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ABSTRACT Forkhead transcription factors (FOXOs) alter a diverse array of cellular processes 
including the cell cycle, oxidative stress resistance, and aging. Insulin/Akt activation directs 
phosphorylation and cytoplasmic sequestration of FOXO away from its target genes and 
serves as an endpoint of a complex signaling network. Using a human genome small interfer-
ing RNA (siRNA) library in a cell-based assay, we identified an extensive network of proteins 
involved in nuclear export, focal adhesion, and mitochondrial respiration not previously impli-
cated in FOXO localization. Furthermore, a detailed examination of mitochondrial factors 
revealed that loss of uncoupling protein 5 (UCP5) modifies the energy balance and increases 
free radicals through up-regulation of uncoupling protein 3 (UCP3). The increased superoxide 
content induces c-Jun N-terminal kinase 1 (JNK1) kinase activity, which in turn affects FOXO 
localization through a compensatory dephosphorylation of Akt. The resulting nuclear FOXO 
increases expression of target genes, including mitochondrial superoxide dismutase. By con-
necting free radical defense and mitochondrial uncoupling to Akt/FOXO signaling, these re-
sults have implications in obesity and type 2 diabetes development and the potential for 
therapeutic intervention.

INTRODUCTION
The three Akt isoforms in mammalian cells function in cell growth, 
development, cell cycle, cell attachment, and migration by inte-

grating multiple signals in normal and cancerous cells (Los et al., 
2009). For example, Akt activation is central for repression of tu-
berous sclerosis complex and mammalian target of rapamycin 
complex 1 (mTORC1) in order to up-regulate ribosomal S6 kinase 
and protein translation (Tee et al., 2003). During glycolysis, Akt 
activity is vital for glucose uptake and is an essential part of the 
skeletal muscle response to calorie restriction (McCurdy and Car-
tee, 2005; Sakamoto et al., 2006). Additionally, anomalous Akt 
signaling is implicated in the development and progression of 
diabetes (Kim and Chung, 2002). Therefore extensive under-
standing of the Akt signaling network will lead to improved clari-
fication of diabetes and cancer development.

The Forkhead transcription factor (FOXO) is a key downstream 
effector of Akt action. In many cases, FOXO continuously shuttles 
between the nucleus and the cytoplasm. In response to direct Akt 
phosphorylation, FOXO is rapidly escorted out of the nucleus 
through binding to the nuclear export receptor exportin-1 (XPO1). 
In the cytoplasm, FOXO is sequestered away from its target genes 
that are involved in stress response and apoptosis (Burgering and 
Medema, 2003; Greer and Brunet, 2005; Carter and Brunet, 2007). 
Inhibition of Akt signaling leads to nuclear FOXO and an increase in 
its gene regulatory function. As a result, FOXO localization serves as 
an informative endpoint of the Akt signaling network.
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tion analysis, knockdown of Akt activators PDK1, Rictor, and SIN1, as 
well as XPO1, led to an increase in nuclear localization of FOXO1a 
(Figure 1, B, D, and E). Surprisingly, reduction of Akt1, p85α (phos-
phatidylinositol-3 kinase [PI3K] regulatory subunit), and mTOR did 
not significantly change FOXO1a localization.

Since Akt1 silencing had no effect on FOXO1a localization, we 
asked whether Akt2 and/or Akt3 could regulate FOXO1a and 
thereby compensate for the loss of Akt1 function. Previous studies 
have shown that Akt2 directs FOXO1a phosphorylation and tran-
scriptional activity in cardiomyocytes (DeBosch et al., 2006), yet the 
functional contribution of all three Akt isoforms to FOXO1a localiza-
tion has not been examined. We depleted Akt gene expression by 
RNAi individually and in combination. Using real-time PCR, we vali-
dated that Akt siRNA knockdowns were specific for each targeted 
isoform (Figure S3). Akt2 and Akt3 knockdowns had a small but sta-
tistically significant effect on FOXO1a nuclear localization as com-
pared to Akt1 knockdown (Figure 1, F and G). Although knockdown 
of different isoform combinations demonstrated that Akt2/3 silenc-
ing had a substantial effect on FOXO1a, reduction of all three iso-
forms was the strongest inducer of FOXO1a nuclear localization.

High-throughput screening reveals new effectors 
of FOXO1a localization
Using FOXO1a nuclear localization as a readout, we examined how 
silencing genes from the entire human genome influenced FOXO1a 
localization. Figure 2A schematizes our screen of a human genome 
siRNA library to determine a more complete set of genes that regu-
late FOXO1a nuclear localization. The siRNA library contained a 
nonrandomly arrayed set of 21,121 SMARTpools (four unique du-
plexes; EMD Millipore, Billerica, MA) corresponding to genes and 
open reading frames from the entire human genome. We performed 
the assay in 384-well plates in triplicate. After 4 d of siRNA incuba-
tion, cells were collected, fixed, and stained with 4′,6-diamidino-2-
phenylindole (DAPI). GFP and DAPI images were examined by au-
tomated nuclear translocation analysis.

A support vector machine (SVM) model was developed to deter-
mine a list of siRNAs for follow-up validation (see Materials and 
Methods) (Birmingham et al., 2009). The SVM method of assigning 
hits took into account the positive (XPO1) and negative (scrambled 
siRNA) controls and determined a probability strength (magnitude) 
and confidence (reproducibility) score for each control (Figure S4A). 
The individual screen siRNAs were then assigned strength and con-
fidence probability values based on the controls. Using an empiri-
cally determined false discovery rate of 5%, the strength and confi-
dence cutoff probabilities (%) were set at 20% and 6.4%, respectively 
(Figure 2B, purple area). High confidence and strength scores re-
sulted in a list of 574 genes that, when siRNA-silenced, led to 
FOXO1a nuclear localization (Table S1). The individual images of 
positive wells were examined by eye to eliminate obvious false pos-
itives. This culled the list to 396 genes for validation screening (Fig-
ure 2C and Table S1). Systematic analysis of primary hits revealed 
functional enrichment of factors from the proteasome complex, spli-
ceosome, electron transport chain (ETC), protein transport, RNA 
polymerase II, and the ribosome (Figure 2D).

Validation of hits was determined using the four individual siRNA 
duplexes from the deconvolved SMARTpools in the previously de-
scribed 384-well assay. This validation screening resulted in confir-
mation of 209 siRNA-targeted genes from the primary screen, with 
at least one out of four duplexes being positive (Figure 2C and Table 
S2). A more stringent cutoff resulted in 90 siRNA-targeted genes 
confirming at least two out of four duplexes (Figure 2C). When the 
primary and validation screens were compared, there was a strong 

Among the more than 100 members of the forkhead/winged he-
lix transcription factor family, FOXOs are the only members under 
control of Akt signaling (Barthel et al., 2005; Carter and Brunet, 
2007). While there are four FOXO paralogues in mammals (FOXO1a, 
-3a, -4 and -6), FOXO1a is the only embryonically lethal member in 
knockout mice (Greer and Brunet, 2005). Upon Akt signal repres-
sion, nuclear FOXO binds to promoters containing insulin response 
elements and directs the transcription of genes involved in metabo-
lism (G6P, PEPCK), detoxification (SOD2, catalase), cell cycle arrest 
(p21Cip1, p27Kip1, cyclin G2), and apoptosis (FasL, BIM-1, Chop; Guo 
et al., 1999; Ramaswamy et al., 2002; Greer and Brunet, 2005; 
Martinez et al., 2006; Oliveira et al., 2009; Onuma et al., 2006;). 
Ultimately, the precise nature of FOXO gene regulation depends 
on the cell or tissue type and growth conditions.

In this study, we utilized the cytoplasmic-to-nuclear enhanced 
green fluorescent protein (EGFP)-FOXO1a reporter-based system 
to elucidate the hierarchical network centered on Akt activity. 
Through siRNA-mediated silencing, we identified components of 
cell adhesion, the nuclear pore, and the mitochondria that were not 
previously implicated in FOXO1a nuclear localization. Categoriza-
tion of these complexes revealed that silencing of a subset of trans-
lation factors was indicative of general nuclear export aberrations, 
whereas loss of focal adhesion and mitochondrial factors was spe-
cific to FOXO1a localization. Furthermore, we demonstrated that 
reduction of the mitochondrial uncoupling protein 5 (UCP5) leads to 
mitochondrial dysfunction, superoxide increase, and FOXO1a acti-
vation through the induction of c-Jun N-terminal kinase 1 (JNK1). 
Taken together, these results revealed a cellular network encom-
passing FOXO localization and activity that is paramount to under-
standing Akt’s function in adhesion, metabolism, and stress re-
sponse.

RESULTS
Establishment of a system for high-throughput analysis 
of FOXO1a localization
Since nuclear localization is essential for FOXO transcriptional acti-
vation, a visual assay evaluating nuclear inclusion of a GFP-tagged 
FOXO1a in U2OS cells was developed. We generated a cell line 
that stably expresses V5-tagged EGFP-FOXO1a (FOXO1a) confirm-
ing expression through Western blot analysis (Supplemental Figure 
S1A) and fluorescence microscopy (Figure 1A). These cells have nor-
mal expression of the insulin signaling pathway and respond to se-
rum stimulation (Figure S1B). Under normal growth conditions, 
FOXO1a was phosphorylated and cytoplasmic (Figure 1, A and B). 
Initially, we blocked nuclear export using leptomycin B (LMB), an 
exportin-1 inhibitor, and found FOXO1a retained in the nucleus 
(Figure 1, A and B). By blocking the Akt signaling pathway with an 
Akt inhibitor (Akti-1/2) (DeFeo-Jones et al., 2005) or PI3K inhibitors 
(wortmannin and ZSTK474), we inhibited phosphorylation of 
FOXO1a, which led to its nuclear accumulation (Figure 1, A and B, 
and unpublished data). Through development of an automated 
nuclear translocation analysis (see Materials and Methods), we de-
termined that all inhibitors caused a substantial fold increase in the 
number of cells with nuclear FOXO1a when compared to dimethyl 
sulfoxide (DMSO) -treated or -untreated cells (Figure 1C). With these 
results, we confirmed that FOXO1a stable expression in U2OS cells 
responded to changes in the Akt and nuclear export pathways.

To show efficacy of small interfering RNA (siRNA) knockdown in 
the FOXO1a nuclear translocation assay, we used interfering RNA 
(RNAi) to silence candidate genes from the Akt and nuclear export 
pathways (Figure 1B). We confirmed that these target proteins were 
depleted by RNAi (Figure S2). Using automated nuclear transloca-



Volume 22 May 15, 2011 RNAi links uncoupling protein 5 to Akt | 1793 

FIGURE 1: Knockdown of the Akt signaling pathway using small molecules and RNAi localizes FOXO1a to the nucleus 
in U2OS cells. (A) Microscope images of U2OS EGFP-FOXO1a cells taken after treatment with labeled small molecule 
for 24 h. GFP images represent EGFP-FOXO1a expression and DAPI represents nuclear DNA. Scale bar: 20 μm. 
(B) Simplified model showing specific proteins in Akt signaling pathway that were inhibited by small molecules or 
targeted for siRNA knockdown (X). p85α is a regulatory subunit of PI3K, which converts phosphatidylinositol 
4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3). PIP3 recruits Akt and phosphoinositide-
dependent protein kinase (PDK1) to the plasma membrane, where PDK1 and mTORC2 (mTOR/SIN1/Rictor/Gβl) activate 
Akt. Akt localizes to the nucleus and phosphorylates FOXO, leading to its nuclear export by exportin-1 (XPO1). 
Wortmannin (Wort) and ZSTK474 (ZSTK) block the activation of PI3K, deactivating Akt. Akti-1/2 (Akti) blocks Akt 
activation directly. LMB alkylates and directly inhibits XPO1. (C) Automated counting of cells using nuclear translocation 
analysis (see Materials and Methods). About 1000 cells were counted for each well, with eight wells (of 96 wells) 
counted for each treatment. GFP nuclei/total number of cells (%) was used to calculate fold increase of cells with GFP 
nuclei when compared to DMSO treatment. Student’s t test was used to compare test to control siRNAs (*p < 0.05). 
(D) Microscope images of U2OS EGFP-FOXO1a after siRNA knockdown. Arrows are representative cells with nuclear 
EGFP-FOXO1a. Scale bar: 20 μm. (E) The nuclear translocation analysis was used on four wells of each siRNA pool in a 
96-well plate to determine fold increase in cells with nuclear EGFP-FOXO1a when compared to nontargeting siRNA 
cells (siControl). (F) Microscope images of EGFP-FOXO1a after siRNA knockdown. Arrows represent nuclear EGFP-
FOXO1a cells. Scale bar: 20 μm. (F) Nuclear translocation analysis used in six wells of each siRNA pool in a 96-well plate 
to determine fold increase in cells with nuclear EGFP-FOXO1a when compared to nontargeting siRNA cells (siControl). 
Student’s t test was used to compare test to control siRNAs (*p < 0.05) (see also Figures S1–S3).
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FIGURE 2: High-throughput screening determines regulators of FOXO1 nuclear localization. (A) Schematic of the 
384-well plate format screened in U2OS EGFP-FOXO1a and Rev-GFP cells. (B) False discovery thresholds for each 
model (horizontal and vertical dashed lines) were used to identify strong hits (purple) and weak hits (blue), as well as 
potential hits that would have been misclassified due to confidence model overfitting (pink). (C) A Venn diagram of hits 
from primary (dark blue) and validation screens (≥ 1/4 duplexes, light blue; ≥ 2/4 duplexes, green). Projection is 
functional analysis of two or more out of four duplexes from the validation screen tested in Rev-GFP cells. The DAVID 
database (http://david.abcc.ncifcrf.gov/) was used to group related categories and eliminate redundancy. This group’s 
categories are specific to EGFP-FOXO1a nuclear localization (dark green) and those present in both screens (light 
green). Negative log p-values are present in parentheses. (D) Functional analysis using the primary and validation list 
from Tables S1 and S2 (see also Figure S4).
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RNAi (Figure 3, A and B). Because much of our focus is on UCP5, we 
demonstrated that stably expressed flag-tagged siRNA duplex-in-
sensitive but not wild-type UCP5 rescued Akt phosphorylation after 
knockdown of endogenous UCP5 demonstrating RNAi specificity in 
U2OS EGFP-FOXO1a cells (Figure 3C).

Uncoupling proteins are involved in disengagement of the (ETC) 
from ATP synthase, allowing for proton transport across the inner 
mitochondrial membrane without ATP production (Krauss et al., 
2005). Despite UCP5 studies showing mammalian expression is in-
fluenced by H2O2 and insulin, which uncouple mitochondria with 
some neuroprotective properties, UCP5’s functional importance is 
still largely unknown (Ho et al., 2006; Santandreu et al., 2009; 
Yonezawa et al., 2009; Kwok et al., 2010). By using Ingenuity Path-
way Analysis software (Ingenuity Systems, Redwood City, CA), which 
utilized published data to create a network interaction map, we high-
lighted that UCP5 mRNA expression was connected to transforming 
growth factor-β (TGF-β) and tangentially to nuclear import/export 
proteins KPNB1 and XPO1 (Figure 4A). Considering TGF-β involve-
ment in apoptosis induction and differentiation (Moses et al., 1990; 
Moses and Serra, 1996), this network suggested that increased UCP5 
mRNA expression may be an important effector of these processes.

Previous work has shown that uncoupling proteins influence the 
ATP:ADP ratios through uncoupling of the ETC from ATP synthesis 
(Krauss et al., 2005; Dietrich and Horvath, 2010). We found reduc-
tion of UCP5 led to a 23% increase in the ATP:ADP ratio (Figure 4B). 
There are two possibilities that could lead to a change in this ratio: 
1) the loss of mitochondrial membrane uncoupling increases ATP 
production in order to prevent backup of the ETC, or 2) ADP levels 
are reduced by adenylate kinase activity due to a loss of ATP pro-
duction. Both of these conditions are directly linked to proton trans-
port across the mitochondrial inner membrane (mitochondrial mem-
brane potential [MMP]). To examine MMP in cells treated with 
siRNA, we used tetramethylrhodamine, ethyl ester perchlorate 
(TMRE). TMRE stains active mitochondria with polarized inner mem-
branes. With the depletion of UCP5 and the increase in the ATP:ADP 
ratio, we expected the membrane potential to increase. Instead, we 
found that MMP decreased in the majority of cells treated with UCP5 
siRNA (Figure 4C). Microscopy confirmed the results seen with flow 
cytometry (Figure 4, D and E).

We explored ways in which reduced UCP5 may be connected to 
decreased membrane potential. The simplest explanation could be 
a change in one of the other uncoupling proteins, which would influ-
ence MMP. Examination of real-time PCR of all UCP genes revealed 
that UCP3 expression increased following UCP5 reduction (Figure 
4F). This result would explain the decreased TMRE incorporation.

There are previous studies showing that UCPs change the MMP 
and influence reactive oxygen species (ROS) production (Dietrich 
and Horvath, 2010). We measured ROS production using 5-(and-6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester 
(DCF-DA) in flow cytometry. We showed that loss of UCP5 increased 
DCF-DA oxidation corresponding to increased ROS (Figure 4G). 
Treatment of the cells with H2O2 increased DCF-DA oxidation in all 
cases, which accentuated the effect seen with siRNA to UCP5. We 
observed an increase in SOD2 mRNA as a result of ROS production 
(Figure 4H). Nuclear FOXO has been shown to control the expression 
of mitochondria superoxide dismutase (SOD2), indicating a possible 
connection to FOXO (Nakae et al., 2008; Rodriguez et al., 2010).

Induction of UCP3 expression after UCP5 reduction alters 
activity of Akt and localization of FOXO1a through JNK1
We investigated whether UCP3 expression is responsible for MMP 
reduction and the ROS increase observed after UCP5 reduction. We 

correlation between primary (both strength and confidence) and 
validation screen scores using SVM (Figure S4B). In addition, func-
tional enrichments for the proteasome, splicesome, ribosome, and 
nuclear proteins remained after the validation screen removed weak 
primary hits (Figure 2D, green and light blue). Despite validation of 
some factors from the ETC and protein transport, these functional 
categories were no longer significant (Figure 2D).

Effectors of general nuclear export
To distinguish FOXO1a-specific regulation from general effects of 
nuclear export, we examined the FOXO1a-validated genes in U2OS 
cells expressing an HIV Rev-GFP fusion protein (Rev-GFP) using the 
same 384-well and SVM assays. HIV Rev has been shown to un-
dergo XPO1-dependent nuclear export similar to FOXO1a (Wolff 
et al., 1997; Kau et al., 2003). We confirmed that 26 out of 90 (≥ 2/4 
duplexes) hits influenced localization of both reporters (Figure 2C 
and Table S3). In addition, we found functional enrichment of ribo-
somes, ribonucleoprotein complexes, and armadillo-like helical do-
main proteins influenced both reporters, while the proteasome, 
spliceosome, and nuclear proteins remained specific to FOXO1a 
localization (Figure 2C and Table 1).

Factors that affect the Akt signaling network
Further examination of the siRNA screen results revealed an inter-
esting set of uncharacterized factors that regulate FOXO1a localiza-
tion (Table 1) that included tetraspanin 9 (TSPAN9), a novel RNA/
DNA-binding protein (SON), uncoupling protein 5 (UCP5), and a 
glutamine transporter (SNAT3). Tetraspanins and integrin signaling 
have been connected to focal adhesion, Akt signaling, and FOXO 
localization (Protty et al., 2009; Zhang et al., 2009; Zoller, 2009; 
Aldaye et al., 2010). TSPAN9, together with other genes from the 
siRNA screen such as integrin αV (ITGA) and talin 1 (TLN1) revealed 
a network of genes linked to focal adhesions that specifically affect 
FOXO1a localization (Figure S5).

To determine whether the factors that regulate FOXO1a localiza-
tion played a direct role in Akt signaling, we examined the phospho-
rylation state of Akt. Using two different siRNA duplexes per gene, 
we found that treatment of cells with all of the corresponding siR-
NAs, with the exception of TSPAN9, reduced the phosphorylation of 
Akt (Figure 3, A and B). Very few functional data are available on 
SON or SNAT3. SON has been associated with acute myeloid leuke-
mia (AML) through antiapoptotic activity and may be a target of Akt 
activation (Ahn et al., 2008). We found that loss of the RNA/DNA-
binding protein SON reduces phosphorylation of Akt while increas-
ing ribosomal protein S6 (RPS6) phosphorylation (Figure 3A). These 
results suggest that the depletion of SON activity may induce growth 
arrest and apoptosis through reduction of Akt phosphorylation and 
nuclear localization of FOXO. SNAT3 is a glutamine transporter that 
has been shown to be phosphorylated by Akt (Boehmer et al., 2003). 
Its expression in islets of Langerhans indicates a possible coregula-
tion of glutamine and insulin release (Gammelsaeter et al., 2009). 
Glutamine regulation is also essential for uptake of other amino acids 
and has been shown to be an important energy source (Bode, 2001). 
We showed that reduction of SNAT3 decreases Akt and RPS6 phos-
phorylation. Considering that mTOR is important for amino acid 
sensing (Kim, 2009), loss of SNAT3 and glutamine transport could 
influence Akt phosphorylation through the mTOR feedback loops.

Reduction of UCP5 affects mitochondrial membrane 
potential and ATP production
Uncoupling protein 5 (UCP5) was the most intriguing gene that we 
discovered to diminish Akt phosphorylation when reduced through 
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Gene IDa Entreza Descriptionb Functional categoryc

HAS1 3036 Hyaluronan synthase 1 Cell adhesion

ISLR 3671 Immunoglobulin superfamily containing leucine-rich repeat protein precursor Cell adhesion

ITGAV 3685 Integrin alpha-V Cell adhesion

KRT82 3888 Keratin, type II articular Hb2 Cell adhesion

MFAP1 4236 Microfibrillar-associated protein 1 Cell adhesion

MFAP2 4237 Microfibrillar-associated protein 2 Cell adhesion

NLGN2 57555 Neuroligin-2 precursor Cell adhesion

NUDT3 11165 Diphosphoinositol polyphosphate phosphohydrolase 1 Cell adhesion

SON 6651 SON protein Cell adhesion

TLN1 7094 Talin-1 Cell adhesion

FSPAN9 83441 Tetraspanin 9 Cell adhesion

CDK1 983 Cyclin-dependent kinase 1 Cell cycle

TTK 7272 Dual specificity protein kinase TTK Cell cycle

KERA 11081 Keratan sulfate proteoglycan keratocan Cytoskeleton

FACC3 10460 Transforming acidic coiled-coil-containing protein 3 Cytoskeleton

TNP2 7142 Nuclear transition protein 2 Differentiation

THUMPD2 80745 THUMP domain-containing protein 2 DNA

XAB2 56949 Pre-mRNA–splicing factor SYF1; XPA-binding protein 2 DNA

SNAT3 10991 Solute carrier family 38, member 3 Glutamate metabolism

CHMP2A 27243 Charged multivesicular body protein 2a Golgi

COPA 1314 Coatomer subunit alpha Golgi

GGA1 26088 ADP-ribosylation factor-binding protein Golgi

SACM1L 22908 Phosphatidylinositide phosphatase SAC1 (suppressor of actin mutations 1-like 
protein)

Golgi

AGFG2 3268 Arf-GAP domain and FG repeats-containing protein 2 G-proteins

TBC1D29 26083 Putative TBC1 domain family member 29 G-proteins

AKR1CL1 340811 Aldo-keto reductase family 1, member C-like 1 Mitochondria

UCP5 9016 Mitochondrial uncoupling protein 5 (SLC25A14) Mitochondria

NUP205 23165 Nuclear pore complex protein 205 Nuclear export

PSMA2 5683 Proteasome subunit alpha type-2 Proteasome

PSMA3 5684 Proteasome subunit alpha type-3 Proteasome

PSMA4 5685 Proteasome subunit alpha type-4 Proteasome

PSMA5 5686 Proteasome subunit alpha type-5 Proteasome

PSMB1 5689 Proteasome subunit beta type-1 precursor Proteasome

PSMB2 5690 Proteasome subunit beta type-2 Proteasome

PSMC2 5701 26S protease regulatory subunit 7 Proteasome

PSMC4 5704 26S protease regulatory subunit 6B Proteasome

PSMC6 5706 26S protease regulatory subunit S10B Proteasome

PSMD12 5718 26S proteasome non-ATPase regulatory subunit 12 Proteasome

PSMD14 10213 26S proteasome non-ATPase regulatory subunit 14 Proteasome

PSMD2 5708 26S proteasome non-ATPase regulatory subunit 2 Proteasome

PSMD6 9861 26S proteasome non-ATPase regulatory subunit 6 Proteasome

PSMD7 5713 26S proteasome non-ATPase regulatory subunit 7 Proteasome

PSMD8 5714 26S proteasome non-ATPase regulatory subunit 8 Proteasome

TABLE 1: Categorized list of genes when siRNA-silencing leads to nuclear localization of FOXOIa.
 (Continues)
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combination with UCP5 knockdown. We observed a recovery of Akt 
phosphorylation after the combinatorial reduction of both UCP5 
and JNK1 when compared to UCP5 knockdown alone (Figure 5F). 
There was only a slight change in FOXO1a phosphorylation after 
JNK1 RNAi. However, we identified cytoplasmic FOXO1a localiza-
tion post-JNK1 and UCP5 coreduction consistent with an increase in 
Akt phosphorylation (Figure 5, F and G).

DISCUSSION
By exploiting FOXO1a’s distinct localization in a high-throughput 
siRNA screen of the human genome, we discovered that knocking 
down a subset of components of focal adhesions, the nuclear pore 
complex, translation machinery, and the mitochondria resulted in 
nuclear accumulation of FOXO1a. Further analysis revealed that si-
lencing a subset of translation factors affected general nuclear ex-
port, whereas losses of focal adhesion and mitochondrial compo-
nents were specific FOXO1a effectors (Table 1). The most intriguing 
result was that the loss of UCP5 connects mitochondria to the Akt/
FOXO1a signaling network through ROS and JNK1 (Figure 6).

Depletion of UCP5 affects Akt signaling and the 
mitochondria through UCP3 and JNK1
UCP1 was discovered to be important in thermal regulation in brown 
fat (Krauss et al., 2005). In contrast, the other UCPs are more widely 
expressed and at present are not implicated in thermal regulation. 
Along with uncoupling mitochondrial oxidative phosphorylation, 
they are thought to be involved in β-oxidation through direct trans-
port of fatty acids across the mitochondrial membrane (Krauss et al., 

reduced UCP3 using siRNA SMARTpool in combination with UCP5 
siRNA duplex and measured TMRE and DCF-DA. Reduction of 
UCP3 resulted in a slight increase in TMRE incorporation when com-
pared to control siRNA (Figure 5A, dark blue vs. red lines). Knock-
down of both UCP3 and UCP5 brought the membrane potential 
back to control levels (Figure 5A, light blue vs. dark blue lines). These 
data were confirmed by real-time PCR expression analysis of UCP3 
(Figure 5B). There was also a reduction in SOD2 expression, sug-
gesting a reduction in ROS production and nuclear FOXO1a. Ex-
amination of DCF-DA confirmed that reduction of UCP3 alone and 
in combination with UCP5 reduced ROS production to control levels 
well below siRNA silencing of UCP5 alone (Figure 5C). These data 
confirm that induced expression of UCP3 after UCP5 loss leads to a 
decrease in membrane potential and increased ROS production.

We examined the phosphorylation status of Akt and FOXO1a 
localization after RNAi knockdown of UCP3 and UCP5. We con-
firmed a reduction in Akt phosphorylation after UCP5 knockdown 
that was recovered with the coablation of UCP5 and UCP3 by RNAi 
(Figure 5D). These data corresponded with localization of FOXO1a; 
knockdown of UCP5 and UCP3 together rescued the localization 
phenotype observed with siRNA of UCP5 alone (Figure 5E).

Changes in the ATP:ADP ratio, ROS production, and MMP after 
UCP5 reduction all suggested aberrations of the ETC . Perturbation 
of ETC function and ROS production pointed to a stress-induced 
response through JNK. JNK has been connected to Akt and FOXO 
in multiple instances (Lee et al., 2003; Sunayama et al., 2005; Vogt 
et al., 2005; Shao et al., 2006). To evaluate the level of JNK involve-
ment, we treated cells with JNK1 SMARTpool siRNA alone and in 

Gene IDa Entreza Descriptionb Functional categoryc

UBC 7316 Ubiquitin Proteasome

HSP90AA2 3324 Heat shock protein 90-kDa alpha, class A member 2 Protein folding

RPL11 6135 60S ribosomal protein L1 1 Ribosome

AQR 9716 Intron-binding protein aquarius Splicing

CWC22 57703 Pre-mRNA–splicing factor CWC22 homologue Splicing

EFTUD2 9343 116 kDa U5 small nuclear ribonucleoprotein component Splicing

HNRNPC 3183 Heterogeneous nuclear ribonucleoproteins C1/C2 Splicing

POP1 10940 Ribonucleases P/MRP protein subunit POP1 Splicing

RBM8A 9939 RNA-binding protein 8A Splicing

SF3B2 10992 Splicing factor 3B subunit 2 Splicing

SF3B5 83443 Splicing factor 3B subunit 5 Splicing

SFRS3 6428 Splicing factor, arginine/serine-rich 3 Splicing

SMU1 55234 WD40 repeat-containing protein Splicing

SNRNP200 23020 US small nuclear ribonucleoprotein 200-kDa helicase Splicing

SNRPD2 6633 Small nuclear ribonucleoprotein Sm D2 Splicing

U2AF2 11338 Splicing factor U2AF 65-kDa subunit Splicing

USP39 10713 U4/U6.U5 tri-snRNP-associated protein 2 Splicing

POLR2E 5434 DNA-directed RNA polymerases I, II, and III subunit RPABC1 Transcription

POLR2I 5438 DNA-directed RNA polymerase II subunit RPB9 Transcription

KIAA0907 22889 UPF0469 protein KIAA0907 Unknown

KIAA1466 57612 KIAA1 466 gene Unknown
a Entrez identification and number.
b General gene description from NCBI.
c The major functional category associated with each gene.

TABLE 1: Categorized list of genes when siRNA-silencing leads to nuclear localization of FOXOIa. (Continued)
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FIGURE 3: Knockdown of novel components influence the Akt signaling network. (A) U2OS cells expressing EGFP-
FOXO1a were treated with 40 nM of the indicated siRNA duplex (TSPAN9, 5′-GCAAAAGCCUAGUGCAUUG-3′ and 
5′-UGGGUUGGGUGGCGAUUAU-3′; ITGAV, 5′-CCAUGUAGAUCACAAGAUA-3′ and 5′- CGACAAAGCUGAAUGG-
AUU-3′; SON, 5′- CAAUGUCAGUGGAGUAUCA-3′ and 5′-GAUACAGAACUACGAUAUA-3′; UCP5, 5′-UGCCAUC-
GUUGUAGGAGUA-3′ and 5′-GGAAUGAUGGGCGAUACAA-3′; SNAT3, 5′-AGAAGGAGCCUGCAAGAUC-3′ and 
5′-GGUCAUCGGUGCCACAUCU-3′). The lysates were then subjected to SDS–PAGE and Western blot analysis. The 
antibodies used are labeled to right of each blot. (B) Densitometry analysis of P-S473-Akt over total Akt from part (A). 
Statistics were calculated for multiple experiments (n = 4). Student’s t test was performed for comparison of test to 
control siRNAs (*p < 0.05). (C) RNAi for UCP5 and scrambled control were performed in cells stably expressing pcDNA, 
Flag-UCP5, or Flag-UCP5-siRNA–insensitive mutant (Flag-UCP5-siMut). Cell lysates were blotted with the antibodies 
labeled next to each blot. Densitometry for P-S473-Akt was normalized to GAPDH and total Akt. Student’s t test was 
used to compare test to control siRNAs for each transfection set (* P < 0.01; see also Figure S5).
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FIGURE 4: Knockdown of UCP5 causes ROS production and changes in the mitochondria membrane potential (MMP). 
(A) Network map of validated screen hits associated with UCP5 were created using Ingenuity Pathway Analysis software 
(Ingenuity Systems);  genes not affecting FOXO1a localization;  siRNA targets affecting FOXO1a localization;  

 siRNA targets affecting FOXO1a/Rev localization. Edge relationships: — protein–protein interaction;  expression; 
 localization;  activation;  phosphorylation;  regulation of binding. (B) HPLC analysis of metabolites extract 

from U2OS EGFP-FOXO1a cells. ATP:ADP ratios were normalized to siRNA control (n = 6). Student’s t test was used to 
compare UCP5 to control siRNA (*p < 0.05). (C) Knockdown cells are stained with TMRE-labeled active mitochondria. 
TMRE was detected by flow cytometry. Log PE was recorded versus histogram percentages of 10,000 cells. 
Representative results of at least three independent experiments were used. (D) Images of U2OS EGFP-FOXO1a cells 
treated with labeled siRNA and then stained with TMRE. Knockdown of UCP5 increases uncoupling, which decreases 
TMRE incorporation. Representative results of at least three independent experiments were used. (E) Quantization of 
cells stained with TMRE from part (D). (F) Real-time PCR of UCP mRNAs from cells treated with labeled knockdown. 
Representative results of at least three independent experiments were used. Student’s t test was used to compare test 
to control siRNA (*p < 0.05). (G) U2OS cells were treated with labeled siRNA, then DCF-DA (light lines), and used for 
flow cytometry. Log FITC was recorded versus histogram percentages of 10,000 cells. Cells were additionally treated 
with H2O2 in the lower panel (light lines). Untreated cells were represented as darker lines in both panels. 
Representative results of at least three independent experiments were used. (H) Real-time PCR SOD2 mRNA from cells 
treated with labeled knockdown. Representative results of at least three independent experiments were used. Student’s 
t test was used to compare test to control siRNAs (*p < 0.05; see also Table S3).
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forced expression of human UCP2 attenuated insulin signaling, 
leading to a mild hyperglycemia and lifespan extension (Fridell 
et al., 2009). UCP3 is controlled by fasting, free fatty acids, and 
glucocorticoids (Amat et al., 2007; Rodriguez et al., 2010). 

2005). Accordingly, UCP2 expression has been shown to be stimu-
lated by free fatty acids (Rodriguez et al., 2010). Additional data 
show that UCP2 expression influences the release of insulin and glu-
cose metabolism in β-islets (Krauss et al., 2005). In Drosophila, 

FIGURE 5: UCP5 loss up-regulates UCP3 and is connected to Akt/FOXO1a through JNK1 activity. (A) U2OS EGFP-
FOXO1a cells are treated with UCP5 duplex alone, UCP3 SMARTpool, UCP3 plus UCP5, or control siRNAs for 96 h, 
then treated with TMRE for flow cytometry analysis of MMP. Log PE was recorded vs. histogram percentages of 10,000 
cells. Representative results of at least three independent experiments were used. (B) Real-time PCR of UCP isoforms 
and SOD2 mRNAs from cells treated with labeled knockdown. Representative results of at least three independent 
experiments were used. Student’s t test was used to compare test to control siRNA (*p < 0.01). (C) U2OS cells were 
treated with labeled siRNA and DCF-DA, and used for flow cytometry. Log FITC was recorded versus histogram 
percentages of 10,000 cells. Representative results of at least three independent experiments were used. (D) Western 
blot of RNAi knockdown of UCP5 and/or UCP3 compared to control siRNA. Antibody labels appear on the right. 
Representative results of at least three independent experiments were used. (E) Nuclear translocation analysis of 
EGFP-FOXO1a after siRNA knockdown of UCP3 and/or UCP5. Representative results of at least three independent 
experiments were used. Student’s t test was used to compare UCP5 siRNA to UCP3/UCP5 siRNA (*p < 0.01). 
(F) Western blot of RNAi knockdown of UCP5 and/or JNK1 compared to nontargeting control siRNA. Antibody labels 
appear on the right. Representative results of at least three independent experiments were used. (G) Nuclear 
translocation analysis of EGFP-FOXO1a after siRNA knockdown of UCP5 and/or JNK1 compared to nontargeting 
control siRNA. Representative results of at least three independent experiments were used. Student’s t test was used to 
compare UCP5 siRNA to JNK1/UCP5 siRNA (*p < 0.01).
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including superoxide dismutase (SOD2) in order to battle mito-
chondrial ROS (Figure 5B).

Our model (Figure 6) proposes that Akt signaling provides a cru-
cial response to changes in mitochondrial ETC alterations and en-
ergy output caused by UCP5 reduction. As such, the JNK1 link be-
tween mitochondria and Akt has implications in obesity, diabetes 
treatment, and lifespan (Sanchez-Blanco et al., 2006; Jia et al., 2009; 
Sabio and Davis, 2010). JNK has been shown to phosphorylate and 
alter the localization of FOXO3a directly and through the FOXO re-
pressor, 14-3-3 (Sunayama et al., 2005; Vogt et al., 2005). In mouse 
fibroblasts, JNK negatively influences insulin signaling through re-
pressive phosphorylation of IRS1 (Lee et al., 2003). In addition, 
chronic activation of JNK has been linked to insulin resistance through 
inflammation in muscle cells (Hirosumi et al., 2002; Tuncman et al., 
2006). However, acute activation has recently been demonstrated to 
reverse insulin resistance in mouse myoblasts (Berdichevsky et al., 
2010). Additionally, a study in ischemic-induced hypoxic cardiomyo-
cytes showed that JNK phosphorylates Akt, priming it for full activa-
tion by PI3K signaling (Shao et al., 2006). Previous studies, together 
with our new data, suggest that targeting of uncoupling proteins 
could potentially influence insulin signaling and glycolytic balance, 
making it a potential therapeutic target for obesity and diabetes.

Overexpression of UCP3 in skeletal muscle results in an increase in 
the ATP:ADP ratio and a decrease in mitochondrial membrane po-
tential (Garcia-Martinez et al., 2001). This leads to a switch from glu-
cose metabolism to β-oxidation and protection against fat-induced 
insulin resistance (Choi et al., 2007; Schrauwen et al., 2004). This is 
an important fact to consider, since insulin resistance is a hallmark of 
obesity and type 2 diabetes.

Here we demonstrate control of mitochondria inner membrane 
uncoupling through UCP5 reduction and a connection to Akt/
FOXO signaling (Figure 6). Under normal growth conditions, Akt-
phosphorylated FOXO is in the cytoplasm and the mitochondria 
operate properly. Stressing MMP through RNAi of UCP5 causes a 
compensatory increase in UCP3 (Figure 4F). This leads to a deple-
tion of the MMP and an increase in ROS production through the 
stressed ETC (Figure 4, C and G). The lack of ATP synthase activity 
elevates adenylate kinase activity to maintain ATP levels (Noma, 
2005). This action depletes ADP, which results in an increase in the 
ATP:ADP ratio (Figure 4B). The stressed ETC and ROS production 
induce activation of JNK1 (Figure 5F). In turn, JNK1 controls 
FOXO1a localization through dephosphorylation of Akt (Figure 5F) 
(Lee et al., 2003; Vogt et al., 2005). As a result, nuclear FOXO1a 
activates the transcription of genes involved in the stress response, 

FIGURE 6: Mitochondrial function is connected to Akt through UCP5. Under normal growth conditions, Akt is actively 
sequestering phosphorylated FOXO in the cytoplasm. Mitochondria (green box) are operating properly to provide ATP 
for cellular energy consumption. After RNAi of UCP5, cells increase UCP3 expression, decreasing the MMP, which leads 
to aberrant ATP synthase production and increased stress on the ETC (e− chain) elevating free radical concentration 
(DCF-DA increase) and oxidative stress (O2*). ATP:ADP ratio decreases due to the activity of adenylate kinase activity 
(AK), which produces ATP and AMP () in order to maintain high cellular ATP levels. Increased ROS production activates 
JNK1 and promotes nuclear FOXO1a localization via dephosphorylation of Akt. FOXO’s transcriptional activity controls 
expression of target genes such as mitochondrial SOD2 in order to battle ROS.
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In conclusion, our list of RNAi-confirmed genes specific to 
FOXO1a localization (Table 1) presents an intriguing set of factors 
potentially linked to Akt signaling. Considering aberrant Akt signal-
ing is a crucial step in diabetes and cancer progression (Manning, 
2004), these genes, including UCP5, could be prospective targets 
for future drug development.

MATERIALS AND METHODS
Tissue culture and stable cell lines
U2OS cells were maintained in McCoy’s 5A medium (Invitrogen, Life 
Technologies) supplemented with 10% fetal bovine serum (FBS; 
HyClone, Thermo Fisher, Lafayette, CO) and penicillin/streptomycin 
(Invitrogen, Carlsbad, CA). Stable clones were maintained in 
200 μg/ml hygromycin. A U2OS cell line with a single FRT 
(5′-GAAGTTCCTATTCtctagaaaGTATAGGAACTTC) site of integra-
tion and the start codon for hygromycin was used for the expression 
of pEF5/FRT/V5 (Invitrogen) with EGFP, FOXO1a, or EGFP-FOXO1a. 
FOXO1a was PCR amplified and cloned from pcDNA3-Flag-FKHR 
plasmid (Ramaswamy et al., 2002). EGFP was PCR amplified and 
cloned from pEGFP-C1 (Clontech, Mountain View, CA). Stable inte-
gration was achieved by coexpressing flipase with pEF5/FRT/V5 
constructs in FRT U2OS cells and selecting with 500 μg/ml hygromy-
cin (Invitrogen). UCP5 long form was cloned from U2OS cDNA using 
the forward (5′-GGAATTCATGGGTATCTTTCCCGGAATAATCC-3′) 
and reverse FLAG (5′-CCGCTCGAGCGGttacttgtcatcgtcgtccttg-
tagtcGATTTGAAGCCTCTTTAGCTGCTC-3′) primers and cloned us-
ing EcoRI and XhoI into pcDNA3.1+ with puromycin mammalian 
resistance. An siRNA-insensitive mutant UCP5 was created using the 
following forward primer (5′-CTGCTCAGCGTGCTGCCATCGTgGT-
gGGAGTAGAGCTACCAGTCTA-3′) and the reverse comple-
ment. Both wild-type and mutant UCP5 were transfected into the 
EGFP-FOXO1a stable U2OS cell line, then selected with 1 μg/ml 
of puromycin/200 μg/ml hygromycin to establish double clones. 
Small molecules were obtained as follows: dimethyl sulfoxide 
(DMSO), 40 nM wortmannin, 4 nM leptomycin B (Sigma-Aldrich, St. 
Louis, MO); 5 μM ZSTK474 (LC Laboratories, Woburn, MA); 5 μM 
Akti-1/2 (DeFeo-Jones et al., 2005).

Western analysis
Cells were lysed on tissue culture plates in PTY buffer (50 mM HEPES, 
50 mM NaCl, 5 mM EDTA, 1% TritonX-100, 50 mM NaF, 10 mM 
Na4P2O7, 1 mM Na3O4V, 10 μg/ml PMSF) for 30 min on ice. Cells 
were scraped with a cell lifter and passed through a 22-gauge needle 
at least five times. Lysates were incubated in 1.5 ml Eppendorf tubes 
for 15 min and then spun at 4ºC for 10 min at 15,000 rpm in a bench-
top centrifuge. The concentration was determined by Bradford as-
say. Lysates were normalized and loaded into a 4–12% Bis-Tris 
NuPage gel (Invitrogen) and run with MOPS buffer. The lysates were 
then transferred to Immobilon-P membrane (Millipore) and probed 
with antibodies. Antibodies used were ITGA, Phospho-S473-Akt, 
Phospho-S256-FOXO, Pan-Akt, Akt1, p85α, mTOR, PDK1, ribosomal 
S6, Phospho-S235/236-S6, SAPK/JNK (Cell Signaling, Beverly, MA), 
V5, GAPDH-HRP conjugate (Sigma-Aldrich), Rictor (Bethyl Laborato-
ries, Montgomery, TX), and TSPAN9 (Abcam, Cambridge, MA).

High-throughput screening of U2OS EGFP-FOXO1a cells 
using 384-well plates
A semi-automated protocol for high-throughput screening was 
developed to test the Dharmacon Human Genome Library in tripli-
cate (Figure 3A). Control siRNAs were plated on Costar 384-well, 
clear, flat-bottomed plates (Corning Life Sciences, Lowell, MA). Two 
microliters of 600 nM siRNA (final concentration of 40 nM in 30 μl) 

All three isoforms of Akt control FOXO1a localization
Additionally in this study, we verified that knockdown of Akt ac-
tivators (PDK1, Rictor, and SIN1) and XPO1 localize FOXO1a to 
the nucleus. Interestingly, silencing of Akt1, p85α, and mTOR 
failed to result in accumulation of nuclear FOXO1a. The reason 
for this lack of effect may be that there are multiple isoforms or 
complexes of these proteins that affect FOXO1a localization 
(Jacinto et al., 2004; Chaussade et al., 2007). Indeed, previous 
reports have confirmed involvement of Akt2 in FOXO1a phos-
phorylation and activation (DeBosch et al., 2006). However, the 
participation of all three isoforms in FOXO1a localization has not 
been extensively studied. We systematically looked at the par-
ticipation of all three Akt genes in FOXO1a localization. All iso-
forms were represented in U2OS cells, with the majority of mRNA 
being composed of Akt1 and Akt2. We demonstrated that all 
three Akt isoforms influence the localization of FOXO1a, with 
Akt2 and Akt3 making up half of the activity. This result is impor-
tant to consider when designing drugs that target specific Akt 
isoforms.

Loss of critical complexes influences FOXO1a localization
Since multiple functions are associated with each gene found in the 
siRNA screen, there are inherent limitations of gene ontological 
analysis. Despite this fact, functional categorization from the 
FOXO1a and Rev screens suggest knockdown of some critical fac-
tors involved in transcription, splicing, and protein degradation in-
fluence FOXO1a localization. On the other hand, we found that re-
duction of a subset of translation factors is important for nuclear 
import and export. Additional studies will need to be undertaken to 
determine whether these factors are important hubs of both splicing 
control and Akt signaling, for example, or whether their function is 
tangential to the Akt signaling network, with a coincidental effect on 
FOXO1a localization.

Previous studies have shown that RNA splicing has been linked 
to mTOR signaling through the SKAR protein that recruits active ri-
bosomal S6 kinase (mTOR substrate) to newly spliced mRNA for 
enhanced translation efficiency (Ma et al., 2008). Perhaps a loss of 
spliceosome and related components causes a loss of growth sig-
naling to mTOR and Akt, thereby leading to nuclear accumulation 
and activation of FOXO1a.

Additionally, other studies coupled with our data have linked 
FOXO and Akt signaling to protein degradation machinery activa-
tion. In cardiomyocytes, active FOXO promotes the transcription of 
atrogin-1, an E3 ligase that controls the activity and degradation of 
calcineurin and protein phosphatase 2A (PP2A) (Vogt et al., 2005; Ni 
et al., 2006, 2007). These and other phosphatases, such as protein 
phosphatase 1 (PP1) and PH domain and leucine-rich repeat protein 
phosphatases (PHLPP), have been shown to control the dephospho-
rylation of Akt (Miyamoto et al., 2010). This would connect the pro-
teasome to the Akt pathway through a FOXO1a transcriptionally 
controlled negative feedback loop.

In addition to important complexes, our high-throughput siRNA 
screen identified individual genes that influence FOXO1a localiza-
tion. These include proteins involved in cell adhesion and other 
novel genes, such as SON and SNAT3. Our data and the data of 
others have connected focal adhesion to FOXO localization and the 
Akt signaling network (Figure S5) (Gutierrez-Lopez et al., 2003; 
Lishner et al., 2008; Zoller, 2009; Aldaye et al., 2010). Considering 
tetraspanins have been linked to type 2 diabetes susceptibility 
(Zeggini et al., 2008), our evidence further confirms that link and 
extends the connection between Akt/FOXO regulation and cell 
attachment.
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culated at arbitrary thresholds according to Zhang (Zhang et al., 
2008). Using this method, we routinely analyzed genome-wide 
screening data in less than 5 min with minimal processing capacity 
(2.4 GHz Core 2 Duo laptop computers running Mac OS version 
10.5.6). Complete coded methods are provided as supplementary R 
scripts.

Secondary confirmatory screens
A select group of siRNAs was identified for reconfirmation. Gener-
ally, this group included genes that passed a strength score false 
discovery rate (FDR) threshold of 5%; however, hits that were associ-
ated with high inviability scores were eliminated, and discretion was 
used such that some siRNAs of particular biological interest with 
high z-scores (but low strength scores) were also rescreened. Indi-
vidual duplexes (four per pool) were screened in biological triplicate 
using the same format described above. For both screens, recon-
firmed duplexes were those ≥ 3 SD from the mean of the combined 
negative controls. Final results were reported as duplex validation 
efficiencies (0/4, 1/4, etc.).

Method validation and performance statistics
We tested three hit-identification methods: two SVM models (confi-
dence and strength) and average z-scores. For comparative analysis 
of all three methods, average z-scores were normalized to resemble 
probabilities (i.e., zi,norm ∈ [0,1]) using the following transformation 
function:
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z Z
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where Z represents the vector of average z-scores calculated across 
all experimental wells. Performance statistics, including the true 
positive rate (sensitivity), false positive rate (1 − specificity), receiver 
operating characteristic (ROC), and area under the receiver operat-
ing characteristic (AUROC) were calculated using pre-existing R rou-
tines (Sing et al., 2005):

truepositive rate TPR = TP
TP + FN

( )  (3)

false positive rate FPR = FP
FP + TN

( )
 

(4)

where TP is the number of true positives, FN is the number of false 
negatives, FP is the number of false positives, and TN is the number 
of true negatives.

Network pathway designer graphical representation
A network pathway is a graphical representation of the molecular 
relationships between molecules. Molecules are represented as 
nodes, and the biological relationship between two nodes is repre-
sented as an edge (line). All edges are supported by at least one 
reference from the literature, from a textbook, or from canonical in-
formation stored in the Ingenuity Pathways Knowledge Base (Ingenu-
ity Systems, Redwood, CA). Human, mouse, and rat orthologues of a 
gene are stored as separate objects in the Ingenuity Pathways Knowl-
edge Base, but are represented as a single node in the network. 
Nodes are displayed using circles with various colors relating to the 
screen performed. Edges are displayed with various colors and styles 
that describe the nature of the relationship between the nodes.

High-performance liquid chromatography
A 60-mm plate of U2OS EGFP-FOXO1a cells were treated with 
siRNA and then trypsinized and lysed with methanol:chloroform:water 
(2:2:1.8) on ice. Lysates were vortexed three times for 15 s each to 

was added to each plate by hand pipetting. A Matrix Wellmate 
(Thermo Scientific, Lafayette, CO) was used to pipette 9 μl of trans-
fection mix (0.15 μl HiPerfect [Qiagen, Valencia, CA] and 8.85 μl 
Optimem [Invitrogen]) into each well. Velocity 11 Bravo liquid 
handler (Agilent Technologies, Santa Clara, CA) was used to pipette 
1.2 μl of 1 μM siRNA from the human genome library (Dharmacon, 
Thermo Fisher, Lafayette, CO) into each well. The plates were incu-
bated for at least 20 min before the cells were added. After trypsini-
zation and counting, 3000 cells were added to each well using the 
Wellmate. The cells were gently spun to evenly spread them onto the 
plate surface. After 96 h of incubation, the cells were washed in phos-
phate-buffered saline (PBS), fixed in 3% paraformaldehyde (Sigma-
Aldrich), and stained with DAPI (Sigma-Aldrich). The plates were 
taken to the ImageXpress high-throughput microscope for imaging 
(Molecular Devices, Sunnyvale, CA). To maximize the number of cells 
captured in one photograph, a 10× image of green fluorescent pro-
tein (GFP; 495 nm/519 nm) and DAPI (358 nm/461 nm) was taken of 
each well (200–1000 cells/image, depending on confluency).

Automated nuclear translocation analysis
GFP and DAPI images were used with an analysis program written 
for Metamorph software. In brief, a line was drawn around nuclei in 
the DAPI image to score the nuclear section, and a larger concentric 
circle was drawn outside the nuclei circle to score the cytoplasmic 
section. This image was then overlaid with the GFP image, and the 
nuclear-to-cytoplasmic ratio was determined. If this ratio was above 
a user-defined threshold, the cell was counted as positive for nuclear 
staining. The number of nuclear positive (GFP image) over total 
number of cells (DAPI image) indicates the percentage of positives. 
The nuclear/cytoplasmic threshold was determined by maximizing 
the difference in percentage between the positive (exportin-1) and 
negative (scrambled) siRNA controls.

Hit Identification
All data processing and analyses were performed in R (http://www 
.r-project.org/) using the BioConductor package cell HTS2 for struc-
tured data representation, sample annotation, and calculation of 
robust z-scores:

z
x X

MAD X
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i
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∼
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where X is the vector of measurements across samples, X
∼

 is the 
median, and MAΓ is the median absolute deviation. All data were 
normalized using median scaling (Boutros et al., 2006) and log 
transformed. Robust (platewise) z-scores were averaged across bio-
logical replicates. For the SVM models, each assayed value (sample 
i, replicate j) was stored in n-dimensional vectors Xi consisting of ele-
ments x X j nij i∈ ≤: . To train the SVM models, we specified the set 
of control wells and their associated labels: X p positive controlsp

+ : { }∈  
and X p negative controlsp

− : { }∈ . Once the appropriate formulation 
was selected, the SVM algorithm defined the optimal boundary 
separating the positive and negative controls in n-dimensional rep-
licate space. From here, the process of hit identification simply in-
volved applying the trained SVM model to predict continuous class 
identifiers P class = hit|X r( ) for the remaining experimental data 
Xr X{ {+ X–∉ ∪ . Using preexisting R libraries (Chang and Lin, 2001), 
we defined two separate classification SVM models using Gaussian 
radial basis (RBF) or linear kernel functions to predict hit confidence 
or hit strength, respectively. We used Platt’s (Platt, 2000) method for 
probabilistic output, which allowed for false discovery detection cal-
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disrupt the cell membranes. Lysates were centrifuged for 10 min at 
10,000 × g at 4ºC. The aqueous fraction was moved to a 15 ml 
centrifuge tube and frozen in liquid nitrogen. Supernatant was lyo-
philized at −40ºC overnight. Dried pellets were resuspended in 
100 μl of anaerobic water and run immediately on Agilent 1100  
series high-performance liquid chromatography (HPLC) instrument 
fitted with a Luna C18 5 μ column (250 × 4.5 mm; Phenomenex, Tor-
rance, CA). Mobile phase A (10 mM tetrabutylammonium hydrox-
ide, 10 mM KH2PO4, 0.25% methanol) and mobile phase B (2.8 mM 
tetrabutylammonium hydroxide, 100 mM KH2PO4, 30% methanol) 
were used for metabolite separation. Maximum separation was 
achieved at a flow rate of 0.75 ml/min from 55 to 57.7% mobile 
phase B, with a ramping rate of 0.073%B/min over 37 min. ATP, 
ADP, NAD+, and NADH were analyzed at 260 nm using a photo-
diode array detector (Waters 996; Meadows Instrumentation, 
Bristol, WI) comparing retention times to standards. The areas under 
the curve were used to calculate ratios.

TMRE and DCF-DA stain detection
Microscopy: U2OS EGFP-FOXO1a cells were treated with labeled 
siRNAs. Cells were grown on glass coverslips, then stained with 
50 μM TMRE (Sigma-Aldrich) for 30 min in serum-free media at 
37ºC. Live cells were used directly for microscopy analysis. Flow cy-
tometry: U2OS EGFP-FOXO1a cells were treated with 50 μM of 
TMRE for 30 min in serum-free media at 37ºC. Normal U2OS cells 
were treated with DCF-DA (Invitrogen) or DCF-DA plus 2 mM H2O2 
for 30 min in serum-free media at 37ºC. Cells were then trypsinized 
and washed in PBS with 1% serum. They were then stained with 
Sytox Blue (Molecular Probes, Invitrogen) to identify live and dead 
cells. Flow cytometry (LSR II; BD Biosciences, Billerica, MA) was used 
for TMRE and DCF-DA analysis.

Real-time PCR
RNA was harvested with the RNeasy kit from Qiagen using the stan-
dard protocol. First strand synthesis was performed using Super-
script III kit with oligo dT primer from Invitrogen. Primers were deter-
mined at the exonic junction, whenever possible, by using the 
web-based Primer3 program (http://frodo.wi.mit.edu/primer3/). 
The cDNA plus primer sets (Table S3) were used with SYBR green 
mastermix (Applied Biosystems, Life Technologies, Carlsbad, CA) in 
a 96-well format qPCR machine (Eppendorf, Hauppauge, NY), and 
data were collected for 45 cycles. All mRNA was determined relative 
to GAPDH control primer sets.
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