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Identification of novel modulators of mitochondrial
function by a genome-wide RNAI screen
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Mitochondrial dysfunction is associated with many human diseases. There has not been a systematic genetic
approach for identifying regulators of basal mitochondrial biogenesis and function in higher eukaryotes. We
performed a genome-wide RNA interference (RNAI) screen in Drosophila cells using mitochondrial Citrate synthase
(CS) activity as the primary readout. We screened 13,071 dsRNAs and identified 152 genes that modulate CS activity.
These modulators are involved in a wide range of biological processes and pathways including mitochondrial-related
functions, transcriptional and translational regulation, and signaling pathways. Selected hits among the 152 genes
were further analyzed for their effect on mitochondrial CS activity in transgenic flies or fly mutants. We confirmed a
number of gene hits including HDACé, Rpd3(HDACI), CG3249, vimar, Src42A, klumpfuss, barren, and smt3 which exert effects
on mitochondrial CS activities in vivo, demonstrating the value of Drosophila genome-wide RNAIi screens for
identifying genes and pathways that modulate mitochondrial function.

[Supplemental material is available online at www.genome.org.]

Mitochondrial dysfunction is associated with a wide range of
human diseases, including neurodegenerative diseases, cardio-
vascular disease, diabetes, aging, and cancer (Schapira 2006). This
is due to diverse roles of mitochondria in ATP production, apo-
ptosis regulation, thermogenesis, free radical production, and
calcium homeostasis (Ryan and Hoogenraad 2007). The molecu-
lar mechanisms for regulating mitochondrial function and bio-
genesis are not fully understood. Two classes of transcriptional
regulators implicated in mitochondrial biogenesis have been
identified in mammalian cells in recent years (Scarpulla 2002,
2006). One class consists of transcriptional factors, including
NRF1 (nuclear respiratory factor 1), NFE2L2 (also known as
NRF2), and ESRRA (estrogen-related receptor alpha, also known
as ERRa), that regulate basal mitochondrial biogenesis by bind-
ing to the promoters of a number of nuclear genes that specify
mitochondrial functions. In vivo evidence from mice showed
that homozygous deletion of NRF1 resulted in lethality between
embryonic days 3.5 and 6.5 (Huo and Scarpulla 2001). These null
blastocytes were defective in maintaining a mitochondrial mem-
brane potential and had severely reduced mtDNA (mitochondrial
DNA) levels (Huo and Scarpulla 2001). Moreover, NRF1 and
NFE2L2 (NRF2) recognition sites have been found in a number of
nuclear genes required for mitochondrial respiratory function
(Scarpulla 2002). The second class of transcription regulators in-
cludes nuclear coactivators in the PPARGC1 (peroxisome prolif-
erators-activated receptor vy, coactivator-1, formerly PGC1) fam-
ily, such as PPARGCI1A (formerly PGC-1a), PPARGCI1B (formerly
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PGC-1pB), and PPRC1 (peroxisome proliferators-activated recep-
tor v, coactivator related 1). The PPARGC1 (PGC1) family mem-
bers do not bind DNA but regulate mitochondrial gene expres-
sion through their interaction with transcription factors and
other coactivators, coordinating mitochondrial gene expression
with signaling pathways and mediating adaptive regulation of
mitochondrial biogenesis (Scarpulla 2006). Environmental sig-
nals, such as cold or exercise, induce the expression of the
PPARGC1 (PGC1) family members, which in turn activate tran-
scription factors (NRF1, NFE2L2, and ESRRA) to induce the ex-
pression of genes critical for mitochondrial function (Wu et al.
1999; Lehman et al. 2000; Lin et al. 2002; Meirhaeghe et al. 2003;
Mootha et al. 2004; Schreiber et al. 2004). PPARGC1A (PGC-1a)
also interacts with a number of nuclear hormone receptors in-
volved in the regulation of metabolic pathways such as retinoic
X receptors, thyroid hormone receptor, and the peroxisome pro-
liferator-activated receptors (Knutti and Kralli 2001; Puigserver
and Spiegelman 2003). Other regulators of mitochondrial bio-
genesis have also been identified, such as CAMK4 (calcium/
calmodulin-dependent protein kinase IV), PRKAA (AMP-
activated protein kinase, also known as AMPK), and NO (nitric
oxide), and they appear to modulate mitochondrial biogenesis at
least in part through PPARGC1A (PGC-1a) (Reznick and Shulman
20006).

Mitochondrial biogenesis has also been studied in the
model organism Drosophila. Mitochondria are assembled by pro-
teins encoded by either the mitochondrial genome or the nuclear
genome. The entire mitochondrial DNA as well as nuclear genes
encoding mitochondrial proteins are highly conserved between
the mammalian and Drosophila system (Sanchez-Martinez et al.
2006). Thus, Drosophila has been successfully utilized as a model
system to study various mitochondrial diseases (Sanchez-
Martinez et al. 2006). A pathogenic mutation was identified in
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Figure 1. Development of a CS activity assay for genome-wide RNAi screen in S2 cells. (A) TCA cycle

and pyruvate metabolism. The biochemical reactions catalyzed by Citrate synthase, Pyruvate dehy-
drogenase, and a-ketoglutarate dehydrogenase are shown. (B) The effects of dsRNAs of the known
mitochondria regulators on the normalized CS activity (Vmax/Ren) in S2 cells (n = 48). The value of CS
is 0.22; 5 pg/mL dsRNA was used. **P < 0.01, ***P < 0.001. Error bars indicate the standard errors. (C)
Dose response of the CS activity to Citrate synthase RNAi (n = 48). The normalized CS activities were
reduced by RNAi in a dose-dependent manner. Seven dosages of Citrate synthase dsRNA were used,
from CS1 to CS7, being 0.5, 1, 2, 4, 8, 16, 32 ug/mL/10° cells. The relative Citrate synthase RNA
expression levels after RNAi are shown (upper right). (D) The stability of the CS activity in S2 cells. The
CS activity level was represented by the Vmax; 0.5 pg/mL dsRNA was used. Optical densities (OD) at
412 nm for cell lysates from lacZ RNAi and Citrate synthase RNAi are shown on the Y-axis. The X-axis
shows time in seconds, and data were captured every 46 sec. (E) The linear range of the CS activity in
S2 cells (n = 48). The Y-axis shows CS activity (Vmax). The X-axis shows the Renilla luciferase activity
(RLU) of cell lysates. The Renilla luciferase activities are labeled next to each data point. Log scales are
applied to both X- and Y-axes.

the Drosophila mitochondrial mt:ATPase6 gene, which encodes a
subunit of complex V. This Drosophila mutant recapitulates key
features of the human disorders caused by the same mutation

and has been used as a model for mito-
chondrial encephalomyopathy (Celotto
et al. 2006). The Drosophila technical
knockout (tko) gene encodes the mito-
chondrial ribosomal protein S12. tko
mutants exhibit various defects includ-
ing defective response to sound, which
has been used as a model for mitochon-
drial deafness (Toivonen et al. 2001; Ja-
cobs et al. 2004). Drosophila mutants for
tamas, encoding the mtDNA polymerase
catalytic subunit, die in the late larval
stage and show defects in locomotion
and in the development of the visual
system (Iyengar et al. 1999). The pheno-
type of tamas mutants is similar to lopo
(low power) mutants, which die in the
late larval stage and show defects in the
developing visual system (Maier et al.
2001). lopo mutant flies contain a muta-
tion in mitochondrial single-strand DNA-
binding protein (mtSSB), which is required
for strand displacement during mtDNA
replication. The Drosophila homolog of
NRF1 is erect wing (ewg). It has been char-
acterized and was shown to be essential
for neurogenesis and myogenesis (DeSi-
mone and White 1993; DeSimone et al.
1996; Fazio et al. 2001). These cases pro-
vide compelling evidence in support of
using Drosophila as a model system to
study mitochondrial function and bio-
genesis, even though, so far, a
PPARGCIA (PGC-1a) homolog has not
been identified in Drosophila. In addi-
tion, there has not been a reported study
employing a systematic genetic ap-
proach, for which Drosophila is well
suited, to identify regulators of basal mi-
tochondrial biogenesis and function in
higher eukaryotes.

To identify new regulators of mito-
chondrial biogenesis and function, we
performed a whole-genome RNA inter-
ference (RNAI) screen in Drosophila cells
by using the activity of the mitochon-
drial enzyme Citrate synthase (CS) as the
primary readout. The Drosophila system
was chosen for its high efficiency of
RNAi, lower genetic redundancy, and
long history as a good genetic model for
in vivo validation. CS catalyzes the first
reaction in the Krebs cycle (TCA cycle) to
convert acetyl-CoA and oxaloacetate to
citrate (Fig. 1A). CS activity has been
used as a common marker for mitochon-
drial oxidative capacity in preclinical
and clinical research (Bruce et al. 2004;
Kelley et al. 2002). It has been shown

that CS activity and mtDNA content are positively correlated in
muscle (Moyes et al. 1997; Wang et al. 1999). CS activity was also
induced by PPARGC1A (PGC-1a) overexpression (Mortensen et
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al. 2006). Recently, a mutation in Citrate synthase was identified
in Drosophila, and the mutants develop increased seizure suscep-
tibility and exhibit reduced ATP levels consistent with disruption
of mitochondrial energy production (Fergestad et al. 2006). After
an RNAi screen with 13,071 dsRNAs followed by a confirmation
step, we identified 152 genes that affect CS activity in the S2 cell
line. The molecular functions of these genes are quite diverse,
including mitochondrial-related functions, transcriptional and
translational regulation, and signaling pathways. We selected a
subset of hits among the 152 genes to further analyze their effect
on mitochondrial CS activity in mutant or transgenic flies. We
have confirmed that HDAC6, Rpd3(HDACI1), CG3249, vimar,
Src42A, klumpfuss, barren, and smt3 modulate mitochondrial CS
activity in vivo. Candidate genes identified in our genome-wide
RNAIi screen serve as a starting point for the identification and
characterization of novel genes and pathways that modulate mi-
tochondrial function.

Results

Development of a cell-based assay

A cell-based assay was developed for an RNAi screen. We used a
S2 cell line stably transfected with a Renilla luciferase reporter
gene driven by a basal promoter. The CS activity is represented by
Vmax of the CS-catalyzed citrate synthesis reaction from oxalo-
acetate and acetyl-CoA (see Methods). The Renilla luciferase activ-
ity is represented by the relative light unit (RLU) (see Methods).
The Renilla luciferase activity was used to normalize the CS ac-
tivity, correcting the effect of RNAi on cell growth or viability. To
validate the CS assay, the known mitochondrial regulators were
evaluated. As expected, CS activities were highly reduced in the
cells transfected with Citrate synthase dsRNA (Fig. 1B). Sin3A, a
cofactor of Rpd3 (Drosophila HDAC1), was reported to negatively
regulate mitochondrial mass in Drosophila cells (Pile et al. 2003).
CS activities were significantly elevated in the cells transfected
with Rpd3 dsRNA and Sin3A dsRNA (Fig. 1B). In contrast, CS
activities were significantly reduced in the cells transfected with
dsRNA of ERR (estrogen related receptor) or ewg (Drosophila NRF1),
two known positive regulators of mitochondrial biogenesis (Fig.
1B). These results demonstrated that CS activity positively corre-
lates with mitochondrial density/function and can be modulated
by the known modulators of this process. Thus, CS activity is an
appropriate indicator of mitochondrial function in the Dro-
sophila system. To quantitatively modulate CS activity, RNAi was
performed with different doses of Citrate synthase dsRNA. CS ac-
tivity was reduced by Citrate synthase RNAI in a dose-dependent
manner (Fig. 1C). The reduction of CS activity correlated with
the reduction of Citrate synthase RNA expression levels (Fig. 1C,
upper right). We tested the stability and the linearity of the CS
assay. CS enzyme activity was stable for at least 644 sec (Fig. 1D)
under the assay conditions. This time window is long enough for
15 readings of 384 samples (one 384-well plate), which provides
sufficient data points for calculating the Vmax. There was also a
good linear range of CS activity when using the amounts of cell
lysates having the Renilla luciferase activity ranging from 640 to
69,800 RLU (Fig. 1E).

Whole genome RNAI screen

A genome-wide RNAi screen was then carried out in S2 cells using
the validated assay described earlier, followed by a confirmation

screen. The RNAI screen was carried out with a library of 13,071
dsRNAs. Duplicates were used for each dsRNA and normalized
Z-scores (NZ, see Methods) were calculated. Primary hits were
selected if NZ scores of both replicates were larger than 2 or
smaller than —2. Additional hits with only one replica having
NZ larger than 3 or smaller than —3 were also selected for the
confirmation screen. A total of 821 primary hits, ~6% of the
collection, were selected from the primary screen (Fig. 2A).
Among them, 573 of the 821 selected genes have human ho-
mologs defined as having BLASTP E-value = — 10. A confirmation
screen was performed using six replicas for each dsRNA. Citrate
synthase and lacZ dsRNAs were included as the positive and nega-
tive controls, respectively. The P-value of the CS activity in cells
transfected with individual dsRNA was calculated relative to the
lacZ dsRNA controls. As expected, CS activities were reduced by
75%-85% in the cells transfected with Citrate synthase dsRNA
compared with cells transfected with lacZ dsRNA (Fig. 2B). From
the confirmation screen, a total of 153 primary hits were verified.
Among them, there are 76 hits whose dsRNAs led to up-
regulation of CS activity (P < 0.05). The fold change of CS activi-
ties in cells transfected with these dsRNAs over the lacZ control
ranged from 1.15 to twofold (Fig. 2B). There are two hits (dsSRNA
fragments) corresponding to one gene CG4849 (Supplemental
Table S1). For those hits whose dsRNAs led to down-regulation of
CS activities, 77 hits had a P-value <0.01, their fold change of CS
activities over the control ranged from 0.13 to 0.8 (Fig. 2B). Here,
a P-value of 0.01 was chosen as the cutoff since there were three
lacZ RNAIi controls having P-values between 0.01 and 0.05 (Fig.
2C).

A total of 153 hits were identified from the whole-genome
RNAI screen (see Supplemental Table S1). To provide a global
view of what classes and pathways these gene hits are in, the hits
were classified by their associated Gene Ontology annotation or
InterPro protein domain (Fig. 2D). The hits fall into diverse
classes of proteins such as kinases, phosphatases, receptors, other
enzymes, and transcription regulators. They are involved in a
number of pathways and biological processes (Fig. 2E). Among
the 153 hits, 17 genes have mitochondria-related functions
(Table 1), 22 genes have functions in transcriptional regulation
(Table 2), and 17 genes have functions in signaling pathways
(Table 3). These are the top three categories containing relatively
more hits than other categories. The discovery of 17 genes with
mitochondrial functions demonstrates a statistically significant
enrichment of hits in this functional category (P <e~*, hyper-
geometric test), since there are only 2%-3% genes encoding pro-
teins associated with mitochondrial function in the whole ge-
nome (Sardiello et al. 2003; Catalano et al. 2006). With the ex-
ception of the mitochondrial function category, genes in other
categories do not seem to be overrepresented, indicating the
specificity of our screen. Moreover, for several protein com-
plexes, multiple subunits were identified, indicating the validity
of the screen. These included two subunits of Pyruvate dehydro-
genase, two subunits for a-ketoglutarate dehydrogenase, two sub-
units of ATP synthase, three subunits of NELF (negative elonga-
tion factor) complex, and two subunits of TFIID (Tables 1, 2).

Hits encoding mitochondrial proteins

Among the 17 identified hits in the mitochondrial function cat-
egory, five of them are involved in the TCA cycle and pyruvate
metabolism (Table 1). These include E18 (CG11876) and E3
(CG7430) subunits of Pyruvate dehydrogenase (PDH), and E1

Genome Research 125
www.genome.org



Chen et al.

‘skemyjed pue sassadoud |ed1bojoiq J1syy AQ sHY pawIuod 3y} Jo uonediyisse)d 3yl (3)
'suoIdUNY JeNd3joW 419y} AQ SHY PawIjuod ay) Jo uonedyissed 3y () 'g Ul UMOYS Se U3aJdS UOIBWIIZUOD 3Y) Ul S|OJ3U0D IYNY Z20] 343 JO uonnguisip ayl (D) V¥ Ul se swes 3y} Sem UOIjeIjuaduod
VNYSP aspyiuAs 2304310 3yl “10°0 > d 41941 JI Pa123jas a1am (ANADR SO Ul 9seaIdap B Ul 3Nsal IYNY 419Y1) saiiAnde §O) 10aye Ajpanisod jeyl sy 3yl "§0°0 > d J19Y3 Ji pa1ds|es aiam (Ajande o ul
3sea.oUl Ue Ul 3Nsal IYNY J19U3) saniAnoe §O 19aye AjpAnebau jey) sy oy *sjoJ3uod IYNY 7o0] Isuiebe sanjea-d 419y} UO paseq pajdd|as d4am S)H dNjeA-g sjuasaldal sixe-4 dYj *s|oJuod IyNY Z20]
a3 Isurebe (sayedijdad xis) YNYSP e Aq pasnpul AiAide §O pazijewdou jo abueyd pjoy abesaae syuasaidai sixe-y ay] “sHy Alewidd sy} Joj UISIDS UOIRWILUOD JO }Nsal dY| (g) "TYNY 2SOYIUAS 310131
|013U0d sALJIPUL L IYNY §D,, ‘IVNY [eIuswiadxa sajedipul L, IyNY dx3,, “Jw/Brl G se pasn sem UOIRIIUIIUOD YNYSP ISDYIUAS 2304310 YL "YNYSP U0 Jo 3 nsal sy} sjuasaldal jods yoe3 “Ajaandadsas ‘e
edijdas pue q edijdas Joy 9tzN juasaidal saxe-4 pue -y ay| "udauds Atewd ayy jo sajeid pajediidnp z| IS4l 9y} wod) eyep ay3 smoys jojd 1a13eds sy (i) "uaauds IyNY awouab ajoypy  °Z d4nbig

zI ‘Buisseooud L} ‘UonenBal
R —— wsioqeiew  [euopdiosueg M
Aypges ugod @ H 1L G VYNY (m]

‘uiazoud ewosoqu @
- & uou) sswhzus @

¢ ‘Bulpuiq
suojsiy

OYQH ‘IlYHE

2} ‘uolenbal
¥ ‘wsijoqezaw pi pue uone|suesy 0
¢ ‘uogenbas

1} ‘sishjosjoid @
gpi s O

£ungns gyie O

z ¢ ‘awosesjord B
‘asuodsal asuajap m v
11 ‘skemuped Z‘puueyd G ‘uone|nfas
BujeuBls o .—Otoawcmh_u _wco_um_m_._m._«_u
o 11 ‘'upjord
¢ ewosoql W
ZZ ‘uoneinBal uopnpsuel [ewosoq
|euondudsuen m JrTpe——— |eubis
d ¢
pue sioydsoas O z‘Pyom
g ‘osejeydsoyd m
11 ‘feupuoydojm g puesseup] W ‘[eLipuoyooyw @ a
Zoe|/(Uay/XeWwA) PIo} Zoej(usy/XeWA) PIok al (uay/xewa)so"zZNq
Z 6L G £ 9L S ¥ € ZL LL L 60 90 L0 90 SO YO €0 20 L0 O Z 6L 8L £ 9L SL WL S ZLLL L 60 S0 0 90 SO K0 €0 20 LD O 98 v EC L0 VT EVRS O L8 B0
| i [ 5 = i ]
(__ Emne o JHCE =R o [wwsos T
| goropd || v w | | boro>d || 1o G00>d | 10°0>d e YN dx3 m L g
I 0 'H 0 o &
—— P . e . 1
: €0 I i €0 ) 8- 3
I o Q@
vo £ m ! vo 8 - 2
e 3 R . = e 3
. S0 @ 1 ] 50 3 W
X | m ] m lz- W
Lgn O g0 =5 -
' o
W " m T 0] 0 3
A o = Fm n 2 R
! g0 _ 80 ly =
| i v | ; 19
1NHSO @ I el 1Y SO | 60 []
1YNY 298 | I oL YN dx3 m [ = | s
2 g Y

126 Genome Research

www.genome.org



Drosophila mitochondrial RNAI screen

Table 1. Hits in mitochondrial function
Biological process

CG CS _fold Gene and pathway Human protein name

CG3861 0.137 Csyn TCA cycle Citrate synthase precursor, isoform a

CG11661 0.665 Nc73EF TCA cycle Oxoglutarate (a-ketoglutarate) dehydrogenase

CG7430 1.409 CG7430 TCA cycle, mt pyruvate Dihydrolipoamide dehydrogenase precursor
metabolism

CG1516 1.170 CG1516 Pyruvate metabolism Pyruvate carboxylase precursor

CG11876 1.166 CG11876 Pyruvate metabolism Pyruvate dehydrogenase (lipoamide) beta

CG14235 1.237 CG14235 Electron transport Cytochrome c oxidase subunit Vib

CG3612 0.708 blw Electron transport ATP synthase, H+ transporting, mitochondrial F1 complex

CG4412 0.636 ATPsyn-Cf6 Electron transport ATP synthase, H+ transporting, mitochondrial precursor

CG9514 0.799 CG9514 Electron transport Choline dehydrogenase

CG4337 1.268 mtSSB mtDNA metabolism Single-stranded DNA binding protein 1

CG8987 0.667 tam mtDNA metabolism Polymerase (DNA directed), gamma

CG9688 1.200 mRpS18C mt protein synthesis Mitochondrial ribosomal protein S18C

cGizior 0.702 Hsp60 mt protein folding Chaperonin

CG4147 0.714 Hsc70-3 mt protein folding, Heat shock 70 kDa protein 5 (glucose-regulated protein)
defense response

CG18102 0.585 shi mt mitochondrial fission Dynamin 1

CG16944 0.658 sesB ANT Adenine nucleotide translocator, member 5

CG2151 1.240 Trxr-1 Redox homeostasis Thioredoxin reductase 2 isoform 3

Hits with mitochondrial function are listed. For each hit, correspondent CG number, CS activity, gene name, biological process and pathways, and

human protein name are shown. “CS_fold” refers to a fold change against lacZ RNAi control. “mt” refers to mitochondrial.

(CG11661) and E3 (CG7430) subunits of a-ketoglutarate dehy-
drogenase. These enzyme complexes have similar compositions,
consisting of E1, E2, and shared E3 subunits. They also catalyze
very similar chemical reactions, utilizing CoASH and NAD* and
yielding CO, and NADH (Fig. 1A). The reaction catalyzed by CS
is the first rate-limiting step in the TCA cycle which is regulated
by substrate availability and product inhibition. RNAi against
PDH subunits resulted in an up-regulation of CS activity, which
could be due to the compensation caused by the reduction of
acetyl-CoA, a substrate for CS (Fig. 1A). Similarly, RNAI treatment
of Pyruvate carboxylase resulted in an up-regulation of CS activ-
ity (Table 1). Pyruvate carboxylase catalyzes the conversion of
pyruvate to oxaloacetate which is also a substrate for CS (Fig. 1A).
On the other hand, RNAi against a-ketoglutarate dehydrogenase
resulted in a reduction of CS activity (Table 1). This could be due
to product inhibition. a-ketoglutarate dehydrogenase catalyzes a
biochemical reaction downstream from CS in the TCA cycle (Fig.
1A). The reduction of a-ketoglutarate dehydrogenase will indi-
rectly lead to accumulation of citrate, a product of CS, which will
in turn inhibit CS activity (Fig. 1A). The identification of genes
involved in both mechanisms of CS regulation, substrate avail-
ability, and product inhibition indicates that the screen was sen-
sitive enough to uncover the enzymes that regulate CS activity
through metabolic intermediates.

Among the rest of the identified hits associated with mito-
chondrial function, a number of them have been previously
characterized in the Drosophila system. shibire was identified as a
positive modulator of CS activity. shibire is a homolog of yeast
dynamin 1 and human dynamin 1-like, which is one of the major
regulators for mitochondrial fission (Chen and Chan 2005). Dro-
sophila homolog of mouse Slc25a4 (also known as ANT), sesB
(stress sensitive B), was also identified as a positive modulator of
CS activity. Slc25a4 (ANT) exchanges matrix ATP for cytosolic
ADP across the inner mitochondrial membrane, providing mito-
chondrial energy to the cytosol (Klingenberg 1992). Homozygous
Slc25a4 knockout mice develop mitochondrial myopathy and
hypertrophic cardiomyopathy with increased levels of blood lac-
tate and compensatory mitochondrial proliferation (Graham et

al. 1997). In agreement with its mitochondrial function in mice,
temperature-sensitive sesB mutants show complete loss of synap-
tic transmission in the visual system (Zhang et al. 1999; Rikhy et
al. 2003). Moreover, we have identified tamas, mtSSB, and mito-
chondrial ribosomal protein S18C as modulators of CS activity. The
Drosophila mutants of these genes have been characterized and
shown to be good mitochondrial disease models (Sanchez-
Martinez et al. 2006).

Rpd3(HDACI) and HDAC6 modulate mitochondrial functions

Among the hits in the transcriptional regulation category,
Rpd3(HDACI) and HDAC6 were identified as positive and nega-
tive modulators of CS activity, respectively. Compared with the
lacZ RNAIi controls, CS activity was increased by 50% in the cells
treated with Rpd3 RNAi and was reduced by 20% in the cells
treated with HDAC6 RNAI (Fig. 3A). To evaluate the significance
of Rpd3 and HDACS6 in regulating mitochondrial function, trans-
genic flies bearing the inducible RNAi constructs for Rpd3 or
HDAC6 were used to knock down Rpd3 or HDAC6 expression in
vivo. Global knockdown of Rpd3 or HDACG6 in these transgenic
Drosophila leads to developmental lethality; however, muscle-
specific knockdown of either Rpd3 or HDAC6 gives rise to viable
and fertile adults. The knockdown of Rpd3 and HDAC6 was effi-
cient, as seen by highly reduced Rpd3 and HDAC6 protein levels
in these transgenic flies (Fig. 3B,C).

In the transgenic flies with muscle-specific knockdown of
HDACS6, a 19% reduction in CS activity was observed compared
with their sibling controls (Fig. 3E). To determine whether
HDACS6 inhibition affects the function of other components in
mitochondria in addition to CS activity, cytochrome ¢ oxidase
(COX) activity, indicative of electron transport chain function,
was measured. A 34% reduction of COX activity was observed in
the transgenic flies with muscle-specific knockdown of HDAC6
compared to their sibling controls (Fig. 3G). These results indi-
cate that HDAC6 positively modulates mitochondrial functions
in vivo, consistent with the results obtained in S2 cells (Fig. 3A).

We initially analyzed the CS and COX activity in the adult
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Table 2. Hits in transcriptional regulation

CG cs Gene Biological process and pathway Human protein name
Transcription initiation/elongation
CG11115 0.732 Ssl1 General transcription factor, TFIIH subunit General transcription factor IIH, polypeptide
2, 44-kDa subunit
CG32211 0.791 Tafé6 General transcription factor, THIID subunit TBP-associated factor 6 isoform gamma
CG3069 0.758 Taf10b General transcription factor, THIID subunit TBP-related factor 10
CG15218 0.769 Cyck RNA PII CTD kinase Cyclin K
CG5830 0.767 CG5830 RNA PII CTD phosphatase CTD small phosphatase 1 (RNA polymerase
1)
CG32721 0.446 CG32721 Transcription repressor, mitotic, NELF Cofactor of BRCA1
complex (Nelf-B)
CG5994 0.691 Nelf-E Transcription repressor, mitotic, NELF RD RNA-binding protein
complex (Nelf-E)
CG9984 0.609 TH1 Transcription repressor, mitotic, NELF TH1-like protein
complex (Nelf-C/D)
CG33097 0.607 CG33097 Transcription, elongation Transcription elongation regulator 1
CG17143 1.309 thoc7 Transcription, elongation, mRNA-nucleus THOC7?
export
Chromatin/chromosome binding
CG7471 1.497 Rpd3 Chromatin assembly or disassembly, histone Histone deacetylase 1
deacetylation
CG6170 0.793 HDAC6 Chromatin assembly or disassembly, histone Histone deacetylase 6
deacetylation
cGe121 0.637 Tip60 Chromatin assembly or disassembly, histone HIV-1 Tat interactive protein, 60 kDa
acetyltransferase isoform 3
CG18412 0.773 ph-p Transcription, chromatin binding, gene Polyhomeotic 1-like
silencing, PRC1 complex
CG9696 0.753 dom Transcription, chromatin remodeling Snf2-related CBP activator protein
CG5942 0.638 brm Transcription, chromatin remodeling, bind SWI/SNF-related matrix-associated
BRCA1 actin-dependent regulator of chromatin
a2
CG31613 0.506 His3 Nucleosome assembly, histone H3 H3 histone family, member F
CG8409 0.652 Su(var)205 Nonhistone chromosomal protein, bind to Chromobox homolog 1 (HP1 beta homolog
Histon H3 Drosophila)
Other
CG12031 1.343 MED14 Transcription Cofactor required for Sp1 transcriptional
activation, subunit 2, 150 kDa
CG6884 1.228 MEDT1 Transcription Similar to HSPC296
cG2161 0.496 Rga Transcription CCR4-NOT transcription complex, subunit 2
CG7015 1.271 CG7015 Transcription, DNA-dependent NRAS-related gene

Hits in transcriptional regulation are listed. For each hit, correspondent CG number, CS activity, gene name, biological process and pathways, and
human protein name are shown. “CS_fold” refers to a fold change against lacZ RNAi control.

transgenic flies with muscle-specific knockdown of Rpd3. Al-
though COX activity was elevated by 47%, the change of the CS
activity was inconclusive (data not shown). We then analyzed
the larvae of the transgenic flies with global knockdown of Rpd3
which is adult-lethal. A 60% increase in CS activity and a three-
fold increase in COX activity were observed in these larvae com-
pared to their sibling controls (Fig. 3D,F). In agreement with
results from S2 cells (Fig. 3A), Rpd3 is seen to negatively modulate
mitochondrial CS and COX activity in vivo.

Here, we provide the first in vivo evidence for HDACI and
HDAC6 in modulating mitochondrial enzyme activities, al-
though the identities of the HDAC1 or HDAC6 substrates that
mediate this modulation in our system are not known.

In vivo validation for CG3249, vimar, Src42A, klumpfuss, smt3,
and barren

Among the identified hits in signaling pathways and major bio-
logical processes, 23 hits were selected to be analyzed in flies,
taking advantage of the publicly available large collection of Dro-
sophila mutants (Supplemental Table S2). Six of them were
shown to have significant effects on CS activity, including
CG3249, vimar, Src42A, klumpfuss, smt3, and barren (Fig. 4).

Citrate synthase heterozygous mutants were first tested as a
positive control. Average CS activity was reduced 39% in hetero-
zygous Citrate synthase mutants compared to their wild-type sib-
lings (Fig. 4A). Here, female adult flies were used since the Citrate
synthase gene locus is on the X chromosome, while, in other
experiments, male adult flies were used.

In the CG3249 heterozygous mutants, CS activity was re-
duced 8% (Fig. 4B). CG3249 encodes a homolog of the A kinase
anchor protein (AKAP). A role for AKAP in regulating mitochon-
dria function has been reported previously (Horbinski and Chu
2005; Livigni et al. 2006). AKAP anchors protein kinase A (PKA)
to mitochondria where it increases PKA-dependent phosphory-
lation of the pro-apoptotic protein BAD and enhances cell sur-
vival (Harada et al. 1999; Affaitati et al. 2003). AKAP was also
shown to target the complex containing PTPN21 (formerly
PTPD1) and SRC tyrosine kinase to the mitochondria and en-
hance SRC-dependent phosphorylation of mitochondrial sub-
strate proteins (Cardone et al. 2004; Livigni et al. 2006). We
showed that CG3249 heterozygous mutants had reduced CS ac-
tivity (Fig. 4B), consistent with a positive role for AKAP in regu-
lating mitochondrial function.

In the vimar heterozygous mutants, a 30% increase in CS
activity was observed (Fig. 4C). The human homolog of vimar is
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Table 3. Hits in signaling pathways and major biological processes

CcG cs Gene Biological process and pathway Human protein name
Signaling pathway
CG3249 1.292 CG3249 PKA signaling pathway, mitochondrial A-kinase anchor protein 1 isoform 1
precursor
CG12066 0.797 Pka-C2 PKA signaling pathway cAMP-dependent protein kinase catalytic
subunit beta isoform 2
CG7457 0.785 CG7457 I-kB kinase/NF-«B cascade I-kB-related protein
CG1676 1.240 cactin I-kB kinase/NF-«kB cascade Chromosome 19 open reading frame 29
CG8529 0.604 Dyb Nitric oxide-mediated signal transduction, Dystrobrevin, beta isoform 5
CG14885 0.752 Gyc-89Da Nitric oxide-mediated signaling pathway Guanylate cyclase 1, soluble, beta 3
CG3572 0.761 vimar Small GTPase-mediated signaling RAP1, GTP-GDP dissociation stimulator 1
CG3664 0.388 Rab5 Small GTPase-mediated signaling RAB5A, member RAS oncogene family
CG12015 0.712 RabX6 Small GTPase-mediated signaling ras-related GTP-binding protein 4b
CG3171 0.784 Trel Sugar-mediated signaling pathway Melatonin receptor 1A
CG15358 1.162 CG15358 Sugar-mediated signaling pathway CD209 antigen-like isoform 1 (C-type lectin
domain family 4, member M)
CG12296 0.779 klu Apoptosis Zinc finger protein 304
CG12284 1.181 th Apoptosis Baculoviral IAP repeat-containing protein 4
CG7873 0.722 Src42A RTK pathway, interfer INK pathway, and fyn-related kinase
EGFR pathway
CG11099 0.752 CG11099 Calcium-mediated signaling, CaMKII Densin-180
binding
CG10244 0.786 Cad96Ca FGF signaling pathway Fibroblast growth factor receptor 1 isoform
2 precursor
CG10539 1.202 S6k PI3K signaling pathway Ribosomal protein S6 kinase, 70 kDa,
polypeptide 1
Other biological processes with multiple hits identified
CG4494 0.598 smt3 Protein stability and proteolysis, sumolation Small ubiquitin-like modifier protein 3
CG8258 1.558 CG8258 Protein stability and proteolysis, protein Chaperonin containing TCP1, subunit
folding 8 (theta)
CG14224 1.367 CG14224 Protein stability and proteolysis Ubiquilin 1 isoform 1
CG2038 1.444 CSN7 Protein stability and proteolysis COP9 constitutive photomorphogenic
homolog subunit 7B
CG10938 1.389 ProsMAS Protein stability and proteolysis, proteasome Proteasome alpha 5 subunit
CG7619 1.546 Pros54 Protein stability and proteolysis, proteasome Proteasome 26S non-ATPase subunit 4
isoform 1
CG11888 1.192 Rpn2 Protein stability and proteolysis, proteasome Proteasome 26S non-ATPase subunit 1
CG1100 1.925 Rpn35 Protein stability and proteolysis, proteasome Proteasome 26S non-ATPase subunit 12
isoform 1
CG10230 1.987 Rpn9 Protein stability and proteolysis, proteasome Proteasome 26S non-ATPase subunit 13
isoform 1
CG10640 0.653 UeviA Protein stability and proteolysis, protein Ubiquitin-conjugating enzyme E2 Kua-UEV
degradation isoform 1
CG13133 1.166 CG13133 Protein stability and proteolysis, protein Heat shock 27 kDa protein 1
folding
CG10913 0.674 Spné6 Proteinase inhibitor, serine-type Serine (or cysteine) proteinase inhibitor,
endopeptidase inhibitor activity clade B (ovalbumin), member 1
CG32147 1.247 CG32147 Proteolysis, peptidase, Pyroglutamyl-peptidase |
pyroglutamyl-peptidase |
CG3344 1.245 CG3344 Proteolysis, peptidase, serine Serine carboxypeptidase 1 precursor protein
carboxypeptidase 1 precursor protein
CG32808 1.208 CG32808 Proteolysis, peptidase, serine-type peptidase Stratum corneum chymotryptic enzyme
activity, defense response preproprotein
CG13425 1.318 bl RNA metabolism, hnRNP Heterogeneous nuclear ribonucleoprotein K
isoform a
CG9373 1.377 CG9373 RNA metabolism, hnRNP Heterogeneous nuclear ribonucleoprotein M
CG7581 0.670 Bub3 Cell cycle regulation, mitotic checkpoint BUB3 budding uninhibited by
benzimidazoles 3 homolog
CG5363 2.003 cdc2 Cell cycle regulation, mitosis Cell division cycle 2 protein isoform 1
CG10726 0.727 barr Cell cycle regulation, mitotic chromosome Barren
condensation
CG3523 0.612 CG3523 Metabolism, lipid metabolism Fatty acid synthase
CG33174 0.636 CG33174 Metabolism, lipid metabolism Chromosome 11 open reading frame 11
CG12654 0.725 CG12654 Metabolism, lipid metabolism Low-density lipoprotein receptor-related
protein
CG11257 0.775 CG11257 Metabolism, lipid metabolism, electron NADPH cytochrome B5 oxidoreductase
transport, ER membrane
CG4421 1.395 GstD8 Defense response, deactivation of reactive Glutathione S-transferase theta 1
oxygen species
CG6673 0.768 CG6673 Defense response, deactivation of reactive Glutathione-S-transferase omega 1

oxygen species

Hits in signaling pathways and major biological processes are listed. For each hit, correspondent CG number, CS activity, gene name, biological process
and pathways, and human protein name are shown. “CS_fold” refers to a fold change against lacZ RNAi control.
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Figure 3. Rpd3(HDACT) and HDAC6 modulate mitochondrial functions
in vivo. (A) The CS activity in S2 cells transfected with Rpd3 and HDAC6
RNAi (n = 6). The lacZ RNAi acts as a negative control and Citrate synthase
RNAI as a positive control. P-value was calculated against lacZ RNAi con-
trol group. (B) Rpd3 protein was highly reduced in the transgenic Rpd3
RNAi flies as shown by Western blot. Lysates from the Rpd3 RNAI flies and
control siblings were blotted with the antibody against Rpd3 and Tubu-
lin. The Tubulin levels were used as loading controls. (C) HDAC6 protein
was highly reduced in the transgenic HDAC6 RNAi flies as shown by
Western blot. Lysates from the transgenic HDAC6 RNAi and control sib-
lings were blotted with the antibodies against HDAC6 and Tubulin. The
Tubulin levels were used as loading controls. (D) The CS activity in the
transgenic Rpd3 RNAi flies and control siblings (n = 8). (E) The CS activity
in the transgenic HDAC6 RNAI flies and control siblings (n = 8). (F) The
COX activity in the transgenic Rpd3 RNAI flies and control siblings (n = 8).
(G) The COX activity in the transgenic HDAC6 RNAi flies and control
siblings (n=8). *P < 0.05, **P<0.01, ***P <0.001. Error bars indicate
the standard errors.

RAP1GDS1, a guanine exchange factor (GEF) that activates RAP1.
RAP1 is a small G protein involved in the regulation of the actin
cytoskeleton (Bos 2005). A number of GEFs have been identified
for RAP1. RAPGEF3, or EPAC, was observed to localize to mito-
chondria and activate RAP1 by direct binding of cAMP in a PKA-
independent manner (Qiao et al. 2002; Wang et al. 2006). Here,
we identified another RAP1-GEF in modulating mitochondrial
function, supporting a role for RAP1 in regulating mitochondrial
function.

In two different alleles of heterozygous Src42A mutants, CS
activities were increased 7% and 18% (Fig. 4D,E). CS activities
were further increased 33% in Src42A mutants that are trans-
heterozygous for these two mutant alleles compared to hetero-
zygous siblings (Fig. 4F). Src42A encodes a tyrosine kinase and is
a homolog of vertebrate SRC family tyrosine kinase. Drosophila
Src42A was shown to regulate RTK (receptor tyrosine kinases)
signaling and JUN kinase (JNK) activity (Lu and Li 1999; Tateno
et al. 2000). The first evidence of Src mitochondrial localization
was found in rat brain (Salvi et al. 2002). Under our experimental
conditions, Src42A appears to negatively affect CS activity, sup-
porting a role of Src kinase in regulating mitochondrial function.

In the klumpfuss heterozygous mutants, CS activity was re-
duced 8% (Fig. 4G). klumpfuss was shown to promote pro-
grammed cell death by down-regulation of cell survival signals
mediated by the dEGFR/dRas1 signaling pathway (Rusconi et al.
2004). A connection between klumpfuss and mitochondrial func-
tion has not been reported previously.

In the smt3 heterozygous mutants with two different alleles,
CS activities were increased by 17% and 6% (Fig. 4G,H). smt3
encodes the Drosophila member of SUMO (small ubiquitin-
related modifier) proteins. There are four SUMO isoforms in
mammals and one SUMO found in Drosophila. SUMO proteins
conjugate to other proteins via a very similar mechanism to that
of the ubiquitin system. SUMO modification appears to occur on
diverse targets and plays important roles in protein stability, pro-
tein targeting, and other processes (Dohmen 2004). The first mi-
tochondrial target identified for SUMO modification is DENR
(also known as DRP1), which functions in mitochondrial fission.
DENR Drosophila ortholog shibire was also identified in our screen
(Table 1). DENR was shown to colocalize with SUMO1 and to be
sumoylated in mammalian cells (Harder et al. 2004). Recently,
SUMO protease SENP5 was shown to catalyze the cleavage of
SUMO1 from DENR and to maintain mitochondrial morphology
and function (Zunino et al. 2007). Here, we show that CS activity
was increased in the smt3 heterozygous mutants, providing ad-
ditional support for sumoylation in regulating mitochondrial
function.

In two different barren heterozygous mutants, the CS activi-
ties were increased 4% and 9% (Fig. 4],K), respectively. barren
encodes a subunit of condensin, a complex required for chromo-
some condensation (Hirano et al. 1997; Legagneux et al. 2004).
barren was first characterized in Drosophila, and homozygous bar-
ren mutants were embryonic lethal with a severe loss of PNS
neurons (Kania et al. 1995; Bhat et al. 1996). The nonmitotic
function has not yet been reported for barren, and further study
is required to understand the specificity of barren on modulating
CS activity.

Discussion

Described here is a genome-wide screen in higher eukaryotes to
systematically search for modulators of basal mitochondrial
function using CS activity as a readout. A total of 153 gene hits
were identified from the screen. We also identified several path-
ways with multiple hits, including pathways with mitochondrial
function, as well as pathways which have not been previously
implicated in mitochondrial function.

Two genes (CG3249 and Pka-C2) in the PKA pathway were
identified, consistent with the fact that this pathway is known to
participate in mitochondrial biogenesis (Feliciello et al. 2005).
The NF-«B family members have been shown to activate mito-
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Figure 4. The CS activities in heterozygous mutants (male flies used except for A) with mutation in
Citrate synthase (A, female flies), CG3249 (B), vimar (C), Src42A (D-F), smt3 (G,H), klumpfuss (I), barren
(J,K). n=8. *P<0.05, **P < 0.01, ***P < 0.001. Error bars indicate the standard errors.

chondrial genes (Le Bras et al. 2006). We identified cactin (IkB) as
a negative modulator of CS activity and CG7457 (NFkB) as a
positive modulator of CS activity. This is in agreement with their
known functions in which IkB proteins sequester NF-kB proteins
and prevent NF-kB proteins from activating transcription of their
targets. We also identified two genes in NO (nitric oxide)-
mediated pathways, which have also been shown to participate
in regulating mitochondrial biogenesis (Reznick and Shulman
2006). One Guanylyl cyclase (Gyc-89Da) was identified as a posi-
tive modulator of CS activity in the screen. Guanylyl cyclase was
shown to mediate PPARGC1 (PGC-1a) activation of mitochon-
drial biogenesis and to be activated by NO (Nisoli et al. 2004,
20095). Three genes in the small GTPase-mediated signaling path-
way were identified, and a link between the genes in this path-
way and mitochondrial function has been reported (Qiao et al.
2002; Wang et al. 2006). Furthermore, a number of genes in
metabolic pathways were identified such as Trel and Fas, which
are known for their mitochondrial roles. Trel encodes the pineal
hormone receptor with well-known mitochondrial-related func-
tions such as stimulating antioxidant enzymes, increasing the
efficiency of the electron transport chain, and promoting ATP
synthesis (Martin et al. 2002; Leon et al. 2004). Fas encodes Fatty
acid synthase, which is the only protein capable of synthesizing
long-chain fatty acids. It utilizes acetyl-CoA, which is metabo-
lized from citrate, a product of CS exported from mitochondria
(Kuhajda 2006). Fas was identified as a positive modulator of CS

vimar

activity. It is possible that the reduction
of Fatty acid synthase by Fas RNAi re-
sults in an accumulation of acetyl-CoA
and hence citrate, which will inhibit CS
activity via product inhibition mecha-
nism. We also identified three genes
which are known to be involved in cell
cycle regulation. It was proposed that a
low-energy cell cycle checkpoint moni-
tors the metabolic activity of the mito-
chondria before committing to another
round of cell division (McBride et al.
2006). Other pathways or biological pro-
cesses with multiple hits identified were
protein stability and proteolysis, RNA
metabolism, and defense responses
(Table 3).

More importantly, we identified
several novel modulators of CS activity
and investigated their roles in modulat-
ing CS activity in vivo. These include
CG3249, vimar, Src42A, klumpfuss, smt3,
barren, and two HDACs, Rpd3(HDACI)
and HDAC6. HDACI1 has been reported
in regulating mitochondrial function in
vitro (Pile et al. 2003), while HDAC6 has
not been shown previously to be in-
volved in mitochondrial function. How-
ever, several HDAC6 substrates are
known to play roles in mitochondrial
function, including Hsp90 and tubulin.
HDACS6 functions as an HSP90 deacety-
lase and is required for HSP90-de-
pendent maturation of glucocorticoid
receptor (GR) (Kovacs et al. 200S5;
Murphy et al. 2005). GR was shown to
localize in mitochondria and stimulate mitochondrial biogene-
sis and function, including COX activity (Weber et al. 2002;
Scheller and Sekeris 2003; Psarra et al. 2005). HDAC6 also
deacetylates a-tubulin and destabilizes the microtubular net-
work, but it does not affect tubulin protein level (Hubbert et al.
2002; Matsuyama et al. 2002; Haggarty et al. 2003; Zhang et al.
2003; Iwata et al. 2005; Kovacs et al. 2005). It is known that
mitochondria require an intact microtubular network to func-
tion (Appaix et al. 2003). Previously, mammalian HDACS was
shown to negatively regulate mitochondrial biogenesis in cells,
and mammalian HDAC? has been reported to have a mitochon-
drial localization (Czubryt et al. 2003; Bakin and Jung 2004). The
Drosophila HDAC4 is the ortholog of mammalian HDACS; how-
ever, this species does not have the ortholog of mammalian
HDAC?. The absence of fly HDAC4 as a hit may be explained by
the differences in genome complexity between the Drosophila
and mammalian systems and by the potential overlapping func-
tions of HDACs (Gallinari et al. 2007). Humans have a total of 11
HDAG:s for Class I and Class II. Among them, there are four
HDAC:s for Class 1 (HDACI1, 2, 3, 8), six HDACs for Class II
(HDAC4, 5, 6, 7,9, 10), and HDAC11 shares similarity with both
Class I and II (Dokmanovic and Marks 2005). In Drosophila, only
five HDACs were found for Class I and Class II, with
Rpd3(HDAC1) and Hdac3 for Class I, HDAC4 and HDAC6 for
Class II, and HDACI11 for both Class I and II (Barlow et al. 2001;
Gao et al. 2002).
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Although the current screen was capable of yielding novel
modulators of CS activity, there are a number of potential limi-
tations that should be recognized. Some hits altered CS activity
in the opposite direction of expectation based on previously
characterized functions. For example, treatment of S2 cells with
RNAI directed against either mtSSB, encoding the mitochondrial
single-strand DNA-binding protein required for mtDNA replica-
tion (Maier et al. 2001), or mRpS18C, encoding a mitochondrial
ribosomal protein required for synthesis of mitochondrial pro-
teins, resulted in an increase, rather than a decrease, in CS activ-
ity. This could be due to a compensation or retrograde response
from mitochondria, a mechanism that seems to be conserved
from yeast to mammals. Yeast or mammalian cells, which have
lost their mtDNA, compensate for mitochondrial dysfunction by
up-regulation of a defined set of metabolic genes, including CS
(Traven et al. 2001; Miceli and Jazwinski 2005). In addition, the
CS RNAIi screen may also miss some true modifiers due to knock-
down efficiency and assay sensitivity. For practical reasons, fixed
dsRNA dosage and assay time were used for the screen. However,
it is known that the knockdown kinetics and dose requirements
for dsRNA are not the same for all genes. This could be one of the
reasons why the homologous genes of some of the best charac-
terized mammalian regulators of mitochondrial biogenesis such
as NRF1 and CAMK4 were not identified in the screen. For in-
stance, Drosophila NRF1 homolog ewg (only one NRF homolog
found in Drosophila) was not identified as a hit in the screen, but
it behaved as a positive modulator of CS activity with relatively
small effect in the assay development (Fig. 1B). Such a small
change might be due to an indirect effect of NRF1 on the CS
activity, since the NRF1-binding site was not found on the CS$
gene promoter (Kraft et al. 2006). Furthermore, even though the
basal promoter-driven Renilla luciferase was used to normalize
the cell growth or viability in the screen, it is entirely possible
that an alteration of a gene in general transcription or translation
machinery could have qualitatively similar but differential ef-
fects on the CS and Renilla luciferase activity, thus giving false
positives. For this reason, we analyzed the Renilla luciferase ac-
tivity separately, and the hits with 50% lower Renilla luciferase
activity compared to lacZ RNAi controls were highlighted for
potential false positives (Supplemental Table S1). Moreover, in
our primary screen, CS activity, a single enzyme readout was used
as an indicator for mitochondrial function. Thus, it is likely to
miss some modifiers that do not affect CS activity but rather
other components in mitochondria such as oxidative phos-
phorylation and fatty acid synthesis.

Finally, the in vivo validation for most of our hits was done
with heterozygous mutants. This approach makes it feasible to
test large numbers of mutations in parallel. However, heterozy-
gosity is expected to reduce gene dosage by no more than 50%
and will only validate those genes that are haplo-insufficient
with respect to CS activity. For example, we observed that het-
erozygous Rpd3(HDACT) flies do not have any associated devel-
opmental or adult phenotypes, and a change in CS activity was
not observed (Supplemental Table S2). However, constitutive ex-
pression of Rpd3 RNAi leads to developmental lethality and a
greater knockdown of Rpd3 expression; in this case a clear up-
regulation of CS activity was observed. On the other hand, if a
small effect in CS activity is seen in heterozygotes, a larger effect
is expected in homozygotes or trans-heterozygotes. This was seen
in the experiments with multiple alleles of Src42A. The Src42A
trans-heterozygous mutants have 33% higher CS activity com-
pared to the Src42A single-heterozygous mutants (Fig. 4F), while

the single-heterozygous mutants have only 7% increase in CS
activity compared to their wild-type control siblings (Fig. 4D).
Despite the limitation in validating hits using heterozygous mu-
tants, we observed reproducible effects on CS activity in the het-
erozygous mutant flies for the six gene hits (Fig. 4B-K). Haplo-
insufficient genes often encode transcription factors, not signal-
ing proteins. There are no haplo-insufficient phenotypes
reported for these genes in the literature. The finding of haplo-
insufficient phenotypes of these mutants on CS activity is likely
attributable to the highly quantitative nature of the CS assay.

In summary, this is the first study that identifies novel
modulators of basal mitochondrial function using an unbiased
genomic approach in higher eukaryotes. The results from this
study establish several new proteins and pathways that modulate
mitochondrial function. This study also provides important new
insights in the regulation of mitochondrial biogenesis and func-
tion as well as potential therapeutic targets for mitochondrial
dysfunction diseases.

Methods

Whole genome RNAI screen

The dsRNA collection used for these studies was obtained from
Ambion, Inc. This collection has normalized dsRNA concentra-
tion in each well and represents 13,071 annotated genes from the
Drosophila genome, including all fly genes with human ho-
mologs. It was reformatted from the original 96-well plates to
384-well plates. The entire collection consists of thirty-six 384-
well plates. RNAi was performed for 72 plates (36 plates, in du-
plicate). Each well contains 5 pL of dsRNA at a concentration of
50 ng/uL. The control dsRNAs were synthesized from the PCR
amplicon collection by Heidelberg Fly Array (Hild et al. 2003)
using the Megascript RNAi kit (Ambion). The amplicons selected
were HFA18328 (Csyn), HFA08696 (HDACI1/Rpd3), HFA07552
(Sin3A), HFA18773 (ewg), and HFA10840 (ERR). Before the screen,
5 pL (50 ng/uL) of control dsRNA was loaded in each empty well;
four replicates were used in each plate. In order to normalize for
RNAi-mediated gene knockdown effects on cell growth and vi-
ability, a stable cell line bearing a Renilla luciferase reporter con-
struct was used in the experiments. Renilla luciferase activity
(Ren) was used to normalize CS activity. The Renilla luciferase
reporter gene is driven by a basal promoter of the hsp70 gene of
phRL-CMV plasmid. This plasmid was generated by replacing
the CMV promoter with basal promoter of hsp70 gene.

For the RNAi experiment, S2 cells were harvested, washed
once in 1x PBS and resuspended in serum free medium. Ten
thousand cells in 10 pL serum free medium were loaded in each
well containing dsRNA. After 1-h incubation, 30 uL complete
medium was added to each well, the plates were sealed with gas
permeable sheets (ABgene) and incubated at 25°C. At day 5, the
cells were pelleted by centrifugation at 2000 rpm for 2 min, and
medium was removed using a Biomek FX liquid handler. Plates
were sealed and the cells were frozen at —80°C until use. In each
well, cell pellet was lysed in 60 uL Renilla lysis buffer for 30 min.
An aliquot of 20 pL cell lysate was used for the CS activity assay,
20 pL for the luciferase assay. To confirm the hits, dSRNAs of 573
hits were first cherry-picked into two 384-well plates, then ali-
quoted into six replicate plates with 5 uL (50 ng/uL) of dsRNA per
well. The confirmation screen was performed in the same way as
whole genome screen except that the cells were harvested at day
6 after RNAI treatment. The molecular information for 153 hits
was batch-downloaded from flybase (http://flybase.bio.indiana.
edu). Here, the GO term was only used as a classification tool.
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CS activity assay

For the whole genome screen and the confirmation screen, cells
(stable cell line) were lysed in Renilla lysis buffer (Promega) and
assays were performed in 384-well plates (Falcon). CS activity was
measured using 20 pL cell lysate in a total of 70 pL reaction
solution containing 0.1 mM DTNB (Sigma), 0.3 mM acetyl-CoA
(Roche), 1 mM oxaloacetate (Sigma), and 50 mM Tris pH 8.0
(USB). Oxaloacetate was added just prior to the measurement.
The absorbance was measured at 412 nm every 46 sec for 15 time
points using the Envision 2100 (PerkinElmer). Vmax (SLOPE)
and R? (RSQ) were calculated using Microsoft EXCEL. There were
total 27,648 wells assayed for CS activity in the primary screen:
27,483 wells (99.4%) had R% > 0.99, 79 wells had R? between 0.98
and 0.99, 37 wells had R? between 0.97 and 0.98, 49 wells had
R? < 0.97. For the 49 wells with R? < 0.97, data were visually in-
spected, and the data points located in the range with best lin-
earity were selected for estimating Vmax and calculating R?. After
this manual process, the final R? of the 49 wells ranged from 0.04
to 1.0. However, none of the 49 wells were included in the final
primary hit list, due to their poor ranking of Vmax values.

Other than the primary and confirmation screens, CS assays
were carried out in 96-well plates (Costar). Cells or single flies
were lysed in extraction buffer containing 0.1% Triton X-100, 1
mM EDTA, and 20 mM HEPES, pH 7.2 (GIBCO). For cells in
96-well plates, 100 pL extraction buffer was used for each well.
For individual flies, 250 pL extraction buffer was used for homog-
enization, and supernatant was transferred into one well of a
96-well plate. Eight individual flies were analyzed for each fly
genotype, providing eight biological replicates. Ten microliters of
cell or fly lysate was used for each CS assay reaction. Total reac-
tion volume was 100 pL. Absorbance was measured at 412 nm
every 15 sec for 10 min (at 25°C) using the kinetic mode of a
Molecular Devices plate reading spectrometer. Three microliters
of the lysate was used for total protein concentration measure-
ment (Bio-Rad). The CS activity was normalized to total protein
concentration.

Renilla luciferase assay

To measure Renilla luciferase activity, the Renilla luciferase assay
system (Promega) was used for the primary screen. Dual-Glo Lu-
ciferase Assay system (Promega) was used for the confirmation
screen. Experiments were performed according to manufacturer’s
instructions. Luciferase activity was measured using an Envision
2100 (PerkinElmer) and presented as relative light unit (RLU).

Screen data analysis

From the primary screen, there were two data values for each
well, the Vmax of CS activity and the Renilla luciferase activity
(Ren). The Vmax was normalized by Ren such that the ratio of
Vmax/Ren was calculated for each well. The Vmax/Ren value was
normalized by a two-dimensional normalization scheme. The
first dimension normalization (1D) was performed based on plate
median of screened 384-well plates. Thus, the formula for calcu-
lating the 1D normalized value (denoted as x;p,) is X;p = log X',
where x';p = (Vmax/Ren)/median,,(Vmax/Ren). The normal-
ized Z score (NZ) was calculated for every x,,. The formula used
for calculating NZ,, is: NZ,,, = (X;p — median(x,p))/MAD(X;p).
MAD(x,p) is the Median Absolute Deviation of x;, and is equal
to 1.4826 X median (|x,p — median(x,p)|). After 1D normaliza-
tion, the second dimension normalization (2D) was performed
based on the median of a set of wells each from a different plate,
but sharing the same relative location on a plate, for example, A1l
wells of all screened plates. The formula for calculating the 2D
normalized value (denoted as X,;) is X, =1log x',, where

x',p = X'y p/median,.(x",p). For x,,, of different plates and
wells to be comparable, the normalized NZ was calculated for
every X,p The formula used for calculating NZ,, is:
NZ,p = (X,p — median(x,p))/MAD(X,p). MAD(X,,) is the Me-
dian Absolute Deviation of x,, and equal to 1.4826 X median
(IXop — median(x,p)|).

Before 1D normalization, the mean of the plate medians of
Vmax/Ren was 0.0033, and the standard deviation of the plate
medians was 0.0028. This is indicative of plate-to-plate variation,
likely due to factors such as different assay dates. After 1D nor-
malization (based on plate median), the plate medians (plate
medians of x';,) are all set at 1, the mean of the well medians of
x'p is 1.0016 and the standard deviation of the well median is
0.0811. This indicates that there was no substantial well position-
specific systematic error. After 2D normalization (based on well
median), the well medians (well medians of x',,) are all set at 1.
Of the 36 duplicate plates, the Pearson product moment correla-
tion coefficient (R) between the duplicates ranged from 0.32 to
0.87 with the first quartile at 0.52, the median at 0.63, and the
third quartile at 0.72.

For confirmation of the primary screen hits, six replicates
were used, and the CS activities (normalized by the Ren level)
from the hit dsRNA-treated cells were compared to the lacZ
dsRNA-treated controls by the t-test. The average CV of the CS
assay was ~3.5%, thus, on average, our confirmation assay is able
to detect 5% or larger changes with P < 0.05 (t-test). The power of
our confirmation assay was >0.8 when the change in mean CS
activity was >7% (t-test).

Quantitative RT-PCR

RNA was extracted using the TurboCapture 8 mRNA kit (Qiagen)
according to the manufacturer’s instruction. For cDNA synthesis,
BD Sprint PowerScript PrePrimed 96 Plate with Oligo (dT) 18
primers was used (BD Bioscence). cDNA synthesis was performed
by Thermal Cycle 9800 (Applied Biosystems), and then used for
real-time PCR with SYBR green reagent (Applied Biosystems).
Primers were designed from mRNA sequence using PrimerExpress
software (Applied Biosystems). The primers used in the experi-
ments are as following:

CS_F: 5'-AATGTGGGAGCCTATGTTCG,

CS_R: §'-GCTTGCGGAAGTTCTTTACG,

rp49_F: 5'-GCTAAGCTGTCGCACAAATGG, and
rp49_R: §5'-ACTGTCCCTTGAAGCGTCGA.

RT-PCR was performed with the ABI 7000 sequence detec-
tion system (Applied Biosystems) according to the manufactur-
er’s protocol. The expression levels of CS gene were normalized
by the expression level of rp49; three independent experiments
were performed for RNAI treatments.

HDAC RNAI constructs and transgenic flies

The HDAC RNAIi constructs were generated by cloning the
HDAC1 and HDAC6 fragments into the pWIZ RNAi-
transforming vector as described previously (Lee and Carthew
2003). The insertion fragments for HDAC1 (CG7471) and
HDACG6 (CG6170) were amplified by PCR from the PCR amplicon
collection by Heidelberg Fly Array (Hild et al. 2003). For HDAC1,
the amplicon is HFA08696, primer-S: GACTAATGTGCAGCT-
TAAAATC, primer-R: GGAGGAGGCGTTCTATACC. For HDACS6,
the amplicon is HFA20252, primer-S: GACGCACTGTATTCA-
CATGG, primer-R: GGTGGAGACAGTGCCACT. Two insertion
fragments with 520 bp of each were digested and inserted into
the Avrll and Nhel sites of the pWIZ vector in a 3'-to-5" direction
at 100 bp from the SV40 region as confirmed by sequencing
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(performed by SeqWright, Houston, TX). Transgenic fly lines
were generated by microinjection of RNAi-transforming con-
structs into the germ lines of fly embryos (by C. Bayer, University
of Central Florida, Orlando, FL).

Antibodies and Western blot

The polyclonal antibodies against HDAC1 and HDAC6 were pro-
duced in rabbits using a nonconserved peptide region of each
HDAC (Covance, Denver, PA). The peptide used to generate an-
tibody to HDAC6 is EHFERLKETSGIRDDERC, and for HDACI is
CRKRPRLDKDTNSNK. Once the specificity for each HDAC was
confirmed by Western blot, the final two bleeds were pooled and
affinity-purified.

The wandering third-instar larvae were collected and stored
at —80°C until use. The larvae were homogenized on ice in lysis
buffer (1% non-idet P40 in PBS) containing protease inhibitors
(Roche). The supernatants of the larval lysates were transferred to
fresh tubes and heated in NuPAGE LDS (lithium dodecyl sulfate)
sample buffer (Invitrogen) and resolved on SDS-PAGE (Invitro-
gen NuPAGE System). The proteins were transferred to nitrocel-
lulose membranes, which were subjected to Western blot analy-
sis. The signals were detected by chemiluminescence system
(Amersham Biosciences). The final concentrations for the anti-
bodies used for Western blots were 1:2000 for anti-HDACI,
1:1000 for anti-HDACS6, 1:5000 for anti-tubulin (Sigma).

COX assay with single fly lysate

Cytochrome c oxidase Assay Kit (Sigma) was adapted to a 96-well
plate format. Cytochrome ¢ (Cyt C) solution was made at 5.4
mg/mL. For every 2.7 mg Cyt C, 10 uL DTT (0.1 mM) was added
to reduce Cyt C until the ratio of absorbance 550 nm/565 nm is
>10. Fifty microliters of lysate and 25 pL Cyt C were used for COX
activity assays. Absorbance at 550 nm was acquired every 6 sec
for 1 min. COX activity (Vmax) was calculated as the rate of
reduction of absorbance with time (milli OD per minute). COX
activity was normalized by total protein concentration; 250 uL
extraction buffer was used to homogenize a single fly; 50 uL of
the lysate was used for the COX assay, 3 pL for total protein
concentration measurement. Eight replicates (one fly per replica)
were used for each fly genotype.

Fly strains for in vivo assay

HDACIT RNAi flies (UAS-HDACR!>-1743/tyb-GAL4) and control
flies (tub-GAL4/TM6B or UAS-HDAC1R'5-1743/TM6B) were siblings
from the cross of UAS-HDACIR!*-1743/TM6B and tub-GAL4/
TM6B. The third-instar larvae under tubulin-GAL4 driver were
used for Western blot, CS assay, and COX assay. HDAC6 RNAi
flies (UAS-HDAC6R11743 /tyb-GAL4) and control flies (TM6B/tub-
GAL4 or TM6B/UAS-HDACG6R!5-1743) were siblings from the cross
of UAS-HDAC6R1*1743/TM6B and tub-GAL4/TM6B. The third-
instar larvae under tubulin-GAL4 driver were used for Western
blot. For CS and COX assay, adult male HDAC6 RNAI transgenic
flies under mef-GAL4 driver were used. HDAC6 RNAI flies (UAS-
HDAC6R'*=°43/mef-GAL4) and control flies (TM6B/mef-GAL4)
were siblings from the cross UAS-HDAC6R5—243/TM6B and mef-
GALA4.

Twenty-three selected genes tested in heterozygous mutants
are I[(1)G0030 (CS), tam, barr, brm, Rpd3, dom, Su(var)205, shi, Dyb,
Src42A, mts, cdc2, S6K, smt3, CG3249, vimar, Trel, Rab$5, ph-p, klu,
th, Rs1, CG8602. All strains were ordered from Bloomington pub-
lic stock center. Stock numbers followed by genotypes are de-
scribed below: 11936, w®”?3 P{lacW}kdn®?#%% P{lacW}G0140b,
I(1)G0O140%°™#°/EM7¢, 3410, tam?® b' Adh"*/Cy0, 11117, y* w®723;
P{lacW}barr*1#°14/Cy0, 4402, y* w®723; barr-39°/Cy0, 4108, w!15;

brm*?! P{white-un4}71F/TM3, Sb*, 3619, brm? ¢* ca’/TM6B, Sb! Th'
ca', 3622, brm? trx*? ca'/TM6B, Tb' ca’, 11633, P{PZ}Rpd3°+55¢
ry’%/TM3, ry*k Sb* Ser!, 10767, y* w®”?3; P{lacW}dom*81%8/Cy0,
6234, In(L)w™*"; Su(var)205°/In(2L)Cy, In(2R)Cy, Cy', 13253, y!
P{SUPor-P}shi®“93¢0/EM7a, 15494, y' wo7?3; P{EPgy2}Dyb*Y010%9,
13751, y*; P{SUPor-P}Src42AX02315/Cy0; ry*°¢, 6408, w'!$;
Src42AF1/Cy0, 11193, P{PZYmts??*%¢ cn' /CyO; 1/°%°, 6629, cdc2F1-23
b pr' cn'/CyO, 6643, w*; cdc2®*” cn' bw!/CyO, P{ftz/lacB}E3,
11713, P{PZ}S6k°798% rys9/TM3, ryRK Sb! Ser’, 11378,
P(PZ}smt3°#*93 cn'/CyO; ry3°°, 10419, y! we7<23;
P{lacW}smt3%0¢397/Cy0, 12879, y! P{SUPor-P}CG3249KC¢02745,
11199, y' we7?3; P{lacW}vimark'¢722/Cy0, 10089, w'!18
P{EP}Tre1""*¢, 10786, y* w°7%3; P{lacW}Rab5k08232/CyO, 5444,
ph d4()1 ph p6()2 1/FM7C, 14587 y W67c2? P{SUPor P}bIKG()ZSZKl/
CyO, 11733, P{PZ}klu®?3¢ 506/’[M3 YR Sb! Ser’, 12093, y' w

{lacW}th’“g/TM3 Sb!, 15310, y! wo7<23; P{EngZ}thF""”“’
10885, y! we7<?3; {lacW}Rsl’“’Q““/CyO 17262, wills;
P{EP}CG8602F"3192 Fly mutant stocks were crossed to wild-type
strains Oregon R or w'’8, The sibling flies with or without muta-
tions were compared for their mitochondrial CS activities. Age-
matched wild-type strains were analyzed in parallel as additional
controls for flies with balancers or markers.
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