experimentally introduced
cognate target genes. These small RNAs are mainly classified into double-stranded RNAs (dsRNAs), whereas miRNAs were endoge-
two groups: microRNAs (miRNAs) and small interfering RNAs nously generated from short-hairpin RNA structures [Golden et al.,
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2008]. Thus, most studies on the biological function of small RNAs
have focused on miRNAs. However, an extensive collection of
endogenous siRNAs (endo-siRNAs) was recently characterized as
another class of endogenous regulators of gene expression in
animals [Okamura and Lai, 2008]. These endo-siRNAs are derived
from endogenous dsRNA precursors such as RNA with extensive
hairpin structures or sense-antisense transcript hybrids, and are
complementary to mRNAs expressed in Caenorhabditis elegans,
Drosophila, and mammals [Okamura and Lai, 2008; Ghildiyal and
Zamore, 2009]. In Drosophila, an RNase III enzyme Dicer-2 (Dcr-2)
processes the endogenous precursor into approximately 21-
nucleotide (nt) endo-siRNAs, which associate primarily with
Ago2-containing effector complexes to silence endogenous pro-
tein-coding genes in somatic tissues [Okamura and Lai, 2008].
Accordingly, loss of the key components Dcr-2 or Ago2 results in a
substantial reduction in endo-siRNA biogenesis and accumulation,
respectively, with concomitant increase in the levels of protein-
coding transcripts that are complementary to the endo-siRNAs
[Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al., 2008;
Okamura et al., 2008]. The cellular functions of endo-siRNAs are
only beginning to be explored. We recently reported that the endo-
siRNA pathway plays important roles in stress resistance and
lifespan by regulating metabolic homeostasis in Drosophila [Lim
et al., 2011]. The endo-siRNA pathway has also been reported as
essential for robust development of embryos and heterochromatin
formation in Drosophila [Fagegaltier et al., 2009; Lucchetta et al.,
2009]. Studies on C. elegans have revealed that endo-siRNAs play
roles in spermatogenesis [Pavelec et al., 2009] and in directing
chromatin modifications via histone H3 lysine 9 methylation
[Burkhart et al., 2011]. The endo-siRNA pathway was also suggested
to promote mitotic chromosome segregation in Drosophila and
human cells [Pek and Kai, 2011].

In this study, we report a transcriptomic comparison of gene
expression between wild-type and dcr-2 null mutant pupae to
understand the cellular functions associated with endo-siRNAs in
Drosophila. Genes involved in energy metabolism were up-
regulated in dcr-2 mutants, while genes associated with develop-
ment were down-regulated. Importantly, 39% of the up-regulated
genes perfectly matched with previously reported endo-siRNAs and
were mainly involved in energy metabolic pathways, such as the
citric acid cycle and oxidative phosphorylation (OXPHOS) in
mitochondria. Our data provide insight into a role of the endo-
siRNA pathway in regulating mitochondrial function in Drosophila.

DROSOPHILA STRAINS

Flies were reared on standard cornmeal/agar media under non-
crowded conditions at 25°C. Canton-S and w’’'® flies were used for
developmental profiling of dcr-2 transcripts and Dcr-2 protein,
respectively. Canton-S flies were also used as white™ (w™) flies. To
generate dcr-2-GAL4 transgenic flies, the 5 regulatory region of the
genomic dcr-2 rescue transgene was subcloned into pPTGAL and
transformed into Drosophila using standard procedures [Sharma
et al., 2002; Lee et al., 2004]. To analyze the expression pattern of
dcr-2 using the UAS/GAL4 system [Brand and Perrimon, 1993], the

dcr-2-GAL4 transgenic flies were crossed to flies carrying UAS-
mCD8GFP at 25°C [Lee and Luo, 1999]. For microarray analysis,
transheterozygous  der-2"15%/der-28418X mutant pupae were
generated by crossing between two independent dcr-2 null mutant
homozygotes (y w eyFLP; FRT42D, dcr-2%*'** and y w eyFLP;
FRT42D, der-2"""%%) [Lee et al, 2004; Lim et al, 2011]. The
parental strain (y w eyFLP; FRT42D) of the dcr-2 mutants was used
as an isogenic wild-type control [Lee et al., 2004; Lim et al., 2011].

QUANTITATIVE REVERSE TRANSCRIPTION-POLYMERASE CHAIN
REACTION (RT-PCR) ANALYSIS OF TRANSCRIPT LEVELS

Total RNA was isolated from the indicated developmental stages
(~100 animals each) or genotypes (20 animals each) using Trizol
reagent (Invitrogen) according to the manufacturer’s instructions.
One microgram of total RNA from each sample was treated with
DNase I (Invitrogen), and used to generate first-strand cDNA using
random hexamers (Promega) and M-MLV reverse transcriptase
(Invitrogen) according to the manufacturer’s protocol. Quantitative
PCR analysis was performed as described previously [Lim do et al.,
2008]. The sequences of gene-specific primers are listed in
Supplementary Table I.

WESTERN BLOTTING

Protein extract was prepared in lysis buffer (150 mM NaCl, 20 mM
Tris-HCl [pH 8.0], 0.5% NP-40, 1 mM EDTA, and EDTA-free protease
inhibitor cocktail [Roche]) from each of the indicated developmental
stages of w'’'® or from isogenic wild-type and transheterozygous
dcr-2 null mutant pupae. Western blot analysis was performed as
described previously [Lim do et al., 2008]. The primary antibodies
used were anti-Der-2 (1:1,000; a gift from Q. Liu), anti-R2D2
(1:1,000; a gift from Q. Liu), and anti-B-tubulin (1:5,000;
Developmental Studies Hybridoma Bank).

MICROARRAY ANALYSIS

Gene expression analysis was performed using Agilent’s Drosophila
4 x 44K oligo microarrays (G2519F; Agilent Technologies). We
analyzed three biological replicates of age-matched wild-type and
transheterozygous dcr-2 null mutant pupae. Total RNA was isolated
from each biological replicate (20 animals) using Trizol reagent
(Invitrogen) according to the manufacturer’s protocol. The integrity
of RNA was verified using a 2100 Bioanalyzer (Agilent Technolo-
gies). Total RNA was purified using an RNeasy Mini kit (Qiagen) to
remove remnants from Trizol extraction, and used for cDNA chip
hybridization according to a modified TIGR protocol [Hegde et al.,
2000]. Images of microarray slides were acquired using an Agilent
Scanner G2505B (Agilent Technologies) and processed using
Agilent Feature Extraction Software (version 9.5; Agilent Technol-
ogies). The raw expression profile was normalized using the linear
and LOWESS methods. Spots flagged with low reliability were
excluded from further analysis. The normalized Cy5/Cy3 (mutant/
wild-type) ratios were log, transformed before statistical testing.
A probe was selected to be differentially expressed if its P-value
from the Welch t-test was <0.05 and its mean fold change value
across three replicates more than twofold. All microarray data
were deposited in the GEO database (www.ncbi.nih.gov/geo) under
the NCBI accession number GSE35945.
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FUNCTIONAL ENRICHMENT ANALYSIS

Agilent’s original probe annotations for differentially expressed
genes were re-defined by mapping the identifiers in the “Acces-
sions” column into transcript and gene identifiers according to the
latest release of FlyBase and Entrez databases. Functional
enrichment analysis was performed on the differentially expressed
genes using the DAVID database version 6.7 [Huang da et al., 2009].
The enriched Gene Ontology biological processes were determined
according to the criteria with involvement of at least five genes and
P < 0.05 for each category. Functional enrichment analysis was also
performed using the KEGG database to identify enrichment of genes
with specific biological pathways.

PREDICTION OF PUTATIVE TARGET GENES OF ENDO-siRNAs AND
FUNCTIONAL CATEGORIES

Endo-siRNA sequences were collected from previously published
studies [Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al.,
2008]. To identify candidate target genes of these endo-siRNAs, the
sequences were aligned on Drosophila melanogaster transcripts
obtained from FlyBase using BLAST and BLAT programs [Altschul
et al., 1997; Kent, 2002; Tweedie et al., 2009]. Default options were
used for running these programs except that tile size parameter was
set to eight for BLAT. A transcript was considered to match with an
endo-siRNA sequence if either of the BLAST or BLAT hits was
reported. For each endo-siRNA sequence, multiple candidate targets
were allowed, and vice versa. Only transcripts that perfectly
matched with endo-siRNA sequences were used for further analysis.
The aligned transcripts were filtered to contain only the minus
strand hits against the sense endo-siRNA sequences. The results were
compared with the up-regulated genes in dcr-2 mutants. Functional
enrichment analysis was performed on the list of the endo-siRNA-
matching up-regulated genes using DAVID.

RT-PCR ANALYSIS OF SMALL RNAs

The relative abundance of endo-siRNAs with specific sequences was
measured using a PCR-based method as described previously with
some modifications [Ro and Yan, 2010; Song et al., 2011]. Briefly,
small RNAs were isolated from wild-type and transheterozygous
der-2 null mutant pupae (6-7 animals each) using the miRNeasy
Mini kit (Qiagen) and RNeasy MinElute Cleanup kit (Qiagen)
according to the manufacturer’s protocols. Seven hundred nano-
grams of small RNAs were polyadenylated using poly(A) polymerase
(NEB). The poly(A)-tailed small RNAs were purified by phenol/
chloroform/isoamyl alcohol extraction and ethanol precipitation.
c¢DNA was synthesized using Superscript III (Invitrogen) and the RTQ
primer consisting of adaptor sequences at the 5’ end and poly dT at
the 3’ end, with 1png poly(A)-tailed small RNAs. Following
treatment of the resulting cDNA with RNase H (Takara), semi-
quantitative PCR was performed in a 20-pl reaction volume
containing 1U DNA polymerase (Enzynomics), 1wl small RNA
cDNAs, 0.25uM each small RNA-specific primer and RTQ-UNIr
primer, and 200 uM each deoxyribonucleotide triphosphate. The
sequences of the primers RTQ and RTQ-UNIr as well as sequences of
other small RNA-specific primers are listed in Supplementary Table
II. The cycling parameters for the PCR reactions were as follows:
95°C for 2 min; 28 cycles [except for endo-siRNAs targeting mthl8,

Rm62, and w (30 cycles)] of 95°C for 30, 60°C for 30s, and 72°C for
30s; and a final extension at 72°C for 5min. The resulting PCR
products were electrophoresed on 1.5% agarose gels and visualized
with ethidium bromide.

ATP MEASUREMENT
ATP content was determined with nine independent extracts from
two pupae for each genotype, using the ATP bioluminescence assay
kit HS II (Roche) as previously described [Clark et al., 2006]. Values
were normalized to the protein content of each sample, measured by
the Bradford method.

SPATIOTEMPORAL EXPRESSION OF DCR-2

In Drosophila, Dcr-2 plays a critical role in endo-siRNA-directed
repression of gene expression by processing endogenous dsRNA
precursors into endo-siRNAs. We first investigated the develop-
mental expression pattern of der-2 by quantitative RT-PCR analysis.
The dcr-2 transcript was detected at all developmental stages, with
elevated levels in second instar larvae, pupae, and adults (Fig. 1A).
Next, we confirmed the temporal expression pattern of dcr-2 at the
protein level using Western blotting. Dcr-2 protein was constitu-
tively expressed with the lowest level at the larval stage (Fig. 1B). We
generated dcr-2-GAL4 transgenic flies expressing GAL4 under the
control of the dcr-2 promoter to determine spatial expression of dcr-
2 using the UAS/GAL4 system [Brand and Perrimon, 1993]. These
transgenic flies were crossed to flies bearing UAS-mCD8GFP, which
leads to GAL-4-dependent expression of a fusion protein composed
of the extracellular and transmembrane domains of the mouse CD8
antigen (mCD8) fused to green fluorescent protein (GFP) [Lee and
Luo, 1999]. Progeny pupae carrying both transgenes showed strong
and ubiquitous expression of mCD8GFP (Fig. 1C), which correlates
with the expression pattern of the endogenous dcr-2 at the same
developmental stage. Together, the results indicate that dcr-2 is
constitutively expressed throughout the development of Drosophila,
with higher transcript and protein levels at late developmental
stages, such as in pupae and adults.

MICROARRAY ANALYSIS OF DCR-2 MUTANTS

Our earlier study demonstrated that dcr-2 null mutant flies defective
in endo-siRNA biogenesis had decreased stress resistance and
lifespan, with abnormal lipid and carbohydrate metabolism [Lim
et al., 2011]. The study also identified a limited set of proteins with
altered expression in the heads and bodies of the dcr-2 mutants. To
obtain a more comprehensive picture of the cellular functions
associated with endo-siRNAs, we sought to measure the genome-
wide transcriptional profile of dcr-2 null mutants and isogenic
controls. To avoid the effects of undesired mutations (except for
the der-2 mutation), we used dcr-2 mutants transheterozygous for
der-2M118% and  der-2%*%% qull alleles that abolish Der-2
production and lead to concomitant absence of the Dcr-2 partner
R2D2 due to its destabilization [Liu et al., 2006; Lim et al., 2011]
(Supplementary Fig. 1). R2D2 is required for loading of endo-siRNAs
into Ago2 rather than biogenesis of endo-siRNAs [Czech et al., 2008;
Marques et al., 2010]. Accordingly, transheterozygous dcr-2 null

420

CONTROL OF MITOCHONDRIAL METABOLISM BY ENDO-siRNAs

JOURNAL OF CELLULAR BIOCHEMISTRY



A 5 5 C UAS-mCD8GFP dcr-2>mCD8GFP
"]
25 . |
3 S
g2 1]
v
A |
§g O°
o = O > N N:d Nd Qﬁ \a
-.'..’—;2 @vd A t\ﬁé A QY aé}
3 & & L P %
© O & & &
W& mob L R
ES I 4
& v
B
Embryo Larva Pupa Male Female

* | —

— — -_—IDl:r-Z

B-Tubulin

Fig. 1.

Spatiotemporal expression of dcr-2. A: Analysis of relative der-2 transcript levels at different developmental stages of wild-type animals using quantitative RT-PCR.

The levels of dcr-2 transcript were normalized to those of rp49 transcript, which served as an internal control. The normalized dcr-2 transcript level in embryos was arbitrarily set

to 1. Data are shown as the mean = standard error of the mean (SEM) from three independent experiments. B: Temporal expression pattern of Dcr-2 protein as determined by

Western blotting. B-Tubulin was used as a loading control. An asterisk indicates Western signals corresponding to Der-2. C: Ubiquitous expression of dcr-2 at the pupal stage
based on the expression of mCD8GFP driven by dcr-2-GAL4. No green fluorescence was detected in the control pupa carrying the UAS-mCD8GFP transgene alone. Scale bar,

500 wm.

mutants would have severe defects in the endo-siRNA pathway,
including endo-siRNA biogenesis [Czech et al.,, 2008; Ghildiyal
et al., 2008; Kawamura et al., 2008; Okamura et al., 2008]. The
transcriptomic analysis was also performed on pupae undergoing
metamorphosis from larva to adult, which have high expression
levels of dcr-2, and because expression of ~21-nt endo-siRNAs is
increased relative to small RNAs of other sizes at the pupal stage
[Fagegaltier et al., 2009]. To examine the changes in the gene
expression profile of the dcr-2 null mutant pupae, we used Agilent’s
Drosophila 4 x 44K microarrays. Among the 32,162 probes, only
20,626 probes (64%) had been described with gene symbols.
Therefore, we generated a better definition of probes in the array
using probe re-annotation because this process yields a more
accurate interpretation of microarray data [Dai et al., 2005]. As a
result, the annotated probes were increased to 23,406 (739%).
Following probe re-annotation, 742 probes displayed at least 2-fold
differences in expression between the wild type and dcr-2 mutants,
as well as a significant P-value (<0.05). Of these 742 probes, 343 and
399 showed up-regulation and down-regulation, respectively,
in dcr-2 mutants compared with controls. Because some probes
represented the same gene, the differentially expressed probe list
was trimmed at the gene level by selecting the probe with the largest
magnitude of fold change, yielding 306 over-expressed genes and
357 under-expressed genes. The full list of the differentially
regulated probes is shown in Supplementary Tables III and IV. The
identified gene of note is mus308, which has been known to be

directly regulated by endo-siRNAs derived from the esi-2 locus
[Czech et al., 2008]. In support of our transcriptomic approach, this
gene was up-regulated by 1.4-fold, although it was below the
stringent twofold change threshold (data not shown).

FUNCTIONAL ENRICHMENT ANALYSIS OF DIFFERENTIALLY
EXPRESSED GENES IN DCR-2 MUTANTS

The differentially expressed genes were further analyzed by DAVID
with respect to the Gene Ontology biological process category
[Huang da et al., 2009]. Of the 357 down-regulated genes, 138 could
be categorized into 151 significantly enriched functional groups,
most of which were linked to development, including cell
differentiation and growth (Supplementary Table V). Among these
categories, the top 10% were related to oocyte localization,
neurogenesis, and organ formation (Fig. 2A). Additionally, enriched
KEGG pathways in the down-regulated genes were the Notch
signaling pathway and drug metabolism. For the 306 up-regulated
genes, 61 genes belonged to nine significantly enriched categories,
many associated with energy metabolism, such as generation of
precursor metabolites and energy, the coenzyme metabolic process,
the carboxylic acid biosynthetic process, hydrogen and monovalent
inorganic cation transport, oxidation reduction, and the phosphate
metabolic process (Fig. 2B; Supplementary Table VI). To further
evaluate involvement of these up-regulated genes in energy
metabolism, we performed KEGG pathway analysis. Interestingly,
a remarkable enrichment for the citric acid cycle and OXPHOS
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Functional enrichment analysis of down- and up-regulated genes in dcr-2 null mutant pupae. A: Of the 357 down-regulated genes, 151 biological processes were

significantly over-represented, involving 138 genes. Among these biological processes, the top 10% groups are shown as a bar graph. B: Of the 306 up-regulated genes, 61 were
significantly enriched for nine biological processes. Data were sorted by fold enrichment.

pathway in mitochondria was revealed (Fig. 3). Seven genes are
involved in the citric acid cycle: Scsa (succinyl-CoA synthetase o
subunit), Nc73EF (oxoglutarate dehydrogenase activity), CG5028
(isocitrate dehydrogenase activity), CG6439 (isocitrate dehydroge-

[ —

nase activity), Acon (aconitate hydratase activity), CGI516
(pyruvate carboxylase activity), and CG11876 (pyruvate dehydro-
genase activity). Fourteen genes are associated with 5 complexes of
the electron transport chain (ETC): complex I (mt:ND1, mt:ND4,
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Fig. 3. The citric acid cycle and oxidative phosphorylation pathway over-represented by the genes up-regulated in dcr-2 null mutant pupae. Endo-siRNA-matching genes are
shown in red, others in blue. Upward arrows indicate up-regulation of the corresponding genes in dcr-2 mutants compared with wild-type controls.
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mt:ND5, ND75, and CG40002); complex II (SdhB); complex III
(mt:Cyt-b, CG4769, and CG4169); complex IV (mt:Col, mt:Colll,
and ColV); and complex V (ATP syn-8 and VhaPPA1-1). Together,
our results suggest that the endo-siRNA pathway controls, either
directly or indirectly, biological processes such as development and
energy metabolism.

ANALYSIS OF UP-REGULATED GENES MATCHING WITH
PREVIOUSLY IDENTIFIED ENDO-siRNAs

Loss of the key components Dcr-2 and Ago-2 of the endo-siRNA
pathway causes up-regulation of target mRNAs due to the decreased
levels of complementary endo-siRNAs [Czech et al., 2008; Okamura
et al., 2008]. Therefore, the up-regulated genes in dcr-2 null mutant
pupae were of greatest interest, because they could be targets of
endo-siRNAs. We compared the mRNA sequences of these genes
with previously reported endo-siRNA sequences [Czech et al., 2008;
Ghildiyal et al., 2008; Kawamura et al., 2008]. Among 306 genes up-
regulated in the dcr-2 mutants, the mRNA transcripts of 117 genes
were perfectly complementary to endo-siRNAs (Supplementary
Table VII). To validate the differential expression of these endo-
siRNA-matching genes obtained from microarray analysis, five
genes (Rm62, Su(P), mthl8, w, and His2B:CG33910) were randomly
chosen and their expression levels were determined by quantitative
RT-PCR. Although the extent of the changes was not identical to
the microarray results, the transcript levels of all the genes, except
for His2B:CG33910, were significantly increased in dcr-2 null
mutant pupae, compared with controls (Fig. 4A). It should be noted
that although the isogenic control and dcr-2 mutant animals carry a
mutation in the w locus and have a white eye color that exhibits
strong loss of w activity, w transcripts were detected in both
genotypes by microarray and quantitative RT-PCR but at a higher
level in the dcr-2 mutant pupae than in the controls. We further

b
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verified expression of the w transcript by RT-PCR analysis
performed on two additional different regions of a single
w transcript annotated in the FlyBase and observed a substantial
reduction of w transcript levels in control pupae of dcr-2 mutants
compared with those in w" Canton-S pupae (data not shown). Next,
we investigated whether increased transcript levels of the selected
genes in dcr-2 null mutant pupae were accompanied by decreased
levels of their complementary endo-siRNAs. Semi-quantitative RT-
PCR analysis showed that loss of dcr-2 function led to a reduction in
levels of all tested endo-siRNAs, including esi-2 siRNA, an endo-
siRNA for which biogenesis was previously shown to be dependent
on Dcr-2, compared with controls [Czech et al., 2008] (Fig. 4B). By
contrast, dcr-2 mutation had no effect on miRNA biogenesis as
shown with the miRNA miR-8, a finding that is consistent with an
essential role for Dcr-2 in biogenesis of siRNAs rather than miRNAs
[Lee et al., 2004] (Fig. 4B). These results suggest that the observed
up-regulation of transcripts may be a consequence of down-
regulation of the corresponding endo-siRNAs. Endo-siRNAs are
thought to exert their regulatory effects by homology-mediated
mRNA cleavage based on previous observations in vitro and in vivo
[Czech et al., 2008; Kawamura et al., 2008; Okamura et al., 2008].
However, the extent to which the elevated transcript levels observed
in the dcr-2 mutant were caused by reduced endo-siRNA-directed
cleavage activity arising from a decrease in abundance of the
corresponding endo-siRNAs remains to be determined.

According to the biological process, 26 of the candidate target
genes belonged to five significantly enriched categories (Fig. 5;
Supplementary Table VIII). Similar to the functional categories of all
the up-regulated genes, most endo-siRNA-matching up-regulated
genes were mainly involved in energy metabolism, including
generation of precursor metabolites and energy, the coenzyme
metabolic process, monovalent inorganic cation transport, the

att
W'h'ldw QB & ‘;2, m"'ﬂ'

endo-siRNA [Rm62]
endo-siRNA [Su(P)]
endo-siRNA [mithis]
endo-siRNA w]

endo-siRNA [His2B:CG33910]

€5i-2
miR-8
UG snRNA

Fig. 4. Comparison of the transcript levels (A) of selected candidate target genes of endo-siRNAs as well as the levels of the corresponding endo-siRNAs (B) between wild-type
and decr-2 null mutant pupae. A: Increase in abundance of endo-siRNA-matching transcripts in the dcr-2 mutant. The steady-state levels of transcripts from the indicated genes

were determined by quantitative RT-PCR and were normalized to rp49 transcript levels, which served as an internal control. The normalized transcript levels of each gene were
compared between the wild type and dcr-2 mutant. Data are shown as the mean = SEM from eight independent experiments. “P < 0.05, **P< 0.01, “**P< 0.001, compared
with the wild type by Student's t-test. B: Decrease in abundance of endo-siRNAs in the dcr-2 mutant as assessed by semi-quantitative RT-PCR analyses. Endo-siRNA esi-2 and
miRNA miR-8 were used as positive and negative controls, respectively. U6 snRNA served as an internal control. Representative images of three independent experiments are

shown. Endo-siRNAs targeting transcripts shown in (A) are indicated according to their cognate genes, which are shown in brackets.
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Fig. 5. Functional enrichment analysis of the candidate endo-siRNA target
genes for biological processes. Among the 117 potential endo-siRNA targets,
26 were significantly enriched for five functional categories. Data are shown as
fold enrichment value.

phosphate metabolic process, and oxidation reduction. Additional-
ly, regarding the KEGG database, the citric acid cycle and OXPHOS
pathway were enriched in these genes (Fig. 3). CG11876, CG1516,
CG5028, Nc73EF, and Scsa are involved in the citric acid cycle,
whereas ND75, CG40002, SdhB, CG4769, CG4169, mt:Col, mt:Colll,
ATP syn-B, and VhaPPA1-1 are associated with OXPHOS.

REDUCED ATP LEVELS IN DCR-2 MUTANTS

Because most endo-siRNA-matching up-regulated genes were
associated with energy metabolism, including the citric acid cycle
and OXPHOS, we predicted that mitochondrial metabolic functions
could be altered in dcr-2 null mutant pupae. To test this possibility,
we measured ATP levels as an indicator of mitochondrial function in
the wild type and dcr-2 mutants. The ATP levels were significantly
reduced in dcr-2 null mutant pupae compared with controls
(P <0.01; Fig. 6), indicating that mitochondrial energy production
is impaired by loss of dcr-2 function.
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Fig. 6. ATP levels are reduced in der-2 null mutant pupae. Whole-animal ATP
levels were measured in wild-type and dcr-2 mutant pupae and normalized to
protein content. Data are presented as the mean & SEM from nine independent
experiments. ““P< 0.01, compared with the wild type by Student's t-test.

In our previous study, dcr-2 null mutant flies had hypersensitivity to
various stresses and a shortened lifespan with altered carbohydrate
and lipid metabolism [Lim et al., 2011]. To identify genes or
physiological systems associated with the phenotypes of dcr-2
mutants, we performed microarray experiments on dcr-2 null
mutant pupae in which both dcr-2 and endo-siRNAs would
otherwise have been highly expressed. Analysis of gene expression
between the dcr-2 mutants and isogenic controls identified
663 genes with at least twofold differential expression. Of these,
357 genes were down-regulated and 306 genes were up-regulated in
dcr-2 mutants compared with controls. Most of the down-regulated
genes were related to development, including cell differentiation
and growth. The dcr-2 gene is constitutively expressed throughout
development, suggesting pleiotropic effects of the mutated gene.
Nevertheless, dcr-2 null mutants are viable and fertile with no overt
phenotypes [Lee et al., 2004], suggesting the down-regulated genes
have no significant effects at the organismal level. Genes normally
silenced by endo-siRNAs are presumed to be up-regulated in dcr-2
mutants due to derepression of gene expression. Therefore, the
down-regulated genes in dcr-2 null mutant pupae may be
attributable in part to a secondary effect arising from a failure of
repressing key regulatory genes due to defective endo-siRNA
biogenesis.

In the present study, our interest is focused on analysis of genes
up-regulated in dcr-2 null mutant pupae because they could be
endo-siRNA targets. Interestingly, most of these genes encode
proteins related to energy metabolism. Importantly, upon perform-
ing KEGG pathway analysis, the most significantly enriched
pathways were the citric acid cycle and OXPHOS pathway.
Therefore, these aspects of mitochondrial function are thought to
be a significant difference between the wild type and dcr-2 mutants.
Identification of genes that could be directly regulated by the endo-
siRNA pathway is essential to elucidate the cellular functions
associated with endo-siRNAs. Among the 306 up-regulated genes,
the mRNA transcripts of 117 genes were found to have perfect
target sequences for endo-siRNAs. This number could be further
increased to 216 when we allowed up to 2-nt mismatches between
mRNAs and endo-siRNAs (data not shown). The up-regulation
of numerous genes matching endo-siRNAs by loss of dcr-2
function suggests broad usage of endo-siRNAs as endogenous
regulators of gene expression. An increase in expression of
several of these endo-siRNA-matching genes in dcr-2 null mutant
pupae was confirmed by quantitative RT-PCR. Moreover, semi-
quantitative RT-PCR analysis showed concomitant decrease in the
levels of the corresponding endo-siRNAs in the dcr-2 mutants.
Similar to KEGG analysis of all the up-regulated genes, KEGG
analysis of the endo-siRNA-matching up-regulated genes identified
the citric acid cycle and OXPHOS pathway as the most significant
pathways affected by loss of dcr-2 function.

One of the major alterations in the dcr-2 mutants is up-regulation
of genes involved in the citric acid cycle. CG11876 encoding a
subunit of pyruvate dehydrogenase complex is associated with
aging in C. elegans [Stacpoole, 2012], and CG5028 coding for
NAD"-dependent isocitrate dehydrogenase has been implicated in
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resistance to oxidative stress and lifespan in Drosophila [Da Cunha
and de Oliveira, 1996]. Indy (I'm not dead yet), another endo-siRNA-
matching gene that is up-regulated in dcr-2 mutants, is also linked
to the citric acid cycle. Indy encodes a transporter of the citric acid
cycle intermediates found primarily in Drosophila tissues important
for metabolism [Rogina et al., 2000; Knauf et al., 2002]. Decreased
levels of Indy transcripts had a strong positive effect on lifespan
extension, and Indy long-lived flies showed decreased lipid storage
and starvation resistance [Wang et al, 2009]. What is the
physiological effect of higher expression levels of the citric acid
cycle genes observed in dcr-2 null mutants compared with wild-type
controls? Cellular bioenergetics relies on the activity of the citric
acid cycle because it provides intermediates for fatty acid synthesis
and precursors of protein synthesis as well as reducing equivalents
(NADH and FADH) for ATP synthesis. Such alterations in expression
of the citric acid cycle genes may likely have an effect on the levels
of the citric acid cycle intermediates. In agreement with this idea,
our recent study demonstrated that loss of dcr-2 function resulted in
a decrease in triglyceride levels, which in turn led to hypersensitivity
to starvation [Lim et al., 2011]. Additionally, up-regulation of the
citric acid cycle genes may increase the activity of the citric acid
cycle, leading to enhanced delivery of reducing equivalents to the
mitochondrial ETC with a resulting increase in reactive oxygen
species (ROS).

Another striking feature of our results is a significant up-
regulation of genes encoding multiple components of the
mitochondrial OXPHOS pathway, which is responsible for most
of the energy needs in animals. Mitochondrial bioenergetics is also
linked to oxidative stress, which often negatively correlates with
lifespan across different animal species [Sedensky and Morgan,
2006]. The proteins of the mitochondrial ETC are organized into five
complexes: I (NADH/ubiquinone oxidoreductase), II (succinate
dehydrogenase), Il (ubiquinol-cytochrome c reductase), IV (cyto-
chrome c oxidase), and V (ATP synthase) [Saraste, 1999]. Among
these respiratory complexes, complex II also links the activity of the
citric acid cycle to electron transport in the membrane. Complexes I,
III, and IV are involved in creating an electrochemical gradient that
is used by complex V to drive ATP synthesis. In Drosophila,
complexes I and III have been proposed to produce ROS under
normal physiological conditions [Balaban et al., 2005]. In both
C. elegans and Drosophila, RNAi-mediated knockdown of ETC
complexes [, ITI, IV, and V has been found to confer longevity [Dillin
et al., 2002; Lee et al., 2003; Copeland et al., 2009], although long-
lived flies with reduced ETC gene expression did not consistently
show increased resistance to oxidative and starvation stresses
[Copeland et al., 2009]. Similar effects of ETC dysfunction on
lifespan were observed in mice [Liu et al., 2005; Dell’agnello et al.,
2007; Lapointe and Hekimi, 2008]. Additionally, flies and worms
mutant for the SdhB gene encoding the subunit b of complex II were
found to be hypersensitive to oxygen and short-lived [Ishii et al.,
1998; Walker et al., 2006]. Aging is a complex process involving
tight regulation of gene expression, and multicellular organisms are
challenged with oxidative stress during their life. Our recent study
revealed that defective endo-siRNA production is associated with a
reduction in oxidative stress resistance and lifespan in Drosophila
[Lim et al., 2011]. Therefore, up-regulation of genes encoding

components of complexes I-V of the ETC observed in dcr-2 null
mutant pupae may have an effect on mitochondrial oxidative
metabolism such as energy production and ROS generation, thereby
affecting aging and susceptibility to oxidative stress. Consistent
with this idea, dcr-2 null mutant pupae had lower ATP content
compared with controls, indicating that mitochondrial energy
production is impaired in these mutants. Mitochondrial dysfunction
is associated with aging in invertebrates and vertebrates [Lenaz
et al., 2000]. The increase in ETC gene expression may also stimulate
mitochondrial respiration and thus enhance spontaneous “leakage”
of electrons from the ETC, ultimately leading to production of
free radicals at higher levels [McCord, 2000]. Because oxidative
stress contributes considerably to aging, the reduced lifespan of dcr-
2 null mutants could result from excessive oxidative stress.
Although it is not yet clear how the dcr-2-dependent changes in
expression of genes associated with the citric acid cycle and
OXPHOS pathway affects the physiology of an animal, including
complex traits like aging, it should be considered that the net effect
of a complex interaction among enzymes, hormones, and other
effectors, as well as changes in the levels of gene expression in many
organs and tissues of an animal ultimately determines the final
phenotype.

Endo-siRNAs might serve as endogenous regulators of various
biological processes in Drosophila. Among these, our microarray
analysis of dcr-2 null mutants highlights significant up-regulation
of genes for major metabolic processes, such as the citric acid cycle
and OXPHOS pathway in mitochondria. Because metabolic path-
ways are complex networks, their perturbation can dramatically
alter the ability of an animal to maintain its normal physiological
functions. The metabolic changes can also lead to homeostatic
impairment and thus compromise an animal’s ability to handle
environmental stresses [Vockley, 2008]. Other studies in Drosophila
have also reported that the endo-siRNA pathway is crucial for
resistance of the embryo to temperature fluctuations [Lucchetta
et al., 2009] and that the RNAi machinery is involved in the heat-
shock stress response [Cernilogar et al., 2011]. Therefore, the endo-
siRNA pathway might have evolved to maintain robustness in an
ever-changing environment by modulating gene expression,
although how endo-siRNA-mediated regulation could be coordi-
nated is unknown.

Overexpression of dcr-2, an opposite circumstance to that
investigated in this study, enhances the activity of RNAi triggered by
nuclear expressed hairpin dsRNA [Dietzl et al., 2007]. Although we
did not investigate the consequences of the opposite condition, it
remains to be determined whether dcr-2 overexpression could
promote endo-siRNA biogenesis and thus strengthen endo-siRNA-
directed repression. In the present study, we identified transcripts
whose levels were changed because of defective endo-siRNA
production, providing a panel of candidate target genes of endo-
siRNAs. The citric acid cycle and OXPHOS pathway were found to be
major metabolic processes that could be affected directly by endo-
siRNAs in Drosophila, suggesting a potential role for the endo-
siRNA pathway in regulation of mitochondrial metabolism. Further
study is required to clarify the functional mechanisms of endo-
siRNA-matching genes underlying energy homeostasis and protec-
tion against aging.
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