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Forkhead box class O (FoxO) transcription factors are key regula-
tors of growth, metabolism, life span, and stress resistance. FoxOs
integrate signals from different pathways and guide the cellular
response to varying energy and stress conditions. FoxOs are
modulated by several signaling pathways, e.g., the insulin-TOR
signaling pathway and the stress induced JNK signaling pathway.
Here, we report a genome wide RNAi screen of kinases and
phosphatases aiming to find regulators of dFoxO activity in Dro-
sophila S2 cells. By using a combination of transcriptional activity
and localization assays we identified several enzymes that mod-
ulate dFoxO transcriptional activity, intracellular localization
and/or protein stability. Importantly, several currently known
dFoxO regulators were found in the screening, confirming the
validity of our approach. In addition, several interesting new
regulators were identified, including protein kinase C and glycogen
synthase kinase 3�, two proteins with important roles in insulin
signaling. Furthermore, several mammalian orthologs of the pro-
teins identified in Drosophila also regulate FOXO activity in mam-
malian cells. Our results contribute to a comprehensive under-
standing of FoxO regulatory processes.

dFoxO � insulin signaling � PKC

Forkhead box class O (FoxO) transcription factors are members
of the forkhead box transcription factor superfamily, with

orthologs in various species such as mammals (1, 2), C.elegans (3),
Zebrafish (4) and Drosophila (5, 6). FoxO proteins possess a wide
range of cellular functions ranging from the induction of apoptosis
and cell cycle control, to the oxidative stress response and lifespan
determination. In addition, FoxOs are well defined targets down-
stream of the conserved insulin/TOR and JNK signaling networks
having an important role in the regulation of processes as diverse
as cellular growth, stress resistance, and energy homeostasis (7, 8).
Consequently, FoxOs have several characterized bona fide target
genes involved in metabolism and growth, such as g6pase (9), pepck
(10), 4e-bp (5, 6), insulin receptor (6, 11), and myc (12).

To date, several proteins are known to interact with FoxO
transcription factors, regulating their intracellular localization
and/or activity, and the number of newly identified regulators is
rapidly increasing (13). One of the best documented is the AKT/
PKB -kinase, which phosphorylates FoxO in three conserved
Ser/Thr residues, leading to FoxO cytoplasmic retention and tran-
scriptional inactivation (14–17). In the cytoplasm, FoxO is ubiq-
uitinylated and targeted for degradation (18, 19). Upon growth
factor depletion, FoxO is predominantly nuclear. Interestingly,
FoxO transcriptional activity can also be modulated in the nucleus
(20, 21). Furthermore, some subpopulations of growing cells pos-
sess nuclear inactive FoxO, implying that additional layers of
control exist in the nucleus (22). Given the variety of cellular
functions where FoxOs are implicated, and the observation that
FoxOs act as a converging point for many different signaling
pathways guiding the cellular response to varying nutritional con-
ditions and stress factors, it is likely that FoxO transcription factors
are regulated through many different mechanisms.

To identify proteins modulating FoxO activity, we turned to the
powerful system of Drosophila S2 cells. Here, we describe the first
genome wide screen of Drosophila kinases and phosphatases aiming

to identify novel regulators of dFoxO transcriptional activity. By
using a combination of transcriptional reporter assays, Western blot
analysis and high-throughput microscopy, we were able to identify
several enzymes that regulate dFoxO intracellular localization,
protein stability, and/or transactivation. Furthermore, some of the
identified modifiers were found to act similarly in mammalian cells
stressing out the conserved nature of these interactions. Our results
add new insights to the complexity of the regulatory network
around FoxO.

Results
Primary Screening. We used a kinase and phosphatase RNAi library
to search for modulators of dFoxO transcriptional activity in
Drosophila S2 cell culture (23). The RNAi library comprised 251
and 86 known and predicted kinases and phosphatases, respectively.
When applicable, the multiple transcripts of a given gene were
individually targeted. The strategy we used in the primary screen
was to use a reporter construct having a synthetic promoter
consisting of four repeats of a dFoxO recognition element (4xFRE)
(6). This promoter construct was cloned upstream of an ORF for
EGFP (24). Upon dsRNA treatment, followed by induction of
dFoxO expression, cells were scored for their EGFP intensity,
which represents activity from the dFoxO responsive promoter. A
control vector expressing Red Fluorescent Protein (RFP) was used
to normalize the transcriptional and translational efficiency. For
each dsRNA treatment, 6,000 cells were quantified for their EGFP
and RFP intensities by high-throughput microscopy. The normal-
ized EGFP intensities from each treatment were averaged and
converted into Z scores. Genes having an average Z score of 1.3 or
higher, corresponding to P � 0.1 confidence level, were selected for
the secondary screen. This low stringency was possible due to the
relatively low number of genes screened. A scheme describing this
strategy can be seen in supporting information (SI) Fig. S1.

Thirty-eight positive hits were identified in the primary screen
(Table S1). Importantly, several known dFoxO regulators were
detected, confirming the validity of our approach. dFoxO regula-
tors, such as the mst-like kinase Hippo (25), dJNK (26), MNB/
DYRK1 (27), and dTOR (20) changed significantly EGFP/RFP
ratio (Table S1). In addition, dsRNAs against PDK1, AKT, and
PTEN, all known insulin signaling components, also affected
EGFP/RFP ratio. Interestingly, we found 26 kinases and five
phosphatases previously unknown to interact with FoxO that
regulated dFoxO activity (as measured by the EGFP reporter).
These were selected for further characterization and are hereafter
referred as primary hits.
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Secondary Screening. To confirm that the 31 new proteins found in
the first screen are indeed dFoxO regulators, a secondary screen
was developed where the readout of transcriptional activity was
accompanied by simultaneous detection of dFoxO intracellular
localization and measurement of dFoxO protein abundance. New
dsRNA molecules were designed for each target with the purpose
of avoiding possible off-target effects. To measure dFoxO tran-
scriptional activity, we used a luciferase reporter under the control
of the Drosophila Insulin Receptor (dInR) promoter (6). The
reporter construct was chosen based on its very high signal to noise
ratio, which enables to easily score transcriptional response derived
exclusively from the overexpressed dFoxO protein. Fig. 1A, bar 1,
shows that in the absence of overexpressed dFoxO expression,
background levels of the dInR reporter are negligible. In contrast,
after CuSO4 addition, which activates dFoxO expression from the
metallothionein promoter, luciferase activity increases 30-fold (Fig.
1A, bar 2).

To detect and quantify dFoxO intracellular localization, we
scored nucleus vs. cytoplasmic dFoxO localization by using high-
throughput microscopy (Fig. 1 B and C). As controls, we used

dsRNAs against two well known insulin signaling pathway compo-
nents PTEN (which drives dFoxO localization in the cytoplasm)
and AKT (which causes dFoxO accumulation in the nucleus) (Fig.
1 B and C). Finally, to determine whether dsRNA treatments affect
dFoxO stability, dFoxO protein levels were measured by western. In
all experiments, the treatments were compared with the negative
control Escherichia coli lacI gene dsRNA.

Transcriptional activity, subcellular localization, and protein
abundance were scored for all 31 suspected dFoxO regulators, and
the results are shown in Fig. 2. The transcriptional assay confirmed
that knocking down 18 out of the original 31 primary hits reduced
dFoxO transcriptional activity, consistent with a role as true dFoxO
activators. The list includes well known kinases like PKC and POLO
(Fig. 2A). Knocking down eight primary hits also affected dFoxO
localization (Fig. 2B) by reducing the amount of dFoxO in the
nucleus (Fig. 2B), indicating that these proteins regulate dFoxO
activity primarily by modulating its nuclear/cytoplasmic localiza-
tion, in a similar way to the AKT/PTEN system. Examples of this
kind of regulators are CDK9 and TAO1 kinases (Fig. 2B). In
addition to nuclear/cytoplasmic localization, FoxO activity is also
regulated by proteosomal degradation (18, 19). Therefore, we
investigated whether levels of dFoxO protein were affected by
dsRNA treatments against the 31 primary hits. Fig. 2C shows that
dFoxO protein levels were significantly reduced by dsRNA against
eight targets, including PKC53E. Finally, we used qPCR to make
sure the mRNA for each target was expressed in S2 cells and to
measure the efficiency of the dsRNA treatments (Fig. 2D). In
summary, we identified 21 kinases/phosphatases that modulated
the dFoxO transcriptional activity, protein abundance and/or sub-
cellular localization. These proteins are grouped based on their
regulatory function on dFoxO in Fig. S2.

To determine whether changes in dFoxO activity/localization
were induced through the insulin signaling pathway, we determined
phosphorylation of AKT Ser-505 for all hits in Fig. 2. No change was
observed in AKT Ser-505 phosphorylation (Fig. 3H and data not
shown), indicating that the observed effects in dFoxO localization
and/or activity are related to dFoxO regulation through signaling
pathways different from the canonical insulin/AKT signaling path-
way. An additional experiment was performed to confirm this
interpretation. dFoxO phosphorylation by AKT is readily detect-
able by a change of mobility in SDS/PAGE (6). Therefore, we
performed Western blot analysis against dFoxO in conditions
where we would detect a shift of mobility produced by AKT.
However, knocking down any of the 21 hits did not alter dFoxO
eletrophoretic mobility, whereas dsRNA treatments for PTEN and
AKT affected dFoxO mobility as expected (Fig. S3). Therefore, we
rule out the possibility that the effects seen with positive hits in the
secondary screen are due to activation/repression of the insulin
signaling pathway through AKT.

We identified two genes, diacylglycerol kinase d (dgkd) and protein
tyrosine phosphatase 69D (ptp69d), which, interestingly, affected
dFoxO localization but did not affect transcriptional activity as
measured with the dInR promoter reporter (Fig. 2). It is possible
that both proteins regulate dFoxO transcription on specific pro-
moters in conjunction with other activators, and such factors are
missing in Drosophila S2 cells, thus explaining the negative result
obtained with our luciferase reporter assay. Alternatively, these
proteins could affect dFoxO stability without altering its transcrip-
tional activity, having a net effect on dFoxO accumulation in the
nucleus.

dPKC Is a Regulator of dFoxO. To further verify our screening results,
we chose protein kinase C 53E (PKC53E) for further character-
ization. PKC53E is a member of the well characterized AGC
protein kinase family and is implicated in wide range of cellular
functions (28). PKCs have important roles in insulin signaling, and,
in our screening, PKC53E dsRNA treatment results in a shift in
dFoxO subcellular localization from the nucleus to the cytoplasm,

Fig. 1. Secondary screen controls. (A) Overexpression of the WT dFoxO in S2
cells induces the expression of a luciferase reporter under the dInR promoter.
(B) Conditions for the dFoxO subcellular localization detection were tested
with known insulin signaling components AKT and PTEN. (C) Representative
high-throughput microscope images are shown. The nuclei were identified by
DAPI staining and selected for analysis based on the nuclear FITC intensity
(dFoxO) exceeding the background level (red nuclei). The nuclear FITC inten-
sity was measured from the area of DAPI staining (red nuclei) and from the
surrounding cytoplasm (blue circles). **, P � 0.01; ***, P � 0.001.
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which is accompanied by a decrease in luciferase reporter activity
and a reduction in the levels of dFoxO protein (Fig. 2). The notable
reduction in dFoxO protein level was found to be only partially
dependent on the proteosomal degradation machinery as the
proteosomal inhibitor MG-132 modestly augmented the dFoxO
abundance upon PKC knockdown (Fig. 3A, lanes 3 and 4). No
effect was seen with ammonium chloride, suggesting that lysosomal
degradation is not involved (data not shown). Importantly, the
reduction of dFoxO protein levels upon PKC knockdown was also
observed with endogenous dFoxO (Fig. 3B, lane 2), whereas dfoxo
mRNA levels increase, suggesting a compensatory mechanism. To
confirm that the observed phenotype is indeed the result of
PKC53E ablation, we performed a rescue experiment. A dsRNA
molecule was designed to target the PKC53E 3� UTR. As expected,
this dsRNA produced a significant reduction in luciferase activity
(Fig. 3C, bar 2). Interestingly, this phenotype was fully rescued by
overexpression of wild-type PKC53E (Fig. 3C, bar 3). Furthermore,
dFoxO localization shift toward the cytoplasm was fully rescued by
overexpressing PKC53E (Fig. 3C, lane 3). These results demon-
strate that the reduction of dFoxO activity observed with dsRNA
against PKC53E is a consequence of PKC53E loss of function. We
also independently overexpressed wild-type PKC53E in S2 cells and
found that dFoxO accumulated into the nucleus resulting in an
increase of transcription as measured by the luciferase reporter
(Fig. 3 D and E). Importantly, we could not detect any difference
after PKC53E knockdown or overexpression in the AKT-
dependent dFoxO mobility shift (Fig. 3 F and G), or differences in
AKT Ser-505 phosphorylation (Fig. 3H), demonstrating that the
regulation of dFoxO by PKC53E is independent of AKT.

The FoxO Regulatory Network is Conserved in Mammals. The regu-
lation of insulin signaling by FOXO transcription factors is well

conserved between Drosophila and mammals (7). Interestingly,
most of the hits identified in this screen have a characterized
mammalian ortholog (see Table S2). Therefore, we determined
whether mammalian FOXOs are regulated by this group of effec-
tors too.

First, we used RNAi to knockdown the closest human ortholog
of Drosophila PKC53E, PKC�, in human embryonic kidney cells
(HEK293) and simultaneously measured the activity of FOXO3a
by using a luciferase reporter under the control of human insulin
receptor promoter (11). Similar to what was observed in Drosophila
S2 cells, the knockdown of PKC� resulted in reduced luciferase
activity accompanied with decreased FOXO3a protein levels (Fig.
4A, lane 3). Control experiments showed efficient knockdown of
PKC� mRNA (Fig. 4B). Next, based on the availability of charac-
terized expression plasmids, we chose eight orthologs for further
analysis. We expressed the cDNAs in mammalian cells together
with human FOXO3a and recorded the transcriptional activity of
the human InR-luciferase reporter. Cotransfection of this set of
kinases increased FOXO3a activity, with variable effect depending
on the specific kinase. Interestingly, FOXO3a activity was substan-
tially increased in mouse hepatoma cells (HEPA1–6), but only
slightly, and not for all kinases, in HEK293 cells, suggesting tissue
specific regulation of FOXO3a by this group of kinases. An example
is illustrated in Fig. 4C. Whereas coexpression of FOXO3a and the
human Diacylglycerol kinase �2 (DGK�2) in HEK293 cells did not
affect the luciferase reporter expression (compare lanes 2 and 3 in
Fig. 4C), coexpression in HEPA1–6 cells resulted in �6-fold
increase in reporter activity compared with the empty vector
control (compare lanes 5 and 6 in Fig. 4C). Similar results were
obtained with the other overexpressed kinases (Fig. S4). These
results demonstrate that several of the regulators identified from
this screening also control FOXO activity in mammals.

Fig. 2. Characterized hits from the secondary screen. (A) dFoxO activity. (B) dFoxO intracellular localization. (C) dFoxO abundance. (D) Knock down efficiency.
LacI was used as a control. Knockdown efficiency could not be estimated for ninac and dgkd due to their low level of expression in S2 cells. *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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Discussion
By using a combination of transcriptional reporter and localization
assays, we have discovered 21 dFoxO regulators. Some positive hits
from our screen had an effect in dFoxO activity, localization, and
protein stability, whereas other hits affected only transcriptional
activity, suggesting that more mechanisms beyond subcellular lo-
calization and degradation are used by cells to regulate dFoxO
activity. In addition to the 18 proteins that affected dFoxO tran-
scriptional activity, our screening produced three more hits. Two of
them seem to affect only dFoxO localization (dgkd and ptp69d), and
one, neurospecific receptor kinase (nrk), affected exclusively dFoxO
protein stability. It is possible that these proteins regulate dFoxO
transcription on specific promoters in conjunction with other
activators and that such factors are missing in Drosophila S2 cells.
This would explain their lack of effect on the dInR promoter.
Alternatively, they could affect dFoxO stability resulting in a net
effect of dFoxO protein accumulation in the nucleus.

Initially, our screening strategy was designed to identify both
positive and negative regulators of dFoxO activity; however, no
dFoxO repressors were found. Putative dFoxO repressors were
present in our primary hit list of 31 targets, but those were later
excluded in the secondary screen. This surprising observation
suggests that our screen may be biased against dFoxO repressors.
dFoxO is a well known inhibitor of protein biosynthesis in vivo (29),
so under conditions of increased dFoxO activity, we expect a
reduction of general translation that could affect GFP and lucif-

erase translation too. Therefore, we hypothesize that in the case of
enhanced dFoxO activity it is possible that the concomitant inhi-
bition of protein biosynthesis overruled a slight increase in reporter
accumulation. This would explain the lack of dFoxO repressors
among the targets of our screen. Moreover, the design of our
screening based on S2 cells excludes the identification of regulatory
mechanisms specific for other cell types, and instances where
dFoxO is acting as a cofactor thereby regulating transcription
indirectly.

Our results demonstrate that Drosophila PKC53E isoform is a
dFoxO activator. Similar results were obtained in mammalian cells
pointing out that the interaction is conserved. PKC isoforms have
very important roles in insulin signaling, and each of the isoforms
has been shown to be activated by insulin stimulation or conditions
important for effective insulin stimulation (30). Importantly, PKC
isoforms can both activate or inhibit insulin signaling: Atypical PKC
isoforms are required for insulin-stimulated glucose transport in
muscle and adipocytes (31). In contrast, certain conventional and
novel PKC isoforms are known to antagonize insulin signaling in
vertebrates (32, 33). This interaction is implicated in the pathogen-
esis of free fatty acid mediated insulin resistance (reviewed in ref.
34). Drosophila possesses six PKC isoforms whose role in this
context has not yet been addressed. PKC53E homolog is closest to
human conventional PKC� (35). Interestingly, it has been shown
that PKC� inhibits insulin signaling through binding and phosphor-
ylation of IRS1 (33). Thus, PKC� would serve as a constitutively

Fig. 3. PKC53E is a modulator of dFoxO activity. (A) Western blot showing overexpressed dFOXO-V5 in S2 cells treated with RNAi against LacI (lanes 1 and 2)
or PKC53E (lanes 3 and 4), in the presence of MG132 (lanes 2 and 4). (B) (Upper) Endogenous dFoxO protein is reduced after PKC53E knockdown (lane 2). (Lower)
dFoxO mRNA levels. (C) A dsRNA targeted to the PKC53E 3� UTR decreases the dFoxO driven luciferase reporter activity and the amount of nuclear dFoxO (lane
2). Overexpression of the PKC53E is able to rescue this phenotype (lane 3). (D and E). Overexpression of the PKC53E in S2 cells increases the proportion of nuclear
dFoxO and the luciferase activity. (F and G). Insulin induces a band shift of dFoxO (lanes 1 and 3). This band shift was not affected upon PKC53E RNAi (lanes 2
and 4 in F) or overexpression (lanes 2 and 4 in G). (H) The level of AKT Ser-505 phosphorylation induced by insulin was not affected upon PKC53E RNAi (lanes
2 and 4). **, P � 0.01.
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active inhibitory regulator of the insulin cascade through its asso-
ciation with IRS1. On stimulation with insulin, PKC� would
dissociate from IRS1, thus releasing this protein from its down-
regulated state. This would open the ‘‘gate’’ for transmission of the
insulin signal. We previously found that dFoxO/FOXO1 increases
insulin sensitivity by up-regulating insulin receptor transcription
(11). The observation that Drosophila PKC� activates dFoxO adds
an additional twist in the complex regulatory network that dFoxO
has on insulin signaling. Interestingly, in our experimental system
AKT dependent dFoxO bandshift and AKT Ser-505 phosphory-
lation was not affected by PKC53E, indicating that PKC53E
regulation of dFoxO is independent of AKT signaling.

Another well known enzyme implicated in the control of me-
tabolism identified as a regulator of dFoxO transcriptional activity
is the Drosophila ortholog of Glycogen synthase kinase 3� (GSK-
3�, Shaggy). GSK-3� is a regulator of glucose metabolism through
the phosphorylation and inhibition of glycogen synthase, the rate
limiting enzyme of glycogen deposition. GSK-3� is inhibited by
AKT (36), so it was not surprising to see that GSK-3� activates
dFoxO. GSK-3� protein level and activity is elevated in type II
diabetic skeletal muscle cells reflecting the impairment of whole
body glucose uptake characteristic to this disease (37). In addition,
selective inhibition of GSK-3� by lithium chloride represses the
expression of g6pase and pepck in rat hepatoma cells (38), both
known targets of FoxO (9, 10). Taken together, these observations
suggest that some of the metabolic effects of GSK-3� are achieved
by directly modulating dFoxO activity.

An interesting dFoxO regulator is Polo-like kinase. Polo-like
kinases (Plks) are known regulators of cell cycle progression (39).
In addition, Plks have a role in the protection against cellular stress
through the transcription factor HSF1 (40). Recently it was pro-
posed that an intricate tradeoff between lifespan and cancer results

from opposing effects of enzymes regulating FoxO and p53 activity
(41). Plks are known to inhibit p53 transcriptional activity (42), so
our results raise the possibility that Plks mediate the common but
opposing regulators of p53 and FoxO. Interestingly, FoxOs are
necessary in the completion of the cell cycle, which is partly
mediated by cell cycle dependent activation of Plk expression by
FOXO3a (22). Our results show that Drosophila dFoxO is regulated
by Polo, suggesting the existence of a positive feedback mechanism
that has a role in achieving periodic M-phase gene expression and
proper cell cycle exit.

dFoxO localization was affected by eight modulators; however,
band shifts demonstrated that none of these proteins phosphory-
lated dFoxO in the three conserved Ser/Thr amino acids known to
regulate nuclear/cytoplasmic status through AKT (6). This obser-
vation raises the possibility that some of the newly identified dFoxO
regulators could affect dFoxO nuclear/cytoplasmic localization by
phosphorylating dFoxO in additional residues that do not alter its
electrophoretic mobility, or that dFoxO regulation by these proteins
is indirect. Further studies will be needed to clarify this point.

In summary, we have identified 21 dFoxO modulators. Our
results underscore the complexity underlying dFoxO regulation and
establish dFoxO as a transcription factor controlled exquisitely by
an intricate network of kinases and phosphatases achieving a
perfect balance of activity. This balance ensures the correct exe-
cution of key cellular processes in metabolism, response to stress,
and life span.

Materials and Methods
Plasmid Constructs. We used the following plasmid constructs: pMt-dFoxO
WT-V5 (6), pGL3-dInR (6), and pGL-InRprom (11). Clone GH03188 containing
full-length PKC53E was cloned into pMtV5-HisA (Invitrogen). The V5 tag was
replaced to HA by PCR. pGL3–4xFRE-EGFP plasmid was produced by subcloning

Fig. 4. PKC� and DGK�2 regulate FOXO3a activity in mammalian cells. (A) FOXO3a activity and protein levels are reduced in PKC� knockout (lane 3). Lane 4,
GFP control. (B) PKC� knockdown efficiency. (C) Coexpression of DGK�2 with FOXO3a in HEK293 cells (lanes 1–3) and HEPA1–6 cells (lanes 4–6). Luciferase activity
is measured with a human InR luciferase reporter.
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the EGFP ORF into the pGL3–4xFRE vector (6). The RFP ORF was cloned into the
pMtV5-HisA giving the pMt-RFP-V5 vector. To construct the pcDNA-FOXO3a-V5
plasmid human FOXO3a was amplified by PCR and ligated to pcDNA-V5-His
(Invitrogen). All constructs were confirmed by sequencing. The plasmids express-
ing the mammalian kinases are identified in Table S2.

Cell Culture, RNAi, and Transfection. Drosophila S2 cells were maintained,
treated with dsRNA, and transfected in M3 medium (Sigma) supplemented with
insect medium supplement (Sigma), 2% FBS, penicillin, and streptomycin. We
used5 �g/mlhumaninsulin,20 �MMG-132,and20mMNH4Cl.ThedsRNAlibrary
of kinases and phosphatases was constructed according to the list of genes
provided in ref. 23. Primer sequences used to produce the dsRNA molecules are
available upon request. A T7 promoter sequence was added and in vitro tran-
scription was performed with T7 Megascript (Ambion). In the secondary screen,
before the dsRNA treatment, cells were diluted to 1 � 107/ml. One hundred
microliters of the suspension was mixed with 10 �g of the dsRNA and incubated
for 30 min. Subsequently, 900 �l of fresh medium was added and the cells were
then grown for 1 extra day before transfection. S2 cell transfections were per-
formed with Effectene transfection reagent (Qiagen). After 5 h, 600 �M CuSO4

was added. The cells were grown further for 48 h, and luciferase activity was
measured (Promega). Luciferase values were normalized to the total protein
content of the lysates measured by Bradford reagent (Bio-Rad). Human embry-
onic kidney cells (HEK293) or mouse hepatoma cells (HEPA1–6) were transfected
with Fugene HD reagent (Roche) and 100 ng of each expression plasmid and 50
ng of reporter plasmid per well. Three days after transfection, luciferase activity
was measured. For RNAi experiments, plasmids expressing 29-mer hairpin RNAs
(HuSH; Origene) were transfected as described above. The antibodies used in this
study were anti-Akt, anti-Aktser505 (Cell Signaling Technology), anti-�-tubulin
(Sigma), anti-V5 (Invitrogen), anti-HA (Covance Research Products), anti-FLAG
(Sigma), or anti-dFoxO (6). The secondary antibodies were anti-mouse-HRP,
anti-rabbit-HRP (Upstate Biotechnology), or anti-mouse Alexa Fluor 488
(Invitrogen).

High-Throughput Microscopy. Cells were attached to 0.5 mg/ml Concavalin A (in
dH2O)-treated optical Packard 96-well view plates, fixed with 3.7% formalde-

hydeandscannedfortheirEGFPandRFPintensity,usingaCellomicsArrayscan4.5
system. In localizationstudies, thecellswerestainedwithanti-V5(Invitrogen)and
secondary anti-mouse Alexa Fluor 488 (Invitrogen) and stained by DAPI. The cells
were identified by DAPI and the intensity of nuclear and cytoplasmic Alexa Fluor
488 was measured from 5,000–10,000 cells, depending on the cell density and
transfection efficiency of the given treatment. The exact programs used by the
Cellomics Arrayscan microscope are available upon request.

Western Blot, Determination of dFoxO Protein Levels, and Quantitative RT-PCR.
The cell lysates used for the luciferase measurements were run on 8% SDS/PAGE
andblottedagainstanti-V5(Invitrogen)fortransfecteddFoxOandanti-�-tubulin
(Sigma) followed by secondary anti-mouse-HRP (Upstate). The band intensities
were quantified by the Las-3000 CCD camera (Fujifilm). The relative abundance
of the transfected dFoxO was obtained by dividing the dFoxO intensity by the
Tubulin intensity. Measurements were done in triplicate. Quantitative RT-PCR
was done with total RNA isolated from cells by RNeasy RNA extraction kit
(Qiagen), treated with DNaseI (Promega) and converted to cDNA by M-MuLV
reverse transcriptase (Fermentas). Quantification was performed using the SYBR
green methodology in the ABI Prism 7000 sequence detection platform (Applied
Biosystems). The results were analyzed by the comparative CT method and
normalized to Drosophila actin or human �-actin genes. All of the qPCR primers
are available on request. Statistical significance for all studies was calculated by
Student’s t test. All of the experiments were done in triplicate, and error bars
represent SD.
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