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Recent work has led to the identification of novel endocytic
compartments with functional roles in both protein trafficking
and growth factor signal transduction. The phosphatidylinosi-
tol 3-phosphate binding, FYVE domain-containing protein
WDFY2 is localized to a distinct subset of early endosomes,
which are localized close to the plasmamembrane.Here,we find
that the serine/threonine kinase Akt interacts with these endo-
somes in an isoform-specific manner. Using quantitative fluo-
rescence microscopy we demonstrate specific co-localization of
WDFY2 with endogenous Akt2, but not Akt1. Moreover, deple-
tion of WDFY2 leads to impaired phosphorylation of Akt in
response to insulin due to isoform specific reduction of Akt2,
but not Akt1, protein levels, and to a marked reduction in the
insulin-stimulated phosphorylation of numerous Akt sub-
strates. This is accompanied by an impairment in insulin-stim-
ulated glucose transport and, after prolonged silencing, a reduc-
tion in the level of expression of adipogenic genes. We propose
that WDFY2-enriched endosomes serve as a scaffold that
enables specificity of insulin signaling through Akt2.

The early endocytic pathway is increasingly being recognized
as a complex and heterogeneous membrane population in
which distinct endosomal populations are specialized for the
trafficking of different receptor types (1, 2). Complexity and
specialization in the endosomal pathway are achieved by the
action of small GTPases and by the generation of specific phos-
phoinositides on the endosomal surface. One of the best stud-
ied examples of this mechanism is the specific and temporal
targeting of proteins containing FYVE domains to phospha-
tidylinositol 3-phosphate (3–6), which is present almost exclu-
sively in endosomal membranes. The human genome encodes
for �30 proteins that contain FYVE domains, several of which
are highly conserved and which may contribute in different
ways toward establishing the complexity and functionality of
the endocytic pathway. We recently characterized one of these
proteins, WDFY2, named for its content ofWD40motifs and a
FYVE domain (7). In Caenorhabditis elegans, WDFY2 deple-
tion impairs endocytosis in coelomocytes, and in mammalian

cells it defines a distinct set of endosomes that lack the canon-
ical markers EEA1 and Rab5 and are further distinguished by
their close proximity to the plasma membrane (7, 8).
In addition to internalization, the endosomal pathway plays a

critical role in modulating signal transduction. Growth factor
receptors are internalized immediately following activation,
and both their fate and their signaling functions are affected by
their transit through the endocytic pathway (9–13). Different
receptors traffic through distinct early endosomal compart-
ments (1, 2), and their signaling functions aremodulated by the
specific nature of the endosomes through which they traffic.
For example, signaling by transforming growth factor� is influ-
enced by the endosomal localization of the SMAD-interacting
protein SARA, which is found in endosomes containing the
canonical marker EEA1 (14, 15).
In another example, the endosomal proteins APPL3 (adaptor

protein containing PH domain, PTB domain, and leucine zip-
per motif) 1 and APPL2, which reside in an endosomal popula-
tion devoid of EEA1 (16), regulate signaling by interacting with
downstream effectors, such as the protein kinase Akt (16–21).
It has been proposed that the interaction of Akt with APPL
facilitates the phosphorylation of specific substrates (21). Inter-
estingly, WDFY2 has been identified in a yeast two-hybrid
screen as an interacting partner with protein kinases Akt and
protein kinase C� (22, 23). In addition, recent studies indicate
that endosomes that contain APPLs bind WDFY2 as they lose
APPL (8). These studies suggest that WDFY2 may have a spe-
cific role in modulating signaling through Akt downstream of
the interaction of this kinase with APPL.
Akt constitutes a node for many signaling cascades down-

stream of phosphatidylinositol 3,4,5-trisphosphate, regulating
metabolism, protein synthesis, cell growth, and survival (24,
25). This diversity in Akt signaling is orchestrated by three
mammalian isoforms, Akt1, Akt2, and Akt3, that share a con-
served structure with three functional domains: an N-terminal
PH domain, a kinase domain, and a C-terminal regulatory
domain containing a phosphorylation site (FXXF(S/T)Y) (26).
These isoforms share �80% sequence homology and phos-
phorylate substrates containing the minimal consensus
sequence RXRXX(S/T), where S/T is the phosphorylation site
and X any amino acid. Studies in isoform-specific Akt knock-
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out mice indicate that the three isoforms have overlapping but
distinct physiological functions (25). For example, Akt2�/�

mice display a strong metabolic phenotype, with diabetes type
II-like symptoms (27, 28), not seen inAkt1�/� orAkt3�/�mice
(29, 30). Similarly, on a cellular level, siRNAknockdown studies
of Akt1 and Akt2 in 3T3-L1 adipocytes revealed Akt2 as the
primary isoform involved in insulin signaling despite the pres-
ence of bothAkt1 andAkt2 in these cells (31). Themechanisms
that fine tune the activities of the threeAkt isoforms for them to
achieve their specific physiological functions are not clear.
Here, we investigate the role of WDFY2-enriched endo-

somes in Akt signaling in mature 3T3-L1 adipocytes. Using
quantitative image analysis, we find an isoform-specific selec-
tive interaction between WDFY2 and Akt2, as opposed to the
Akt1 isoform. We observe that WDFY2 depletion leads to
decreased levels of Akt2 protein levels and attenuated insulin-
stimulated phosphorylation of Akt. The functional importance
of the isoform-specific interaction between WDFY2 and Akt2
was demonstrated by decreased insulin-stimulated glucose
uptake and a global attenuation of phospho-Akt substrate
phosphorylation in WDFY2-depleted cells. Together, these
results indicate thatWDFY2 serves as a molecular scaffold that
enables signaling specificity, demonstrating a mode of regula-
tion that distinguishes between Akt1 and Akt2.

EXPERIMENTAL PROCEDURES

Tissue Culture and Gene Silencing—3T3-L1 cells were ob-
tained from American Type Culture Collection and were
grown under 5% CO2 in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 50 units of penicil-
lin/ml, and 50�g of streptomycin/ml, whichwas replaced every
48 h unless otherwise stated. Three days after confluence, the
medium was replaced with Dulbecco’s modified Eagle’s
medium containing a differentiation mixture consisting of 0.5
mM 3-isobutyl-1-methylxanthine (Sigma), 0.25 �M dexameth-
asone (Sigma), and 1�M insulin (Sigma). 72 h later, themedium
was replaced with Dulbecco’s modified Eagle’s medium. Gene
silencing was conducted 4 days after differentiation through
electroporation (10 nmol of siRNA/15-cm plate). Scrambled
(Scr) siRNA or siRNA oligonucleotides against mouseWDFY2
were obtained from Dharmacon. Electroporation was per-
formed using a Bio-Rad Gene Pulser II (0.18 kV and 960
microfarads).
Antibodies and Fluorescent Probes—Rabbit antibodies to the

full-length WDFY2 protein were affinity-purified against full-
length bacterially expressed WDFY2. Mouse antibodies to
the N terminus of EEA1, rabbit PAS antibody (RXRXXS/T)
(catalog no. 9614, 1:1000 dilution), phospho-Akt (Ser473)
antibody (catalog no. 9271), Akt2 (5B5) rabbit monoclonal
antibody (catalog no. 2964), and Akt1 (2H10) mouse mono-
clonal antibody (catalog no. 2967) were from Cell Signaling.
Mouse anti-�-actin antibody was from Sigma. Secondary
detection was with Alexa Fluor-coupled species-specific anti-
bodies obtained fromMolecular Probes (Eugene, OR).
2-Deoxyglucose Uptake—3T3-L1 adipocytes were plated in a

24-well multiwell tissue culture plate and differentiated. The
cells were serum-starved for 2 h in Krebs-Ringer HEPES buffer
(130mMNaCl, 5mMKCl, 1.3mMCaCl2, 1.3mMMgSO4, and 25

mM HEPES, pH 7.4, supplemented with 0.5% bovine serum
albumin, and 2 mM sodium pyruvate) and then stimulated with
1 or 100 nM insulin for 30 min. Glucose uptake was initiated by
addition of [1,2-3H]2-deoxy-D-glucose at a final assay concen-
tration of 100 �M, for 5 min, at 37 °C. The cells were washed in
ice-cold phosphate-buffered saline and lysed with 0.4 ml of 1%
Triton X-100. 3H content was determined by scintillation
counting. Nonspecific deoxyglucose uptake was measured in
the presence of 20 �M cytochalasin B and subtracted from each
determination to obtain specific uptake.
Quantitative Real-time PCR (qRT-PCR)—mRNA isolation

was performed using the TRIzol reagent protocol (Invitrogen).
Prior to mRNA collection, the cells were washed twice with
ice-cold phosphate-buffered saline. The concentration and
purity of mRNAwere determined by absorbancemeasurement
at 260/280 nm. 2 �g of mRNA was used for cDNA synthesis
(20-�l reaction) using an iScript cDNA synthesis kit (Bio-Rad).
For RT-PCR, 1 �l of cDNA was used for detection of specific
gene targets. Primers used were designed using PrimerBank
and were synthesized by Operon. Ferritin was used as an inter-
nal control. Quantitative RT-PCR was run using the MyIQ
Real-time PCR system (Bio-Rad).
Immunoblotting—The cells were washed twice with ice-cold

phosphate-buffered saline and scraped into lysis buffer (1%
SDS, 120 mM NaCl, 1.6 mM HEPES, pH 7.4, 800 mM NaF, 4 �M

NaPPi, and protease inhibitors) and homogenized by seven pas-
sages through a 27-gauge needle. The samples were centrifuged
for 5min at 500� g, and protein concentrationwas determined
by BCA (Pierce). 10�g of proteinswas separated on SDS-PAGE
and transferred to nitrocellulose. Themembraneswere blocked
with 5% nonfatmilk in Tris-buffered saline with 0.1%Tween 20
and incubated with primary antibodies overnight. Anti-rabbit
or anti-mouse IgG horseradish peroxidase-conjugated anti-
bodies (Promega) were used in combination with enhanced
chemiluminescence (PerkinElmer Life Sciences) for detection.
Optical System and Image Analysis—Epifluorescence images

were taken using aZeissAxiovert 200 invertedmicroscopewith
a Zeiss 100� 1.40 NA oil-immersion objective equipped with a
Zeiss AxioCam HR CCD camera with 1300 � 1030 pixel reso-
lution. To visualizeWDFY2-enriched endosomes, images were
smoothed by convolving with a small, two-dimensional Gauss-
ian spot that preserved the mean intensity. The local back-
ground around the endosomes was estimated by convolving
with a larger, two-dimensional Gaussian and subtracting this
from the smoothed images. From this we generated a binary
masking image by setting the intensity of all positive-valued
pixels to 1 and all other pixels to 0.We thenmultiplied themask
by the original images (32).
Yeast Two-hybrid Assays—Strains were made by co-trans-

forming two vectors (pGAD-T7 and pGBK-T7) into AH109
(mat a) yeast (Clontech) using standard yeast transformation
procedures (lithium acetate transformation). AH109 contains
MEL1,ADE2,HIS3, and LACZ, reporter genes, such that inter-
action of the bait and prey constructs will allow transcription of
these four gene products. Vectors used were: pGAD-T7 (empty
vector), pGBK-T7 (empty vector), pGBK-T7-WDFY2, pGAD-
T7-Akt1, and pGAD-T7-Akt2. Co-transformed strains were
maintained on Synthetic defined-Trp-Leu agar plates. Strains
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were grown overnight (�16 h) on a 30 °C wheel in Synthetic
defined-Trp-Leu � kanamycin. Cultures were back-diluted to
A � 0.1 in Synthetic defined-Trp-Leu-Ade-His � kanamycin

medium, and after 18–20 h at 30 °C
a quantitative X-�-gal assay was
performed as described (33). Cul-
tures were combined with X-�-gal
buffer, and 145 �l was added to a
row or column on a 96-well plate.
One row/column contained me-
dium and X-�-gal buffer only as a
blank. Once cell cultures with X-�-
gal buffer were added to 96-well
plates, plates were placed on a
shaker at room temperature, and
readings were done at different time
points in a Tecan SAFIRE II at 410
and 600 nm, to monitor �-galacto-
sidase activity and growth, respec-
tively. Averages of 8 wells from each
strain were calculated, and the aver-
age blank reading was subtracted.

RESULTS

To elucidate the function of
WDFY2-enriched endosomes in a
specific functional context, we uti-
lized 3T3-L1 adipocytes, where
both trafficking of GLUT4 and sig-
naling through the insulin receptor
can be evaluated. Depletion of
WDFY2 led to a significant inhibi-
tion of insulin-stimulated glucose
uptake in 3T3-L1 adipocytes (Fig.
1A). This effect was due to the com-
bination of decreased insulin sensi-
tivity and reduced basal uptake of
glucose compared with cells ex-
posed to Scr siRNA andwas compa-
rable with that seen upon depletion
of Akt2, a known required signaling
component in insulin-stimulated
glucose uptake. The effectiveness of
WDFY2 and Akt2 knockdown by
siRNA oligonucleotides was evalu-
ated by measuring both mRNA and
protein levels of each. Compared
with Scr, WDFY2 and Akt2 knock-
down cells showed a highly signifi-
cant �85–90% decrease in their
respectivemRNA (Fig. 1B). The lev-
els of WDFY2 protein, evaluated by
immunoblotting, were found to be
reduced by �60% (Fig. 1C, top
panel), and Akt2 protein was
reduced to undetectable levels (Fig.
1C, middle panel, right lane). Anal-
ysis of GLUT4 by immunofluores-

cence did not reveal significant alterations in the levels of the
transporter (not illustrated). However, an unexpected marked
reduction of Akt2 protein levels was observed in WDFY2-de-

FIGURE 1. Effect of WDFY2 depletion on insulin-stimulated glucose uptake. A, 3T3-L1 adipocytes, day 5 of
differentiation, were transfected with Scr, WDFY2, or Akt2 siRNA. 48 h after transfection, the cells were serum-
starved (3 h), and 2-deoxyglucose uptake was measured after 30 min of insulin stimulation (1 or 100 nM) (n � 3,
mean cpm � S.E. (error bars), p � 0.01, Student’s t test). B, WDFY2 and Akt2 mRNA levels were determined by
qRT-PCR (n � 3, p � 0.01, Student’s t test). C, lysates from A were subjected to SDS-PAGE, and WDFY2 and Akt2
protein levels were analyzed by immunoblotting (IB). Clathrin was used as a loading control.

FIGURE 2. Effect of WDFY2 depletion on Akt phosphorylation. A, 3T3-L1 adipocytes transfected with Scr,
WDFY2, or Akt2 siRNA 48 h prior to the experiment were serum-starved and insulin-stimulated for 15 min (100
nM). The cells were briefly washed and fixed in 4% formaldehyde (15 min) and 95% methanol (5 min) prior to
immunofluorescence analysis of pAkt(473). B, average intensity of immunofluorescence staining in control and
insulin-stimulated cells from A is shown. 20 frames representing a total of �375 cells per group were analyzed
and are presented as mean intensity/cell � S.E. (error bars), p � 0.01, Student’s t test. C, 3T3-L1 adipocytes
transfected with Scr, WDFY2, or Akt2 siRNA 48 h prior to the experiment were serum-starved and insulin
(Ins)-stimulated for 15 min (1 or 100 nM). Lysates were subjected to SDS-PAGE and immunoblotting using
pAkt(473), Akt2, Akt1, and actin antibodies. D, 3T3-L1 adipocytes were transfected with Scr, WDFY2, or EEA1
siRNA 48 h prior to lysis. Three different WDFY2 oligonucleotides (Oligos) 1–3 were used. Lysates were sub-
jected to SDS-PAGE and immunoblotting using antibodies to Akt2, WDFY2, and EEA1.

Akt2 Signaling Regulated by WDFY2

MAY 7, 2010 • VOLUME 285 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 14103



pleted cells (Fig. 1C,middle panel), suggesting that the impair-
ment in insulin-stimulated glucose transport seen in response
to WDFY2 depletion is due to impaired signaling through the
Akt pathway.
Effects of WDFY2 Depletion on Akt—To determine whether

WDFY2 depletion impairedAkt activation, we used a phospho-
specific antibody toAkt serine 473. Insulin stimulation resulted
in a pronounced increase in staining intensity in all regions of
the cell, predominating in the cell periphery and in the nucleus
(Fig. 2A, lower left panel). Staining in cells depleted of Akt2 was
much dimmer and probably corresponded to the remaining
phosphorylated Akt1 (Fig. 2A, compare upper left and upper
and lower center panels). Consistent with a negative effect of
WDFY2 depletion on Akt signaling, pAkt(473) immunofluo-
rescence in insulin-stimulated WDFY2 knockdown cells was
significantly reduced compared with insulin-stimulated con-
trols (Fig. 2A, compare lower leftwith lower right panels).Quan-
tification of the average intensity/cell from several independent
experiments revealed an average decrease of 50–60% in
pAkt(473) staining intensity in response to either Akt2 or
WDFY2 knockdown in insulin stimulated cells (Fig. 2B).

To corroborate the immunofluorescence results, we ana-
lyzed whole cell extracts by Western blotting. Depletion of
WDFY2 caused a significant decrease in the levels of pAkt in
response to insulin, in particular at submaximal insulin concen-
tration (Fig. 2C, top panel). Surprisingly, analysis of total Akt
proteins levels revealed that WDFY2 depletion caused a selec-
tive decrease in the levels of the Akt2 isoform (Fig. 2C, second
panel from top), leavingAkt1 and control proteins such as actin
unaffected (Fig. 2C, bottom two panels). This result is notewor-

thy because Akt2 and Akt1 are
highly homologous, and the mecha-
nisms by which insulin action is
dependent specifically on Akt2 are
unknown. To evaluate the specific-
ity of the observed effects of
WDFY2 depletion on Akt2, several
different oligonucleotides directed
to WDFY2 (WDFY2a, b, and c) and
knockdown of another FYVE-do-
main protein, EEA1, were analyzed
(Fig. 2D). The decrease in Akt2 pro-
tein levels correlated with the effec-
tiveness of the WDFY2 knockdown
and was unaltered in response to
EEA1 knockdown, revealing speci-
ficity for WDFY2 and Akt2
interactions.
To determine whether the de-

creased levels of Akt2 protein
observed in response to WDFY2
knockdown were due to transcrip-
tional or post-transcriptional re-
sponses, Akt2 mRNA and protein
levels were analyzed after 24, 48,
and 72 h of WDFY2 knockdown.
Akt2 protein levels were diminished
at 24 h and continued to decrease

FIGURE 3. Time course of the effect of WDFY2 depletion on Akt2 mRNA
and protein levels. A, 3T3-L1 adipocytes transfected with Scr, WDFY2, or
Akt2 siRNA were analyzed for the expression of Akt2 by Western blotting
24, 48, and 72 h after transfection (n � 3, representative blot). B, WDFY2
and Akt2 mRNA levels were determined 24, 48, and 72 h after knockdown
of WDFY2 using qRT-PCR (n � 3, mean � S.E. (error bars), p � 0.01, Stu-
dent’s t test).

FIGURE 4. Co-localization of endogenous Akt isoforms with WDFY2. 3T3-L1 adipocytes at day 7 of differ-
entiation were serum-starved and stimulated with 100 nM insulin for 30 min. Endogenous WDFY2 and Akt2 or
Akt1 was detected by fluorescent immunostaining. A and B, the left panels display raw images of WDFY2, Akt2,
or Akt1. Digital binary masks revealing the regions encompassed by WDFY2 endosomes exclusively were
generated. The product of the raw images and the binary mask were labeled as Masked and are displayed in the
center panels. As a control for nonspecificity the generated mask was shifted 10 pixels in the x and y planes and
referred to as Displaced Mask. The product of the raw image and the Displaced Mask is displayed in the right
panels. C and D, quantification of fluorescence intensity in the Masked (M) or Displaced Masked (DM) WDFY2
and Akt2 or Akt1 images (average of 5–10 cells, mean � S.E. (error bars), p � 0.01, Student’s t test).
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significantlywith time (Fig. 3A). Interestingly, the initial drop in
Akt2 levels, after 24 h, was not coupled to a reduction in Akt2
mRNA (Fig. 3B). However, at 48 and 72 h of WDFY2 knock-
down Akt2 mRNA start to fall to significantly lower levels (Fig.
3B). These results suggest that the initial event following
WDFY2 knockdown is a decrease in Akt2 protein levels.
Localization of Endogenous Akt1 and Akt2 Relative to

WDFY2—WDFY2 is localized on a population of early endo-
somes that lack canonical early endosome markers and reside
close to the plasma membrane (7). The mechanism by which
WDFY2 exerts a selective effect on Akt2 levels, but not the
highly homologous kinase Akt1, could involve a preferential
interaction ofWDFY2with Akt2 in response to normal cellular
compartmentalization of these two kinases. To explore this
possibility, the localization of endogenous WDFY2 relative to
endogenous Akt1 and Akt2 was analyzed. 3T3-L1 adipocytes
were stimulated with insulin, fixed, and stained with antibodies
to endogenous WDFY2, and either Akt1 or Akt2. Both Akt1
and Akt2 were seen in the nuclear region as well as diffusely
distributed in the cytoplasm (Fig. 4, A and B, lower panels). In
addition, punctate staining was consistently seen in both

starved and insulin-stimulated cells
stained for Akt2, being more pre-
dominant in cells stimulated with
insulin (Fig. 4A, lower panels).
WDFY2 staining was much more
punctate, corresponding to its local-
ization to endosomes (Fig. 4, A and
B, upper panels).
Because of the broad distribution

of Akt1 and Akt2, image overlaps
alone would be inadequate to eval-
uate whether meaningful co-local-
ization of either of these kinases
with WDFY2 exists. To address
this issue, we generated binary
masks of the images of WDFY2 to
delineate the regions correspond-
ing to WDFY2-enriched endo-
somes. When superimposed on
each image, these masks reveal the
signal specifically present in the
regions occupied by WDFY2-en-
riched endosomes (Fig. 4, A and B,
center panels). To measure the fluo-
rescence intensity outside WDFY2-
containing endosomes, the masks
were displaced by 10 pixels in the x
and y axes. As expected, when the
masks were superimposed on
images of WDFY2, the fluorescence
intensity in the mask was much
higher than that in the displaced
mask (Fig. 4, A and B, compare
upper center and right panels).
When the corresponding Akt2
image was analyzed, significantly
higher fluorescence intensity was

detectedwithin themask corresponding toWDFY2 endosomes
than in the displaced mask (Fig. 4A, compare lower center and
right panels). In contrast, when Akt1 staining was analyzed,
similar fluorescence intensity was detected within the mask
corresponding to WDFY2 endosomes than within the dis-
placed mask (Fig. 4B, compare lower center and right panels).
These results are quantified in Fig. 4, C and D, in which the
fluorescence intensity in the displaced mask is expressed rela-
tive to that inside the mask from 5–10 cells from independent
experiments. These results indicate that, at steady state, endog-
enous Akt2 associates with WDFY2-enriched endosomes to a
much greater extent that endogenous Akt1.
Effects of Akt2 Depletion on Akt Substrate Phosphorylation—

The decrease in Akt2 levels may underlie the decrease in insu-
lin-stimulated glucose transport seen in cells depleted of
WDFY2. For this to be the case, the decrease in Akt2 levels
would have to be of a magnitude sufficient to impair its signal-
ing functions. To determine first the relationship betweenAkt2
levels and Akt substrate phosphorylation, we analyzed cell
extracts by Western blotting with anti-pAkt (473) and with an
antibody (PAS) to the phospho-Akt substrate motif

FIGURE 5. Effect of WDFY2 depletion on the dynamics of Akt substrate phosphorylation. A and B, 3T3-L1
adipocytes transfected with Scr, Akt2 (A), or WDFY2 (B) siRNA on day 5 of differentiation were serum-starved
and stimulated on day 7 with 10 nM insulin (Ins) for 0, 5, 15, 30, 45, or 75 min prior to lysis (n � 3, representative
blot). Immunoblots were probed with pAkt(473), Akt2, or PAS antibodies. C–H, densitometric quantification of
pAkt(473) (C) and bands I–V (D–H) in Scr versus Akt2 or WDFY2 immunoblots.
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RXRXXpS/T. Cells transfected with Scr or Akt2-directed
siRNAs were treated with 10 nM insulin for 5, 15, 30, 45, and 75
min (Fig. 5A). In Scr siRNA-transfected cells (Fig. 5, A and B,
left), maximal pAkt(473) levels were reached within 5 min of
insulin addition. In Akt2 knockdown cells (Fig. 5A, right),
pAkt(473) levels were diminished at every time point after insu-
lin addition, and Akt2 protein levels were reduced to undetect-
able levels. Immunoblotting with PAS antibody revealed
numerous substrates phosphorylated in response to insulin
(Fig. 5,A and B, left). Although some of these (band I) displayed
a time course of phosphorylation that closely paralleled that of
pAkt(473) (compare Fig. 5, C and D), others (band II) showed
maximal phosphorylation at significantly later time points
(compare Fig. 5, C and E), or a continuous increase over the
time period studied (band III, Fig. 5F).
This result suggests that the phosphorylation of some of the

proteins detected by the PAS antibody is under complex regu-
lation, possibly reflecting variations in Akt substrate affinity,
spatial constraints, phosphatase activities, or phosphorylation
by kinases other than Akt2. This latter possibility is suggested
by the finding that phosphorylation of some of the proteins
detected by the PAS antibody in response to insulin was in fact
increased in Akt2-depleted cells (Fig. 5A, bands IV and V, and
Fig. 5, G and H). This finding suggests the presence of at least
one kinase that can phosphorylate the RXRXXpS/T motif and
is negatively regulated by Akt2. In addition, Akt2 depletion
resulted in pronounced changes in the kinetics of phosphory-
lation of some substrates more than in their maximal phos-
phorylation level (Fig. 5A, band III, and Fig. 5F).
Effects of WDFY2 Depletion on Akt Substrate Phosphoryla-

tion—In cells depleted of WDFY2 (Fig. 5B, right), phosphoryl-
ation ofAkt and of virtually all substrates detectedwith the PAS
antibody was significantly reduced at all time points measured.
This decrease in substrate phosphorylation was consistently
more pronounced in WDFY2-depleted than in Akt2-depleted
cells (compare lower right panels in Fig. 5, A and B). Moreover,
the phosphorylation of substrates such as bands IV and V,
which was increased by Akt2 depletion, was also impaired by
WDFY2 depletion (Fig. 5, A, B,G, andH). The broader cellular
requirements for WDFY2 than for Akt2 are also reflected by
changes in gene expression patterns following knockdown of
these two proteins (Fig. 6). Indeed, we found that expression
levels of numerous adipogenic and metabolic genes, including
Glut-4, Glut-1, Cycs, Aco2, and nFAS, were more significantly
decreased after WDFY2 knockdown than after individual Akt2
or Akt1 knockdowns, consistent with the finding that WDFY2
depletion impairs adipocyte differentiation (34). The finding
that WDFY2 depletion has a broader effect on insulin-stimu-
lated RXRXXpS/T substrate phosphorylation than depletion of
Akt2 could reflect the need forWDFY2 for the activity of other
insulin-sensitive kinases that can phosphorylate this motif.
Also, it is possible that Akt1 may phosphorylate these sub-
strates in Akt2-depleted cells, and WDFY2 may be necessary
for this compensatory function of Akt1, even though under
normal conditions it interacts preferentially with Akt2.
Preferential Interaction of WDFY2 with Akt2 Compared with

Akt1—The preferential co-localization of Akt2 in endosomes
containingWDFY2 and the finding that knockdown ofWDFY2

preferentially affects the levels and activity of Akt2 suggest a
preferential interaction between WDFY2 and Akt2 in vivo. All
Akt isoforms share 80% homology at the amino acid level
throughout the functional domains common to all Akt iso-
forms. The isoform specificity of WDFY2 binding may result
from a higher affinity in the interaction between the WD
domains ofWDFY2 with Akt2 compared with Akt1. These dif-
ferences, however, are lost in overexpression studies, where
WDFY2 can interact with Akt1 when both proteins are co-
expressed (22) (data not shown). The difficulty in recapitulating
isoform-specific behaviors of Akt isoforms upon overexpres-
sion has also been noted in studies describing a differential
interaction ofAkt isoformswith PHdomain leucine-rich repeat
protein phosphatases (35). To determine whether a significant
difference exists in the ability of WDFY2 to interact with Akt1
or Akt2, we analyzed the interactions between full-length
WDFY2 and full-length, hemagglutinin-tagged constructs of
Akt2 and Akt1 in a quantitative yeast two-hybrid assay (Fig.
7A). A significant albeit weak interaction betweenWDFY2 and
full-length Akt1 and Akt2 was detected by both growth and

FIGURE 6. Differential effects of WDFY2 and Akt2 knockdown on mRNA of
proteins key to adipocyte function. 3T3-L1 adipocytes were transfected
with Scr, WDFY2 (A), Akt2 (B), or Akt1 (C) siRNA on day 4 of differentiation.
Samples collected 24, 48, or 72 h after transfection were assayed for mRNA
levels of WDFY2, Akt2, and Akt1, respectively, in addition to Glut-4, Glut-1,
Cycs, Aco2, nFAS, and SREBP1c using qRT-PCR (n � 4, mean � S.E. (error bars),
p � 0.01, Student’s t test).
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�-galactosidase in this assay, and the interaction of WDFY2
withAkt2was significantly greater than thatwithAkt1 (Fig. 7,B
and C). These results indicate that subtle structural differences
between these isoforms affect the affinity for WDFY2. These
differences may be functionally relevant in mammalian cells,
accounting for the differential localization of Akt2 and its sen-
sitivity to WDFY2 levels.

DISCUSSION

Themechanisms by which the different isoforms of Akt con-
trol specific aspects of cell function are not fully understood.
Here, we find that the endosomal protein WDFY2 interacts
preferentially with endogenous Akt2 and promotes the main-
tenance of Akt2 protein levels. This interaction is critical, as
depletion ofWDFY2 leads to generalized impairment in down-
stream substrate phosphorylation and in downstream effects of
Akt2, such as insulin-stimulated glucose transport. Together
with recent work demonstrating an important role for the
endosomal proteinAPPL1 in the stimulation byAkt2 of glucose

transporter translocation, our re-
sults underscore the critical role of
the endocytic pathway in insulin
signaling through Akt, and in fine
tuning the specific roles of Akt iso-
forms in cell physiology. Thus, fur-
ther experiments in vitro with puri-
fied proteins will be necessary to
determine the structural basis and
the detailed kinetics of the interac-
tions betweenWDFY2 and eachAkt
isoform, to determine whether this
mechanism could account for our
observations in live cells.
Indirect mechanisms could also

underlie the isoform-specific in-
teraction between endogenous
Akt2 andWDFY2. Immunofluores-
cence analysis of endogenous Akt1
and Akt2 shown here indicates a
substantial amount of these kinases
sequestered in the nucleus. Thus,
subtle changes in the extent of
nuclear translocationmay lead indi-
rectly to a preferential interaction of
Akt2 with endosomal components.
Further experiments to analyze the
general determinants of Akt subcel-
lular localization are necessary to
test this hypothesis.
A salient effect of WDFY2 deple-

tion is a decrease in total protein
levels of Akt2, raising the question
of how steady-state levels of Akt iso-
forms are controlled. The decrease
in Akt2 protein levels seen in
WDFY2-depleted cells occurs prior
to a decrease in Akt2 mRNA levels,
suggesting that posttranscriptional

mechanisms such as increased degradation may be involved.
Ubiquitination and degradation of Akt have been demon-
strated to occur and be important during the establishment of
neuronal polarity (36). Ubiquitination and degradation of Akt
have also been implicated in the induction of insulin resistance
by tumor necrosis factor and in tumorigenesis (37, 38). How-
ever, it is not known whether the turnover of Akt1 and Akt2
proceeds at different rates or is controlled by distinct mecha-
nisms. The association of Akt2 with WDFY2 on early endo-
somes may protect the kinase from ubiquitination and proteo-
somal degradation, whereas the sequestration of Akt1 in the
nucleus may fulfill a similar protective role.
The findings that Akt interacts with two proteins that are

localized to endosomes raises the possibility that these interac-
tions may be functionally related. APPL1 has been shown to
interact in adipocytes with Akt2, and its depletion leads to
impairments in insulin-stimulated Akt phosphorylation and
glucose uptake (20). Paradoxically, overexpression of full-
lengthAPPL1 also suppresses insulin action (20). These results,

FIGURE 7. Interactions between WDFY2 and Akt1 or Akt2 in a yeast two-hybrid assay. Yeast were co-
transformed with the indicated vectors and grown as described under “Experimental Procedures.” A, cells were
lysed and analyzed by immunoblotting with anti-HA or anti-WDFY2 antibodies to confirm similar levels of
expression of both Akts and expression of WDFY2 proteins. B, cells were added to 96-well multiwell dishes, and
�-galactosidase expression was measured over time. Similar results were obtained when measuring growth.
C, quantification of growth after 300 min, where the statistical significance of the differences was calculated by
two-tailed Student’s t tests, is indicated in the figure.
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together with recent studies suggesting that APPL-enriched
endosomes become enriched inWDFY2 as they lose APPL (8),
suggest a model in which Akt2 may be transferred from APPL
toWDFY2 to allow sustained substrate phosphorylation by this
kinase (Fig. 8). Knockout of APPLmay impair insulin action by
preventing the initial localization ofAkt2 to the endocytic path-
way, but overexpressionmay then impair the transfer ofAkt2 to
WDFY2. A role forWDFY2 in sustaining Akt2 signaling is sug-
gested by immunofluorescence data where cells overexpressing
WDFY2 display enhanced phospho-Akt staining in response to
insulin (data not shown). Further experiments imaging Akt
dynamics relative to APPL and WDFY2 in live cells will be
required to test this hypothesis.
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FIGURE 8. Model for role of WDFY2 in endosomal control of Akt2 signal-
ing. In this model the initial event in Akt2 activation is the interaction of its PH
domain with phosphatidylinositol 3,4,5-trisphosphate (PIP3) generated at the
plasma membrane. Subsequently, the kinase interacts with APPL in the initial
phase of endocytosis, when the levels of phosphatidylinositol 3,4,5-trisphos-
phate decrease. Phosphatidylinositol 3-phosphate (PI3P) is then generated,
and WDFY2 replaces APPL on endosomes. Akt2 binds to WDFY2 and becomes
stabilized and protected from degradation. Substrate phosphorylation can
proceed from WDFY2-enriched endosomes.
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