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The phosphoinositide 3-kinase (PI3K)/3-phosphoinositide-dependent protein kinase 1 (PDK1)/Akt pathway
regulates various cellular functions, especially cell survival and cell cycle progression. In contrast to other
survival pathways, there have been few reports of scaffold proteins that regulate signaling cascade specificity
in this pathway. Here we identify a 5’ repressor element under dual-repression binding protein 1 (Freud-1)/4kt
kinase-interacting protein 1 (Akil) as a novel scaffold for the PDK1/Akt pathway. Freud-1/Akil (also known as
CC2D1A) expression induced formation of a PDK1/Akt complex and regulated Akt activation in a concentra-
tion-dependent biphasic manner. Freud-1/Akil also associated with epidermal growth factor (EGF) receptor in
response to EGF stimulation and was required for Akt activation induced by EGF, but not by insulin-like
growth factor 1. Freud-1/Akil gene silencing decreased Akt kinase activity, resulting in induction of apoptosis
and increased sensitivity toward chemotherapeutic agents. Our results suggest that Freud-1/Akil is a novel
receptor-selective scaffold protein for the PDK1/Akt pathway and present a new activation mechanism of Akt.

Several growth factors and cytokines have been reported to
promote cell survival and cell cycle progression. Interaction
among these factors and their specific receptors triggers the acti-
vation of phosphoinositide-3-kinase (PI3K). Activated PI3K gen-
erates phosphatidylinositol 3,4,5-trisphosphate (PIP;) and phos-
phatidylinositol 3,4-bisphosphate (PIP,), which are phospholipid
second messenger molecules (44, 46). These lipids then induce
the activation of several members of the A, G, and C (AGC)
family of protein kinases, including Akt/protein kinase B, p70
ribosomal protein S6 kinase (S6K), protein kinase C isoforms
(PKCs), and serum- and glucocorticoid-inducible kinases (SGKs).
Interaction of Akt with lipids is believed to induce conformational
change in Akt. In addition, Akt is phosphorylated at two key
regulatory sites, Thr’*® in the activation loop of the catalytic
domain and Ser*”? in the COOH-terminal domain. Activated Akt
prevents cells from undergoing apoptosis and mediates cell sur-
vival and cell cycle progression by phosphorylating downstream
key regulatory proteins, contributing to tumor formation and pro-
gression (8, 45, 47).

3-Phosphoinositide-dependent protein kinase 1 (PDK1) was
originally identified as a kinase that could phosphorylate Akt
on its activation loop (residue Thr**®) (1). Later work, how-
ever, showed that PDKI1 is not only an Akt kinase but also a
kinase responsible for phosphorylating members of the AGC
family of protein kinases: S6K, SGKs, PKCs, and p90 ribo-
somal protein S6 kinases (RSKs) at the Thr**®-equivalent res-
idues of Akt (45). PDKI1 itself is also a member of the AGC
subfamily of protein kinases and is phosphorylated at the
Ser**! residue (equivalent to Thr*®® of Akt) in the activation
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loop. Because PDK1 expressed in bacteria is active and phos-
phorylated at Ser®*!, it is thought that PDK1 phosphorylates by
itself at this site (11). Furthermore, mutation of Ser**' to Ala
was reported to abolish PDK1 kinase activity, and insulin-like
growth factor 1 (IGF-1) stimulation did not cause further ac-
tivation of PDK1 (11). According to these results, PDK1 was
thought to be constitutively active. Therefore, its specificity is
achieved by placing the enzyme in proximity to its downstream
targets (11). For example, recruiting PDK1 onto muscle A
kinase anchoring protein (mAKAP«) facilitates activation and
release of the downstream target RSK (28). When PIP, and
PIP; are generated by the activated PI3K, both PDK1 and Akt
are recruited to the plasma membrane, and then PDKI1 acti-
vates Akt. In contrast, it was also reported that growth factor
stimulation had no effect on the subcellular localization of
PDK1 (14). Thus, growth factor-induced PDK1 membrane
localization is controversial, and other mechanisms targeting
PDKI1 to Akt may also exist.

There is increasing evidence that scaffold proteins maintain
signaling specificity, facilitate the activation of pathway com-
ponents, and localize them to particular subcellular sites or to
specific targets. Major scaffolds include axin in Wnt/B-catenin
signaling (37), and KSR and JIP-1 in mitogen-activated protein
kinase (MAPK) pathways (29, 49). MAPK pathways feature a
conserved signaling cascade consisting of MAPK kinase kinase
(MAPKKK), which phosphorylates and activates MAPK ki-
nase (MAPKK), which then activates MAPK by phosphoryla-
tion. The components of these pathways associate with many
types of scaffold proteins that can colocalize the components of
the pathway and regulate their activities. However, while many
components involved in the PI3K/PDKI1/Akt pathway have
been elucidated, little is known about how those components
are coordinated by scaffold proteins.

In this study, we provide evidence that Freud-1/Akil, a novel
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Akt kinase (PDK1)-interacting protein, facilitates formation of
the PDK1/Akt complex. In addition, we find that Freud-1/Akil
selectively associates with epidermal growth factor receptor
(EGFR) and is essential for PDK1-mediated Akt phosphory-
lation in EGF signaling. Moreover, small interfering RNA
(siRNA)-mediated Freud-1/Akil gene silencing causes cell
apoptosis and increases sensitivity to chemotherapeutic drugs.
These results suggest that Freud-1/Akil functions as a scaffold
in promoting EGF-induced Akt phosphorylation and plays an
important role in cell survival.

MATERIALS AND METHODS

Escherichia coli two-hybrid screening. The BacterioMatch II two-hybrid system
(Stratagene, La Jolla, CA) was used for screening, according to the manufactur-
er’s instructions.

Cell culture conditions and reagents. Human embryonic kidney HEK293 cells,
293T cells, and human epidermoid carcinoma A431 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Human fibrosarcoma HT1080 cells were cultured in RPMI 1640
medium supplemented with 10% FBS. Paclitaxel (Taxol) and etoposide (VP-16)
were kindly provided by Bristol-Myers Squibb Co., Ltd. (Tokyo, Japan). Camp-
tothecin (CPT) was kindly provided by Yakult Co., Ltd. (Tokyo, Japan). Gene-
ticin, 3X FLAG peptide, LY294002, and okadaic acid were purchased from
Sigma (St. Louis, MO). Recombinant human inactive Aktl, human active PDK1
(amino acids 52 to 556), and human SGK protein were purchased from Upstate
Biotechnology (Lake Placid, NY). Glycogen synthase kinase 3 (GSK3) fusion
protein was obtained from Cell Signaling Technology (Beverly, MA). Recombi-
nant human EGF, IGF-1, and platelet-derived growth factor (PDGF) were
purchased from Peprotech (London, United Kingdom). PIP; was purchased
from Biomol International (Plymouth Meeting, PA). The potent EGF tyrosine
kinase inhibitor 4-(3-chloroanilino)-6,7-dimethoxyquinazoline (AG1478) was
purchased from Calbiochem (San Diego, CA).

Plasmid construction. Human full-length wild-type (WT) Freud-1/Akil cDNA
in a pFLAG-CMV-2 vector was generated by PCR with an IMAGE clone (clone
identification no. 6585236; Invitrogen, San Diego, CA) as the template. The
sense and antisense primers used for the PCR were 5'-TGCACAAGAGGAA
AGGACCCC-3' and 5'-TCACCTGCGGAGCCGCTGCAGCTCACTCTCTA
CCAGATTC-3', respectively. The PCR products were ligated to a pCRII vector
(Invitrogen). Freud-1/Akil in the pCRII vector was digested with EcoRI and
cloned into the EcoRI site of a pFLAG-CMV-2 (Sigma) or pHM6 vector (Roche
Diagnostics, Indianapolis, IN). The Freud-1/Akil mutants were generated by
PCR with pFLAG-CMV-2-WT-Freud-1/Akil as the template, using a Quick-
Change mutagenesis kit (Stratagene). Human WT, K179A-, K179A/S473A-,
K179A/T308A/S473A- (AAA-), E40K-, T308D-, S473D-, and T308D/S473D-
Aktl cDNAs, the mutants of PDKI cDNA and NH,-terminal-deleted SGK
c¢DNA (ANG60-SGK) in a pFLAG-CMV-2 vector, and the human WT Akt] cDNA
or S6K cDNA in a pHM6 vector were established in our laboratories (17, 39).
Myc-tagged human full-length PDK7 cDNA (WT PDKI) in a pCMV3 vector was
kindly provided by P. Hawkins and K. Anderson (The Babraham Institute,
Cambridge, United Kingdom) (2). All plasmid DNAs for transfection were
purified using a Qiagen plasmid maxikit according to the manufacturer’s proto-
col (Qiagen, Chatsworth, CA).

Antibodies. The following antibodies were used for immunoblotting: Freud-
1/Akil from Bethyl Laboratories, Montgomery, TX; Akt, phospho-Thr?%8-Akt,
phospho-Ser*73-Akt, EGFR, phospho-Tyr!*®-EGFR, FOXO1, phospho-Ser?'-
GSK3a, IGF-1R, phospho-Tyr''*!-IGF-1R, cleaved poly(ADP-ribose) polymer-
ase (PARP), PDK1, phospho-Ser?*'-PDK1, and SGK from Cell Signaling Tech-
nology; p27¥iP! from BD Transduction Laboratories, Lexington, KY; S6K from
New England Biolabs, Beverly, MA; FOXO3a and phospho-Thr?**-SGK from
Upstate Biotechnology; topoisomerase IIf from BD Biosciences-PharMingen,
San Diego, CA; FLAG tag (clone M2) from Sigma; hemagglutinin (HA) tag
(clone 3A10) and Myc tag (clone 9E10) from Roche Diagnostics; and B-actin
(C-2) from Santa Cruz Biotechnology, Santa Cruz, CA.

Transient transfections, immunoprecipitations, and Western blot analysis.
Cells were transfected with appropriate plasmids or siRNA using Superfect
transfection reagent (Qiagen) or Lipofectamine 2000 reagent (Invitrogen), ac-
cording to the manufacturers’ instructions.

The PDKI1-2 siRNA was designed as described previously (39). Negative
control siRNA, Freud-1/Akil-1 siRNA, and Freud-1/Akil-2 siRNA were pur-
chased from Invitrogen. These oligonucleotides were stealth siRNAs. The coding
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strands of the siRNAs were GGCGCUCUAUCAGACAGCAAUUGAA
(Freud-1/Akil-1; directed to nucleotides 432 to 456) and CCCUGGCGAUCU
GGAUGUCUUUGUU (Freud-1/Akil-2; directed to nucleotides 2022 to 2046).

After transfection for the appropriate times, the culture medium was replaced
with a medium containing 0.1% FBS. After incubation for 24 h, cells were treated
with bovine serum albumin (BSA) as a control, 50 ng/ml IGF-1, 50 ng/ml EGF,
or 100 ng/ml PDGF for 10 min. In some experiments, cells were treated with 1
M AG1478 for 1 h prior to EGF addition or treated with 50 uM LY294002 for
an appropriate time before cell harvest. Cells were then harvested and solubi-
lized in lysis buffer (20 mM Tris-HCI [pH 7.5], 0.2% Nonidet P-40, 10% glycerol,
1 mM EDTA, 1.5 mM magnesium chloride, 137 mM sodium chloride, 50 mM
sodium fluoride, 1 mM sodium orthovanadate, 12 mM B-glycerophosphate, 1
mM phenylmethylsulfonyl fluoride, and 1 mM aprotinin) (40). Whole-cell lysates
were prepared using lysis buffer containing sodium dodecyl sulfate (SDS) (1%
SDS, 10% glycerol, and 100 mM Tris-HCI [pH 7.6]). In some experiments,
cytoplasmic and nuclear fractions or cytoplasmic, membrane, and nuclear frac-
tions were separated using an NE-PER extraction kit (Pierce, Rockford, IL) or
compartmental protein extraction kit (Chemicon, Temecula, CA), respectively,
according to the manufacturer’s instructions. Tagged proteins were immunopre-
cipitated with an anti-HA antibody-conjugated agarose (clone HA-7; Sigma) or
an anti-FLAG antibody-conjugated agarose (clone M2; Sigma). In some exper-
iments, cell lysates were incubated with an anti-Akt antibody-conjugated agarose
(C-20; Santa Cruz Biotechnology), protein A-Sepharose (Zymed Laboratories,
South San Francisco, CA) that had been conjugated with normal sheep immu-
noglobulin G (IgG), a sheep anti-S6K antibody, a sheep anti-PDKI1 antibody
(Upstate Biotechnology), or anti-EGFR Ab-13 (clone 528 + 199.12; Thermo
Fisher Scientific, Fremont, CA) or with protein G-Sepharose (Zymed Labora-
tories) that had been conjugated with an anti-Freud-1/Akil antibody (43). Then
the immunoprecipitated proteins or the cell lysates were analyzed by immuno-
blotting. Blots were scanned using an Image Reader LAS-3000 mini (Fujifilm,
Tokyo, Japan) and quantified using Multi Gauge software (Fujifilm).

Sequential immunoprecipitation analysis was performed as follows. 293T cells
were transfected with FLAG-Freud-1/Akil, HA-Akt, and Myc-PDKI. For the
control of second immunoprecipitation, we used HA-mock vector (encoding no
protein) and HA-S6K. After transfection for 24 h, the cells were solubilized in
lysis buffer and the lysates were immunoprecipitated with anti-FLAG antibody-
conjugated agarose for 2 h at 4°C. The FLAG-Freud-1/Akil complex was eluted
with lysis buffer containing 200 pg/ml FLAG peptide for 1 h at 4°C. Then, the
eluate was immunoprecipitated again with an anti-HA antibody-conjugated aga-
rose for 2 h at 4°C.

Flow cytometric analysis. Cells were harvested and fixed with 70% ice-cold
ethanol for 30 min at 4°C. After washing with phosphate-buffered saline (PBS),
the cells were incubated with PBS containing 1 mg/ml RNase for 30 min at 37°C.
After washing with PBS again, the cells were stained in propidium iodide solu-
tion (50 pg/ml propidium iodide, 0.1% sodium citrate, 0.1% NP-40) for 30 min
at 4°C. Analyses were performed on a Cytomics 500 flow cytometer (Beckman
Coulter, Miami, FL) with Cytomics RXP and MultiCycler software (20).

Kinase assays. Endogenous proteins were immunoprecipitated with an immo-
bilized Akt antibody (1G1) (Cell Signaling Technology), control mouse IgG-
conjugated agarose, or anti-PDK1 antibody-conjugated agarose (E-3) (Santa
Cruz Biotechnology). FLAG-tagged proteins were immunoprecipitated with
anti-FLAG antibody-conjugated agarose. Akt or PDKI1 kinase activity was as-
sayed using the Upstate Biotechnology kinase assay kit according to the manu-
facturer’s instructions. Human recombinant SGK or GSK3 fusion protein was
incubated with immunoprecipitated PDK1 or Akt in the kinase reaction buffer
for PDK1 or for Akt for 30 min at 30°C, respectively. In a PDK1 kinase assay with
PIP;, human recombinant PDK1, Akt, and PIP;-containing vesicles were incu-
bated with immunoprecipitated FLAG-tagged Freud-1/Akil (44, 46). Reaction
mixtures were electrophoresed and immunoblotted. To check the input level of
GSK3 fusion protein, the SDS-polyacrylamide gel was stained with Coomassie
brilliant blue after electrophoresis.

MTT assay. To assess cell viability, we employed the MTT [3-(4,5-methyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide] assay. In brief, cells were incu-
bated with MTT for 2.5 h. Formazan products were solubilized with dimethyl
sulfoxide, and optical density was measured at 525 nm, with a reference at 650
nm, using a microplate spectrophotometer (Benchmark Plus; Bio-Rad, Hercules,
CA). Viability was calculated by dividing the absorbance of each sample by that
of the corresponding control.

Pull-down assay. HA-tagged recombinant human WT-Freud-1/Akil, p27%iP!,
or mouse MAPK?2 protein was obtained by in vitro translation of pHM6 plasmid
encoding WT Freud-1/Akil, p27%P!, or MAPK?2 using the TNT Quick Coupled
transcription/translation system (Promega, Madison, WI), according to the man-
ufacturer’s instructions. To obtain a control protein, the same experiment was



5998 NAKAMURA ET AL.

MoL. CELL. BIOL.

A C IP antibody to
pBT- Mock AN51-PDK1 —
pTRG-Freud-1 + - g -
fragment 3 E X ¥
° g 293
Freud-1 |_!| | . . |
PDK1 | g -
S6K | gmm -
1 2 3 4
B » 3 D xBE
8 3 2 8 35§
FLAG- = ¥ 2 X 3 HA-rec. =SCQ
Myc-PDK1 —+ —+ -4 —+ -+ — + rec.PDK1 + + +
M - e -— -
ye | = — 66kDa PDK1 |
e —97 =
—
IP: i
FLAG | FLAG = —45 :
HA
o -l _ 30 HA
= —14.3
Myc [ @ @ » & | -
1234567 89101112
Input PDK1 | e ane ann
1 2 3

FIG. 1. Identification of Freud-1/Akil as a PDKI-interacting protein. (A) BacterioMatch II validation reporter-competent cells were trans-
formed with a pBT vector encoding no protein (Mock) or AN51-PDK1 together with a pTRG vector encoding the Freud-1/Akil fragment (+).
(B) 293T cells were transfected with the indicated plasmids encoding full-length human PDKI and putative PDK1-interacting proteins. Immu-
noprecipitated (IP) proteins (top and middle) and cell lysates (bottom) were electrophoresed and immunoblotted with antibodies to FLAG or to
Myc. (C) 293T cell lysates were incubated with protein A-Sepharose conjugated with normal sheep IgG (Normal), an anti-PDKI1 antibody, or an
anti-S6K antibody. Immunoprecipitated proteins (lanes 2 to 4) and cell lysates (Input) were electrophoresed and immunoblotted with the indicated
antibodies. (D) HA-tagged recombinant (HA-rec.) Freud-1/Akil (lane 2) or p27%"! (lane 3) protein was obtained by in vitro translation of a pHM6
vector encoding Freud-1/Akil or p27iP!, The HA-tagged protein was obtained from a pHM®6 vector encoding no protein (Mock). HA-tagged
proteins were immunopurified with an anti-HA agarose and then incubated with recombinant PDK1 (rec.PDK1). The reaction mixture (Input) and
agarose-bound proteins (top and middle) were electrophoresed and immunoblotted with antibodies to HA or PDKI.

done with a pHMS6 vector encoding no protein. The HA-tagged proteins were
immunopurified with an anti-HA agarose and then incubated with recombinant
PDKI1 or Akt at 4°C for 2 h. After washing, PDK1 or Akt that was associated with
HA-tagged recombinant Freud-1/Akil was detected by immunoblot analysis.

RESULTS

Molecular identification of Freud-1/Akil as a PDKl1-inter-
acting protein. To identify novel molecules that form a com-
plex with and regulate PDK1, a HeLLa cDNA library and a
human fetal brain cDNA library were screened using an E. coli
two-hybrid system with the NH,-terminal-deleted PDKI1
(AN51-PDK1) as a bait. We used AN51-PDK1 as the bait
because it has been reported to be as functional as WT PDK1
(2) and its level of expression was higher than that of WT
PDK1 in cells. Eight identical clones (F1 to F8) were isolated.
At that time, the F1 clone was functionally unknown. We
therefore focused on and renamed F1, calling it Akil because
it is an Akt kinase (PDKI1)-interacting protein /. Akil was
originally designated as a hypothetical protein, FLJ20241 (Full
Length cDNA Database). It is also called “coiled-coil and C2
domain containing 1A” (CC2D1A) based on its structure. Re-

cently, it has been shown that Akil is identical to Freud-1 (32).
Although Freud-1/Akil has been reported to be a transcrip-
tional regulator involved in autosomal recessive nonsyndromic
mental retardation (ARNSMR) (6, 35), there have been no
reports on the function of Freud-1/Akil in PI3K/PDK1/Akt
signaling.

Plasmid DNAs isolated from the F1 clone (pTRG-Freud-1/
Akil fragment) were transformed into E. coli together with a
bait cDNA (pBT-AN51-PDKI1) or a negative control cDNA
(pBT-mock) to reconfirm the interaction between Freud-1/
Akil and PDKI1 in bacteria. We observed positive colonies
among the Freud-1/Akil transformants, indicating that Freud-
1/Akil interacts with AN51-PDKI1 in E. coli (Fig. 1A). To
examine the interaction in mammalian cells, FLAG-tagged
Freud-1/Akil or other putative PDKI-interacting proteins
(clones F2 to F8) were overexpressed together with Myc-
tagged PDK1 in 293T cells. Myc-PDK1 could bind to all clones
except F4 (Fig. 1B [results for F5 to F8 not shown]). The
interaction of F4 with PDK1 might be inhibited by other pro-
teins or its posttranslational modifications in mammalian cells.
Because it had been reported that 14-3-36 interacted with
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FIG. 2. Identification of the domains responsible for interactions between Freud-1/Akil and PDK1. (A) The structural domains of Freud-1/
AKkil and its deletion mutants used in the experiments are represented as black bars. (B and C) 293T cells were transfected with plasmids to express
WT PDKI1 and Freud-1/Akil mutants as indicated. Immunoprecipitated (IP) proteins (top and middle) and cell lysates (bottom) were electro-
phoresed and immunoblotted with antibodies to FLAG or to Myc. (D) Structural domains of PDKI and its deletion mutants used in the
experiments are represented as black bars. (E) 293T cells were transfected with plasmids to express Freud-1/Akil and PDK1 mutants as indicated.
Immunoprecipitated proteins (top and middle) and cell lysates (bottom) were electrophoresed and immunoblotted with antibodies to FLAG or

to HA.

PDK1 (39), we used 14-3-36 as the positive control for binding
to PDKI1. In addition, endogenous Freud-1/Akil could be de-
tected in the anti-PDK1 immunoprecipitant but not in normal
IgG or anti-S6K immunoprecipitant, indicating that Freud-1/
Akil indeed interacts with PDKI1 at their endogenous levels
(Fig. 1C). The binding to PDK1 seemed to be constitutive
because treatment with EGF or IGF-1 had no effect on com-

plex formation (data not shown). Pull-down analysis with in
vitro-translated recombinant Freud-1/Akil or p27%"! and re-
combinant PDKI1 clearly indicated that Freud-1/Akil directly
binds to PDK1 (Fig. 1D). Thus, we concluded that Freud-1/
Akil is a novel PDK1-binding partner.

Identification of the domains responsible for interactions of
Freud-1/Akil with PDKI1. Freud-1/Akil contains four Dro-
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FIG. 3. Freud-1/Akil positively regulates Akt™ phosphorylation and Akt kinase activity. (A) 293T cells were transfected with nonsilencing
control siRNA (lane 1), Freud-1/Akil-1 siRNA (lane 2), or Freud-1/Akil-2 siRNA (lane 3). After transfection for 72 h, cell lysates were
electrophoresed and immunoblotted with the indicated antibodies. (B) 293T cells were transfected with nonsilencing control siRNA (lane 1),
Freud-1/Akil-1 siRNA (lane 2), Freud-1/Akil-2 siRNA (lane 3), or PDK1-2 siRNA (lane 4). Then an Akt kinase assay was performed. The Akt
kinase activity was determined by quantifying the phospho-GSK3 level using Multi Gauge, as described in Materials and Methods. Error bars
represent standard deviations of triplicate experiments. The Akt kinase activity of Freud-1/Akil-1, Freud-1/Akil-2, or PDK1-2 siRNA-transfected
cells was significantly different from that of control siRNA-transfected cells (¥, P < 0.025). (C) 293T cells were transfected with nonsilencing
control siRNA (open circles) or Freud-1/Akil-1 siRNA (closed circles). After transfection for 72 h, cells were treated with 0, 10, 100, or 250 nM
okadaic acid. After incubation for an additional 4 h, cell lysates were electrophoresed and immunoblotted with antibodies to Akt or phospho-
Thr?*8-Akt. Phospho-Thr**®-Akt/Akt ratios were quantified using Multi Gauge, as described in Materials and Methods. (D) 293T cells were
transfected with nonsilencing control siRNA (lane 1), Freud-1/Akil-1 siRNA (lane 2), or Freud-1/Akil-2 siRNA (lane 3). Cell lysates were
incubated with an anti-PDK1 antibody-conjugated agarose. Then a PDK1 kinase assay was performed. PDK1 kinase activity was determined by
quantifying the phospho-SGK level by Multi Gauge, as described in Materials and Methods. Error bars represent standard deviations of triplicate
experiments. The PDK1 kinase activity of Freud-1/Akil-1 or Freud-1/Akil-2 siRNA-transfected cells was not significantly different (NS) from that
of control siRNA-transfected cells (P > 0.25). IP, immunoprecipitated. (E) HT1080 cells were transfected with nonsilencing control siRNA (lanes
1 and 2) or Freud-1/Akil-1 siRNA (lanes 3 and 4). Cells were treated with BSA or 50 ng/ml EGF, as described in Materials and
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sophila melanogaster 14 (DM14) domains and one C2 domain.
The DM14 domain is a 60-amino-acid repeat sequence con-
served among Freud-1/Akil homologs, even in lower organ-
isms such as Caenorhabditis elegans and Drosophila, but its
function has never been clarified. The C2 domain is a PKC-
conserved region 2, which is a Ca®"-dependent membrane-
targeting domain found in many cellular proteins involved in
signal transduction. To identify the domain or domains in
Freud-1/Akil that are critical for complex formation with
PDKI1, we prepared several Freud-1/Akil deletion mutants
(Fig. 2A). PDK1 formed a complex with AC520-, AC560-,
AC657-, and AC762-Freud-1/Akil, but not with AC499-Freud-
1/Akil (Fig. 2B). In addition, the fourth DMI14 domain
(DM14-4) was found to be critical for Freud-1/Akil-PDK1
binding (Fig. 2C). These results indicate that a region around
the DM14-4 domain is associated with binding to PDK1.

To determine the Freud-1/Akil binding site in PDKI, we
prepared PDK1 deletion mutants (Fig. 2D). When the FLAG-
PDK1 deletion mutants were immunoprecipitated with an
anti-FLAG antibody, HA-Freud-1/Akil could be detected in
all of the immunoprecipitants (Fig. 2E). This result indicates
that PDK1 may bind to Freud-1/Akil through more than one
binding site.

Freud-1/AKil activates the PDK1/Akt signaling pathway. To
investigate the role of endogenous Freud-1/Akil in PDK1/Akt
signaling, we designed two Freud-1/Akil siRNAs. Both Freud-
1/Akil-1 and Freud-1/Akil-2 siRNAs effectively attenuated
endogenous Freud-1/Akil protein expression. Under these
conditions, both Freud-1/Akil siRNAs significantly decreased
the level of phospho-Thr’®-Akt compared with control
siRNA. Importantly, neither siRNA had a significant effect on
Akt phosphorylation at Ser*”? (Fig. 3A). Because Akt activity
correlates with its phosphorylation levels at the Thr*®® and
Ser*”® residues, we employed an in vitro kinase assay to con-
firm the downregulation of Akt kinase activity after Freud-1/
Akil knockdown. Because Akt is known to phosphorylate
GSK3a at Ser?! (13), we measured the phospho-Ser?'-GSK3a
level as an indication of Akt kinase activity. Endogenous
Freud-1/Akil knockdown by Freud-1/Akil siRNAs and endog-
enous PDK1 knockdown by our previously designed PDK1-2
siRNA (39) clearly reduced Akt kinase activity. Three inde-
pendent experiments confirmed a reduction of about 60% in
Akt kinase activity after Freud-1/Akil gene silencing (Fig. 3B).

There are two possibilities for the mechanism by which
Freud-1/Akil regulates Akt phosphorylation at Thr*®® and its
kinase activity: first, Freud-1/Akil antagonizes phosphatase-
mediated Akt dephosphorylation; second, Freud-1/Akil pro-
motes PDK1-mediated Akt phosphorylation. We first exam-
ined the former possibility using a phosphatase inhibitor,
okadaic acid. Okadaic acid was able to inactivate protein phos-
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phatase 1 (PP1) and protein phosphatase 2A (PP2A), both of
which are known to be associated with Akt dephosphorylation
at Thr’®® (40, 51). Adding okadaic acid dramatically upregu-
lated the phospho-Thr*®-Akt level in control siRNA-trans-
fected cells but not in Freud-1/Akil-1 siRNA-transfected cells
(Fig. 3C). Because phosphatase inhibition by okadaic acid did
not result in an increase in the phospho-Thr*%-Akt level in
Freud-1/Akil-1 siRNA-transfected cells, we conclude that
Freud-1/Akil gene silencing impairs the mechanism(s) of
PDK1-mediated Akt phosphorylation.

Because PDKI1 was reported to be constitutively active (11),
we checked the change in PDKI1 kinase activity after Freud-1/
Akil gene silencing. We performed an in vitro kinase assay
after Freud-1/Akil knockdown. Because PDKI1 is known to
phosphorylate SGK at the Thr?*® residue (21), we measured
the phospho-Thr***-SGK level as an indication of PDK1 ki-
nase activity. Three independent experiments confirmed ap-
proximately equal PDKI1 kinase activities after Freud-1/Akil
knockdown (Fig. 3D). Because PDKI1 was reported to phos-
phorylate by itself at Ser**' (11), we also estimated PDK1
kinase activity by checking the phospho-Ser**'-PDK1 level in
lysates. Consistent with the result of the in vitro PDK1 kinase
assay, Freud-1/Akil knockdown did not affect the phospho-
Ser**'-PDK1 level (Fig. 3D).

Several growth factors trigger the activation of PI3K, which
leads to Akt activation. Thus, we next examined the effect of
Freud-1/Akil knockdown under the growth factor-stimulated
condition. In this experiment, we used HT1080 cells, because
they showed a low phospho-Akt level under the steady-state
condition and were appropriate to examine the level of growth
factor-induced Akt activation. EGF stimulation increased the
phospho-Thr?*®-Akt levels and Akt kinase activity in control
siRNA-treated cells. Meanwhile, Freud-1/Akil knockdown in-
terfered with Akt phosphorylation at Thr*®® and its activation
induced by EGF (Fig. 3E). Under the same condition, Freud-
1/Akil knockdown did not affect PDK1 kinase activity (Fig.
3E). Almost no increase was observed in PDK1 kinase activity
in response to EGF. This result is consistent with the report
that PDK1 is constitutively active (11).

Members of the FOXO family of transcription factors
(FOXO1/FKHR, FOX03a/FKHRLI1, or FOXO4/AFX) exert
their apoptosis-inducing or cell cycle-inhibitory functions by
promoting the transcription of various proteins, including
p27¥iPt (27). Akt-mediated phosphorylation of the FOXO
family of transcription factors promotes their nuclear export,
resulting in the loss of transcriptional activity (3). Akt inacti-
vation by knockdown of Freud-1/Akil increased the amount of
FOXO1 and FOXO3a in the nucleus (Fig. 3F) without affect-
ing the total amount (data not shown). We suppose that the
increase in FOXO1 and FOXO3a amounts in the nuclear

Methods. Then an Akt or PDK1 kinase assay was performed. Error bars represent standard deviations of triplicate experiments. The Akt kinase
activity of Freud-1/Akil-1 siRNA-transfected and EGF-stimulated cells was significantly different from that of control siRNA-transfected and
EGF-stimulated cells (¥, P < 0.0004). The PDKI kinase activity of Freud-1/Akil-1 siRNA-transfected and EGF-stimulated cells was not
significantly different (NS) from that of control siRNA-transfected and EGF-stimulated cells (P > 0.4). (F) 293T cells were transfected with
nonsilencing control siRNA (lanes 1 and 2) or Freud-1/Akil-1 siRNA (lanes 3 and 4). After transfection for 72 h, cytoplasmic (C) and nuclear (N)
fractions were separated, electrophoresed, and immunoblotted with the indicated antibodies. (G) 293T cells were transfected with nonsilencing
control siRNA (lane 1) or Freud-1/Akil-1 siRNA (lane 2). After transfection for 72 h, cell lysates were electrophoresed and immunoblotted with

the indicated antibodies.
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FIG. 4. Freud-1/Akil functions as a scaffold for the PDK1/Akt pathway. (A) HT1080 cells were transfected with increasing amounts of
pFLAG-CMV-2-Freud-1/Akil plasmid. Cells were treated with BSA or 50 ng/ml EGF as described in Materials and Methods. Cell lysates were
electrophoresed and immunoblotted with the indicated antibodies. The relative band intensities of the anti-Freud-1/Akil immunoblot were
quantified and are indicated as described in Materials and Methods. (B) The HA-tagged recombinant Freud-1/Akil (lane 2) or MAPK2 (lane 3)
protein was obtained by in vitro translation of a pHM6 vector encoding Freud-1/Akil or MAPK2. The HA-tagged protein was obtained from a
pHMB6 vector encoding no protein (Mock). The HA-tagged proteins were immunopurified with an anti-HA agarose and then incubated with
recombinant Akt (rec.Akt). The reaction mixture (Input) or agarose-bound proteins (top and middle) were electrophoresed and immunoblotted
with antibodies to HA or Akt. IP, immunoprecipitated. (C to E) 293T cells were transfected with the indicated plasmids encoding Freud-1/Akil,
WT Akt, Akt mutants, S6K, and AN60-SGK. Immunoprecipitated proteins (top and middle) and cell lysates (bottom) were electrophoresed and
immunoblotted with antibodies to FLAG or to HA. (F) 293T cells were transfected with a pFLAG-CMV-2-WT-Akt plasmid



VoL. 28, 2008

fraction did not lead to the decrease in FOXO1 and FOXO3a
amounts in the cytoplasmic fraction because the amount of
nuclear protein is small compared with the amount of cyto-
plasmic protein. Consistent with the increase in the amount of
the nuclear FOXO family of transcription factors, p27<®! ex-
pression was induced by Freud-1/Akil gene silencing (Fig. 3G).
These data indicate that Freud-1/Akil positively regulates Akt
phosphorylation and activation.

Freud-1/Akil is a scaffold for PDK1/Akt signaling. We
showed that Freud-1/Akil is required for EGF-induced Akt
phosphorylation at Thr**® (Fig. 3E); we therefore measured
EGEF signaling in the presence of different concentrations of
Freud-1/Akil. Freud-1/Akil expression modulated EGF-in-
duced Akt phosphorylation at Thr*®® in a concentration-de-
pendent biphasic manner and had no effect on Akt phosphor-
ylation at Ser*”® (Fig. 4A). Quantitative studies of the MAPK
cascade revealed that molecular scaffolds might either facili-
tate or inhibit signal propagation depending on their concen-
tration (23). Previous studies reported both positive and neg-
ative regulation by KSR-1, depending on the level of protein
expression (9, 22). Quantification of the band intensities of the
anti-Freud-1/Akil immunoblot revealed that Freud-1/Akil
acts as a positive effector when overexpressed at near physio-
logical levels and acts as a negative effector when overex-
pressed much more than physiological levels (Fig. 4A). There-
fore, Freud-1/Akil might function as a scaffold for EGFR/
PDKI1/Akt signaling.

Freud-1/Akil, as a scaffold protein, would form a complex
with not only PDK1 but also Akt. To investigate the interaction
of Freud-1/Akil with Akt, we employed pull-down analysis
with in vitro-translated recombinant Freud-1/Akil and recom-
binant Akt. As shown in Fig. 4B, Akt directly bound to Freud-
1/Akil but not to the control or MAPK2. We also discovered
that Freud-1/Akil could form a complex with all Akt isoforms
(Aktl, Akt2, and Akt3) in cells (data not shown). Furthermore,
Freud-1/Akil could form a complex with a kinase-dead form of
Akt (K179A-Akt), phosphorylation-deficient forms of Akt
(K179A/S473A-Akt and AAA-Akt), a constitutively active
form of Akt (E40K-Akt), and an S473 phosphorylation-mimic
form of Akt (S473D-Akt) but not with T308 phosphorylation-
mimic forms of Akt (T308D- and T308D/S473D-Akt) (Fig. 4C
and D). These data suggest that formation of the complex
depends on the level of phospho-Thr’®-Akt. Freud-1/Akil
may preferentially bind to Akt with a low phosphorylation level
at Thr*®® to enable PDKI1 to phosphorylate Akt and dissociate
from Akt after its phosphorylation by PDKI.

Scaffold proteins regulate signaling specificity. We therefore
studied whether Freud-1/Akil could form a complex with
other PDK1 substrates such as S6K or SGK. Immunoprecipi-
tation studies revealed that Freud-1/Akil did not form a com-
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plex with S6K or SGK, even when both were overexpressed
(Fig. 4D and E). To establish whether the effect of Freud-1/
Akil knockdown is specific to Akt, we then examined the
endogenous phosphorylation level of S6K at Thr**?, PRK1 at
Thr””#, PRK2 at Thr®'%, and PKC{ at Thr*'°, which are known
to be PDKI1 substrates (5, 31). Immunoblot analysis suggested
that Freud-1/Akil expression did not affect PDK1-mediated
phosphorylation of these PDK1 substrates (data not shown).

If Freud-1/Akil is a scaffold for PDK1 and Akt, the inter-
action between them will be strengthened by Freud-1/Akil
expression. In fact, Freud-1/Akil overexpression drastically in-
creased the amount of endogenous PDK1 that formed a com-
plex with FLAG-tagged Akt (Fig. 4F). Meanwhile, Freud-1/
Akil knockdown suppressed the formation of endogenous
PDK1-Akt complex in response to EGF (Fig. 4G). Moreover,
to show that Freud-1/Akil, PDK1, and Akt are present in the
same protein complex, we employed sequential immunopre-
cipitation analysis. The results indicate that Freud-1/Akil,
PDKI1, and Akt are present in the same protein complex, but
S6K (a well-known PDKI1 substrate) cannot form a ternary
complex with Freud-1/Akil and PDK1 (Fig. 4H). Additionally,
to further prove that the interaction between Freud-1/Akil
and Akt is not mediated by PDK1, we investigated whether the
binding of Freud-1/Akil to Akt could be correlated with the
amount of PDK1. Overexpression of WT or kinase-dead PDK1
did not affect the interaction between Freud-1/Akil and Akt
(data not shown).

These data indicate that Freud-1/Akil selectively interacts
with Akt among the tested PDKI1 substrates and promotes
PDK1/Akt complex formation to positively regulate PDK1-
mediated Akt phosphorylation.

Freud-1/Akil forms a multiprotein complex containing
EGFR. Freud-1/Akil is critical for EGF-induced Akt phosphor-
ylation at Thr**® (Fig. 3E and 4A). To establish whether Freud-
1/Akil could exhibit its ability in other growth factor signaling
pathways besides EGF, we examined the effect of Freud-1/
Akil knockdown on Akt phosphorylation in response to IGF-1
or PDGF. Interestingly, in contrast to EGF treatment, Freud-
1/Akil knockdown did not affect the increase in the phospho-
Thr3®-Akt level after IGF-1 or PDGF treatment in HT1080
and HEK?293 cells (Fig. 5A). The level of Akt protein expres-
sion was increased in Freud-1/Akil siRNA-treated HEK293
cells (Fig. 5A). The phenomenon was also observed in 293T
cells (Fig. 3A). However, the increase in total Akt level was not
observed in Freud-1/Akil siRNA-treated HT1080 cells (Fig.
3E and 5A). Because identical results were obtained in the
HEK293, 293T, and HT'1080 cell lines, these results seem to be
independent of the Akt variation. These results suggest that
Freud-1/Akil selectively plays a pivotal role in the regulation

(lanes 1 to 4) together with a pHM®6 vector encoding no protein (lanes 1 and 3) or Freud-1/Akil (lanes 2 and 4). Immunoprecipitated proteins
(lanes 1 and 2) and cell lysates (lanes 3 and 4) were electrophoresed and immunoblotted with the indicated antibodies. (G) HT1080 cells were
transfected with nonsilencing control siRNA (lanes 1 and 2) or Freud-1/Akil-1 siRNA (lanes 3 and 4). Cells were treated with BSA or 50 ng/ml
EGF as described in Materials and Methods. Immunoprecipitated proteins and cell lysates were electrophoresed and immunoblotted with the
indicated antibodies. (H) 293T cells were transfected with a pFLAG-CMV-2-Freud-1/Akil plasmid (lanes 1 to 9) and a pCMV3-PDK1 plasmid
(lanes 1 to 9) together with a pHMG6 vector encoding no protein (Mock), Akt, or S6K. The first immunoprecipitation was performed with an
anti-FLAG antibody. The immunopurified FLAG-tagged protein was eluted with FLAG peptide, followed by a second immunoprecipitation with
an anti-HA antibody. Protein samples from each step were electrophoresed and immunoblotted with the indicated antibodies. *, nonspecific band.
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FIG. 5. Formation of EGFR/Freud-1/Akil/PDK1/Akt complex in response to EGF but not IGF-1. (Left) (A) HT1080 cells were transfected
with nonsilencing control siRNA (—) or Freud-1/Akil-1 siRNA (+). Cells were treated with BSA, 50 ng/ml EGF, or 50 ng/ml IGF-1, as described
in Materials and Methods. Cell lysates were electrophoresed and immunoblotted with the indicated antibodies. (Right) HEK293 cells were
transfected with nonsilencing control siRNA (—) or Freud-1/Akil-1 siRNA (+). Cells were treated with BSA, 50 ng/ml EGF or IGF-1, or 100 ng/ml
PDGEF, as described in Materials and Methods. Cell lysates were electrophoresed and immunoblotted with the indicated antibodies. (B) Stable
Freud-1/Akil-transfected HT1080 cells were treated with 50 ng/ml EGF for the indicated times, as described in Materials and Methods.
Immunoprecipitated (IP) proteins (left) and cell lysates (right) were electrophoresed and immunoblotted with the indicated antibodies. (C) A431
cells were treated with BSA or 50 ng/ml EGF as described in Materials and Methods. Immunoprecipitated proteins (lanes 1 and 2)
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of PDKI1-dependent Akt phosphorylation under EGF signal-
ing.

In the case of the MAPK pathway, it has been reported that
scaffold proteins promote the formation of complexes contain-
ing receptors (30, 50). Here we showed that Freud-1/Akil
interacts with PDK1 and Akt and regulates Akt activation
upon EGF signaling by functioning as a scaffold. Thus, we
hypothesized that Freud-1/Akil may also associate with
EGFR. Therefore, we established stable FLAG-WT Freud-1/
Akil-transfected HT1080 cells and assayed for protein com-
plex formation using the cells. Because we obtained similar
results both in HEK293 and in HT1080 cells (Fig. 5A) and
HEK?293 is resistant to Geneticin, we used HT1080 cells to
establish stable cell lines. When stimulated by EGF, EGFR
was coimmunoprecipitated with FLAG-Freud-1/Akil (Fig.
5B). The EGF-dependent Freud-1/Akil-binding to EGFR was
also found at an endogenous level in A431 cells (Fig. 5C).
Furthermore, we discovered that the formation of complex
between endogenous Akt and Freud-1/Akil was also induced
by EGF treatment (Fig. 5C). We next examined whether these
events were specific to EGF. EGF-induced formation of
EGFR/Freud-1/Akt complex was interfered with by AG1478, a
potent EGF tyrosine kinase inhibitor (Fig. 5D). Interestingly,
FLAG-Freud-1/Akil did not form a complex with Akt or
IGF-1 receptor (IGF-1R), even when cells were stimulated by
IGF-1, even though IGF-I induced Akt phosphorylation at
both Thr*®® and Ser*”® (Fig. 5D). Both EGF stimulation and
IGF-1 stimulation did not affect the interaction of Freud-1/
Akil with PDKI1 (Fig. 5D). To investigate whether PDK1 in-
teracts with Freud-1/Akil in both the cytoplasmic and mem-
brane fractions and whether EGF stimulation induces
membrane localization of the Freud-1/Akil-PDK1 complex,
we employed an immunoprecipitation assay using fractionated
lysates (cytoplasmic, membrane, and nuclear fractions). Freud-
1/Akil was expressed in all fractions (predominantly in the
nuclear fraction), whereas PDK1 and Akt localized in the
membrane fraction were barely detected regardless of EGF
treatment (Fig. 5E). Freud-1/Akil-PDK1 interaction in mem-
brane fraction could not be detected (data not shown), which
would be due to a small amount of PDK1 localized to mem-
brane fraction. However, Freud-1/Akil could be detected in
the anti-EGFR immunoprecipitant from the membrane frac-
tion in an EGF-dependent manner (Fig. SE). This result and
the observation that PDK1 interacted with Freud-1/Akil in the
absence or presence of EGF (Fig. 5D and data not shown)
indicate that Freud-1/Akil-PDK1 complex containing EGFR
is formed in the membrane fraction when stimulated by EGF.
Next we examined the mechanism by which Akt was recruited
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to Freud-1/Akil in response to EGF. It is known that PI3K
products, including PIP;, mediate membrane recruitment of
Akt, resulting in PDK1-induced Akt phosphorylation and ac-
tivation (39). Therefore, we investigated the relationships of
Freud-1/Akil with PI3K and the membrane localization of
Akt. Freud-1/Akil knockdown did not change PIP; production
in response to EGF and IGF-1, indicating that Freud-1/Akil
does not affect PI3K activity. Immunofluorescence analysis
confirmed that the membrane localization of Akt was not af-
fected by Freud-1/Akil knockdown (data not shown). How-
ever, we discovered that a PI3K inhibitor, LY294002, sup-
pressed Freud-1/Akil-Akt interaction but not Freud-1/Akil-
PDK1 interaction (Fig. 5F) and Freud-1/Akil accelerated the
rate that Akt was activated by PDK1 in the presence of PIP,
(Fig. 5G). Freud-1/Akil did not modulate Akt phosphorylation
at Thr’®® in a concentration-dependent biphasic manner like
Fig. 4A. Because there were an excess amount of recombinant
PDK1 and Akt, immunoprecipitated Freud-1/Akil would not
act as a negative effector but as a positive effector.

These observations suggest that Freud-1/Akil forms a multi-
protein complex containing EGFR in response to EGF and se-
lectively tethers PDK1/Akt signaling module to this receptor, in
cooperation with PIP; (a schematic model is shown in Fig. 7).

Freud-1/AKil positively regulates cell survival and prolifer-
ation. Because Freud-1/Akil positively regulated Akt kinase
activity (Fig. 3), we thought Freud-1/Akil might be associated
with cell survival and proliferation. The MTT assay revealed
that Freud-1/Akil gene silencing resulted in a reduction of
about 40% in the number of viable cells after 96 h of trans-
fection compared with the control (Fig. 6A). Flow cytometric
analysis demonstrated that Freud-1/Akil knockdown caused a
two- to threefold increase in the apoptotic sub-G; population
compared with the control (Fig. 6B). In these experiments, we
used 293T cells that showed the high level of Akt phosphory-
lation. The growth-suppressing and apoptosis-inducing effects
of Freud-1/Akil siRNA were barely detectable in some cell
lines that showed a low phospho-Akt level under the steady-
state condition (e.g., HT1080 cells [data not shown]). Thus,
Freud-1/Akil is important for cell survival and proliferation by
positively regulating PDK1/Akt signaling.

We next addressed whether Freud-1/Akil knockdown af-
fects sensitivity to chemotherapeutic drugs, such as Taxol, VP-
16, and CPT. The MTT assay revealed that these chemother-
apeutic drugs (excluding Taxol) synergistically decreased cell
viability in cells transfected with Freud-1/Akil siRNA (Fig.
6C). Treatment of Freud-1/Akil-1 siRNA-transfected cells
with CPT decreased the number of viable cells in a dose-
dependent manner (data not shown). Moreover, in the pres-

and cell lysates (lanes 3 and 4) were electrophoresed and immunoblotted with the indicated antibodies. (D) Stable Freud-1/Akil-transfected
HT1080 cells were treated with BSA, 50 ng/ml EGF, 50 ng/ml EGF plus 1 puM AG1478, or 50 ng/ml IGF-1 as described in Materials and Methods.
Immunoprecipitated proteins (left) and cell lysates (right) were electrophoresed and immunoblotted with the indicated antibodies. (E) Stable
Freud-1/Akil-transfected HT1080 cells were treated with BSA or 50 ng/ml EGF, as described in Materials and Methods. Cytoplasmic (C),
membrane (M), and nuclear (N) fractions were separated. Immunoprecipitated proteins (lanes 1 and 2) and cell lysates (lanes 3 to 8) were
electrophoresed and immunoblotted with the indicated antibodies. (F) 293T cells were transfected with a pHM6-Akt plasmid (lanes 1 to 4) or a
pCMV3-PDKI1 plasmid (lanes 5 to 8) together with a pFLAG-CMV-2 vector encoding no protein (lanes 1 and 5) or Freud-1/Akil (lanes 2 to 4
and 6 to 8). Cells were treated with 50 M LY294002 for the indicated times before cell harvest. Immunoprecipitated proteins (top and middle)
and cell lysates (bottom) were electrophoresed and immunoblotted with the indicated antibodies. (G) 293T cells were transfected with increasing
amounts of pFLAG-CMV-2-Freud-1/Akil plasmid. Then a PDKI1 kinase assay with PIP; was performed, as described in Materials and Methods.
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FIG. 6. Freud-1/Akil gene silencing induces apoptosis and enhances the sensitivity to antitumor drugs. (A) 293T cells were transfected with
nonsilencing control siRNA, Freud-1/Akil-1 siRNA (circles), or Freud-1/Akil-2 siRNA (triangles). After transfection for 48, 72, or 96 h, the MTT
assay was performed, as described in Materials and Methods. Error bars represent standard deviations of triplicate experiments. (B) 293T cells
were transfected with nonsilencing control siRNA (open columns) or Freud-1/Akil-1 siRNA (solid columns). After transfection for 48, 72, or 96 h,
the number of apoptotic sub-G, fractions was determined by flow cytometric analyses, as described in Materials and Methods. (C) 293T cells were
transfected with nonsilencing control siRNA (open columns) or Freud-1/Akil-1 siRNA (solid columns). After transfection for 72 h, cells were
treated with DMSO, 10 uM Taxol, 10 pwg/ml VP-16, or 10 pg/ml CPT. After incubation for an additional 24 h, the MTT assay was performed, as
described in Materials and Methods. Error bars represent standard deviations of triplicate experiments. (D) 293T cells were transfected with
nonsilencing control siRNA (—) or Freud-1/Akil-1 siRNA (+). After transfection for 72 h, cells were treated with DMSO (lanes 1 and 2), 2.5 pM
Taxol (lanes 3 and 4), 10 pg/ml VP-16 (lanes 5 and 6), or 10 wg/ml CPT (lanes 7 and 8). After incubation for an additional 24 h, cell lysates were

electrophoresed and immunoblotted with the indicated antibodies.

ence of CPT, Freud-1/Akil knockdown caused a fourfold in-
crease in the apoptotic sub-G, population compared with
control siRNA transfectants (data not shown). To examine
caspase activation in cells, we next tried to detect a PARP
fragment generated by caspase-mediated cleavage. Transfec-
tion with Freud-1/Akil siRNA alone increased the amount of
cleaved PARP fragment (Fig. 6D). Chemotherapeutic drugs,
especially VP-16 and CPT, greatly enhanced caspase-mediated
PARP cleavage in cells with Freud-1/Akil knocked down, sug-
gesting that Freud-1/Akil knockdown increased sensitivity to
the chemotherapeutic drugs (Fig. 6D). These results indicate
that Freud-1/AKkil is a critical regulator of PDK1/Akt signaling
in the maintenance of cell survival and cell proliferation.

DISCUSSION

It is certain that PDK1 plays a central role in activating Akt and
other protein kinases in the AGC subfamily (45) and then medi-
ates intracellular signaling occurring in cell growth and survival.
When stimulated by growth factors, PDK1 phosphorylates and
activates Akt. Because PDKI1 has been thought to be constitu-
tively active and not to be further activated by growth factor
stimulation (11), its function might be regulated by protein-pro-
tein interactions. However, little is known about the proteins that
target PDK1 to Akt and contribute to cell survival and prolifer-
ation. Here, we identify Freud-1/Akil as a novel PDK1-interact-
ing protein and report its role in EGFR/PDKI1/Akt signaling.
Three pieces of evidence support the assumption that Freud-1/

Akil is a critical regulator of EGFR/PDK1/Akt signaling. First,
Freud-1/Akil is required for EGF-mediated Akt phosphorylation
and activation; second, Freud-1/Akil selectively forms an EGFR/
Freud-1/PDK1/Akt complex in an EGF-dependent manner; and
third, Freud-1/Akil knockdown downregulates Akt activity and
increases cellular sensitivity to chemotherapeutic drugs.

Several PDK1-binding proteins have been reported in pre-
vious studies. However, these studies do not provide sufficient
information to enable us to understand the mechanism by
which PDKI targets to Akt (12, 17, 28, 41). At least in T
lymphocytes treated with glucocorticoids, Ft-1 enhances the
apoptosis susceptibility by modulating the PDK1/Akt/GSK3/
NF-ATc cascade (33). In our study, two-hybrid analyses re-
vealed that Freud-1/Akil binds to PDKI in E. coli (Fig. 1A).
Because human PDKI1 binds to human Freud-1/Akil ex-
pressed in bacteria (Fig. 1A), and purified recombinant PDK1
associates with in vitro-translated recombinant Freud-1/Akil
(Fig. 1D), the interaction is direct.

The Freud-1/Akil/CC2D1A gene family consists of two homol-
ogous genes, coding for Freud-1/Akil/CC2D1A and Freud-2/
Aki2/CC2D1B. Although the function of Freud-2/Aki2/CC2D1B
is unknown, Freud-1/Akil/CC2D1A has been shown to function
as a transcriptional repressor of the serotonin-1A receptor gene
that binds to a 5" repressor element (32). The short isoform of
Freud-1/Akil/CC2D1A seems to be the predominant isoform in
rodent cells, whereas the long isoform (WT Freud-1/Akil in our
study) is more abundant in human cells, especially in the nuclear
fraction. The nuclear localization of the long isoform was in-
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creased by inhibition of chromosome region maintenance 1/ex-
portin 1-dependent nuclear export, indicating a dynamic regula-
tion of Freud-1/Akil nuclear localization (34). Actually, Freud-1/
Akil was expressed in both the cytosolic and nuclear fraction in
293T cells in our study (Fig. 3F and SE). Freud-1/Akil may play
a dual role depending on its localization: Freud-1/Akil functions
as a transcriptional repressor in the nucleus, whereas it functions
as a scaffold in the cytosol.

We found that the hydrophobic motif predicted to bind to
PDKI1 was present in Freud-1/Akil (amino acids 681 to 686
[FVRFDF]), although this motif, previously referred to as PIF
(PDKl-interacting fragment) (4), was not required for Freud-1/
Akil binding to PDK1 (Fig. 2B and data not shown). Because
previous reports revealed that the PIF-binding pocket in PDK1
was not essential for the activation of Akt, unlike the activation of
S6K or SGK (7), it is reasonable that this motif in Freud-1/Akil
is not involved in Freud-1/Akil-mediated activation of the PDK1/
Akt pathway. Freud-1/Akil contains four DM14 domains and
one C2 domain (Fig. 2A). The DM14-4 domain appears to be
essential for the binding of Freud-1/Akil to PDK1 (Fig. 2B and
O). In patients with ARNSMR, Freud-1/Akil protein was re-
ported to be a DM14-4- and C2 domain-lacking mutant (6),
suggesting the significance of Freud-1/Akil function to activate
the PDK1/Akt pathway in the pathogenesis of such diseases. The
linkage between the deletion mutation in the Freud-1/Akil gene
and ARNSMR and the broad distribution of Freud-1/Akil RNA
and protein in the brain suggest the involvement of Freud-1/Akil
in brain development and cognitive function (6, 32). Akt is not
only expressed in many peripheral tissues, but also highly ex-
pressed in the central nervous system. In the central nervous
system, activation of Akt by growth factor stimulation has been
shown to play an important role in regulating neuronal cell sur-
vival and synaptic plasticity (16, 26, 38, 48). Akt can phosphorylate
GluR1, a subunit of a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) subtype glutamate receptors and then me-
diates AMPA receptor insertion during the expression of the
homosynaptic hippocampal CAL1 long-term potentiation (LTP), a
well-characterized synaptic plasticity that has been proposed as a
cellular substrate for learning and memory (25). Akt also phos-
phorylates the type A gamma-aminobutyric acid receptor
(GABALR). This phosphorylation induces the translocation of
intracellular receptors to the plasma membrane, thereby increas-
ing the receptor-mediated synaptic transmission in neurons. How-
ever, It is currently unclear which aspect of Freud-1/Akil function
may be important: as a scaffold for the PDK1/Akt pathway or a
transcriptional repressor of serotonin-1A receptor and dopa-
mine-D2 receptor expression (32, 36). The deletion mutant of
Freud-1/Akil in ARNSMR also lacks domains for its repressor
function (32).

Akt is phosphorylated at the Thr*®® residue in the activation
loop by PDK1 and dephosphorylated by PP1 or PP2A, the
Akt-Thr*®® phosphatases (40, 51). Akt is also phosphorylated
at the Ser*”” residue in the hydrophobic motif near the COOH
terminus by PDK2 and dephosphorylated by PHLPP (18). Sev-
eral investigators have suggested that PDK2 is a rictor-mTOR
complex (rapamycin-insensitive mMTOR complex 2; mTORC2),
Akt itself, or other kinases (15). Our siRNA knockdown stud-
ies showed that Freud-1/Akil specifically promoted Akt phos-
phorylation at Thr*®® but not at Ser*”* (Fig. 3A). Therefore, we
focused on the relationship between Freud-1/Akil and PDK1
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(or the Akt-Thr**® phosphatases), but not mTORC2. If Freud-
1/Akil increased the level of phospho-Thr*°®-Akt by antago-
nizing the Akt-Thr*°® phosphatases, Freud-1/Akil gene silenc-
ing might result in activation of the phosphatases. In this case,
Freud-1/Akil-1 siRNA-transfected cells would be sensitive to
okadaic acid, which selectively inactivates PP1 and PP2A.
However, the Freud-1/Akil-1 siRNA transfectants exhibited
resistance to okadaic acid (Fig. 3C). These facts indicate that
Freud-1/Akil regulates PDK1-dependent Akt phosphoryla-
tion.

A remarkable feature of signaling transduction is that indi-
vidual pathways depend on a group of proteins referred to as
scaffolds (30). In the case of the PDK1/Akt pathway, little is
known about the scaffold proteins. Freud-1/Akil is required
for PDK1-mediated Akt phosphorylation and the interaction
of PDK1 with Akt. Freud-1/Akil expression induced formation
of a PDKI1/Akt complex and regulated Akt activation in a
concentration-dependent biphasic manner. In addition, Freud-
1/Akil knockdown suppressed the PDK1-Akt interaction un-
der EGF-stimulated conditions (Fig. 4G). These observations
indicate that Freud-1/Akil is a scaffold between them. As the
scaffold, Freud-1/Akil specifically and effectively activates Akt
among several PDK1 substrates. Moreover, in the case of the
MAPK pathway, it has been reported that scaffold proteins
form complexes with receptors (30, 50). An interesting obser-
vation is that increased interactions of Freud-1/Akil with
EGFR and Akt occurred after EGF stimulation, whereas in-
teractions of Freud-1/Akil with IGF-1R and Akt were not
detected after IGF-1 stimulation. To our knowledge, there has
been no report on scaffold proteins forming a complex with
EGFR in the PDK1/Akt pathway. Our results show for the first
time that Freud-1/Akil forms the PDKI1/Akt complex with
EGFR (Fig. 7). Probably, other scaffold proteins may exist and
be involved in the IGF-1R/PDK1/Akt pathway.

It has been well established that PI3K products including
PIP; mediate membrane recruitment of Akt and PDK1, result-
ing in PDKI1-induced Akt phosphorylation and activation (39).
It has also been reported that the interaction of PDK1 with its
substrates was regulated by other interacting protein (28).
Therefore, the relationship between PIP;-PDK1/Akt associa-
tion and Freud-1/Akil-PDK1/Akt association in Akt activation
should be examined. Freud-1/Akil knockdown did not affect
the membrane localization of Akt and PIP; production in
response to EGF and IGF-1 (data not shown). We could not
detect the localization of endogenous PDKI1 or Freud-1/Akil
by immunofluorescence analysis because we could not obtain
the appropriate antibodies. However, interestingly, treatment
of the cells with the PI3K inhibitor LY294002 suppressed the
Freud-1/Akil-Akt interaction but not the Freud-1/Akil-PDK1
interaction (Fig. 5F) and Freud-1/Akil enhanced Akt phos-
phorylation by PDK1 in the presence of PIP; (Fig. 5G), indi-
cating that PI3K-dependent conformational change in Akt
and/or membrane recruitment of Akt (10) might be associated
with formation of the Freud-1/Akil-Akt complex. We there-
fore suppose that PIP; facilitates Freud-1/Akil binding to Akt
near EGFR, resulting in the PDK1-mediated phosphorylation
of Akt (Fig. 7). Freud-1/Akil-PDK1 interaction in the mem-
brane fraction was not detected, probably due to the small
amount of it (Fig. SE and data not shown). However, taking it
into consideration that Freud-1/Akil constitutively binds to
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FIG. 7. Schematic model of Freud-1/Akil functioning as a PDK1/
Akt scaffold in EGF signaling. See the Discussion for further details.

PDK1 and forms a complex with EGFR in the membrane
fraction in an EGF-dependent manner (Fig. 5D and E and
data not shown), our model seems to be appropriate (Fig. 7).

The PDK1/Akt pathway is certainly important for cell sur-
vival and proliferation, and it contributes to tumorigenesis. For
example, amplification of the Akt gene occurs in some tumors
and increased Akt kinase activity contributes to tumor progres-
sion in prostate cancer (8, 45, 47). Loss of the tumor suppres-
sor phosphatase and tensin homolog deleted on chromosome
10 (PTEN) is common in tumors, and its loss constitutively
activates Akt (42). Therefore, this pathway is considered to be
an attractive target for cancer chemotherapy. However, several
adverse effects could result from the inhibition of other Akt-
regulated cellular processes such as glucose metabolism in
which inhibition of Akt potentially leads to a diabetes-like
syndrome (24). Several kinase inhibitors that target PDK1 or
Akt have been developed (19), but a clinically useful agent has
not yet emerged. In cancer cell lines that have elevated levels
of Akt phosphorylation, knockdown of Freud-1/Akil by
siRNA reduced their viability and induced apoptosis (Fig. 6A
and B and data not shown). In addition, Freud-1/Akil siRNA
synergistically enhanced sensitivity toward chemotherapeutic
agents, such as VP-16 or CPT, in tumor cells (Fig. 6C and D).
Combining antitumor agents with Freud-1/Akil siRNA or the
inhibitor(s) of EGFR/Freud-1/PDK1/Akt complex formation
is expected to enhance their antitumor effects in vivo. Because
our data indicate that Freud-1/Akil selectively promotes EGF-
stimulated Akt activation, targeting Freud-1/Akil for cancer
chemotherapy may enable us to suppress tumor growth with-
out serious adverse effects.

In summary, Freud-1/AKkil is the first identified receptor-selec-
tive scaffold protein of the PDK1/Akt pathway in EGF signaling.
Because Freud-1/Akil selectively activates the PDK1/Akt path-
way by forming a multiprotein complex containing EGFR and
promotes cell survival, it will be a promising and attractive target
for cancer chemotherapy.
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