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Phosphoinositide-3 kinase (PI3K) plays an important role in signal transduction in response to a wide range of cellular
stimuli involved in cellular processes that promote cell proliferation and survival. Phosphorylation of the @ subunit of the
eukaryotic translation initiation factor eIF2 at Ser51 takes place in response to various types of environmental stress and
is essential for regulation of translation initiation. Herein, we show that a conditionally active form of the eIF2« kinase
PKR acts upstream of PI3K and turns on the Akt/PKB-FRAP/mTOR pathway leading to S6 and 4E-BP1 phosphorylation.
Also, induction of PI3K signaling antagonizes the apoptotic and protein synthesis inhibitory effects of the conditionally
active PKR. Furthermore, induction of the PI3K pathway is impaired in PKR™/~ or PERK~/~ mouse embryonic fibroblasts
(MEFs) in response to various stimuli that activate each elF2a kinase. Mechanistically, PI3K signaling activation is
indirect and requires the inhibition of protein synthesis by eIF2« phosphorylation as demonstrated by the inactivation
of endogenous elF2a by small interfering RNA or utilization of MEFs bearing the eIF2a Ser51Ala mutation. Our data

reveal a novel property of elF2a kinases as activators of PI3K signaling and cell survival.

INTRODUCTION

The phosphoinositide-3 kinase (PI3K) pathway plays a cen-
tral role in the transduction of signals from extracellular
stimuli such as growth factors, hormones, mitogens, and
cytokines to cellular pathways controlling cell growth, pro-
liferation, and survival. The PI3Ks are lipid kinases that
generate second messengers by phosphorylating the phos-
phatidyl group at the 3’ position of the inositol ring (Vivanco
and Sawyers, 2002; Engelman et al., 2006). Phosphorylated
lipids subsequently recruit proteins containing a pleckstrin
homology (PH) domain to the inner leaflet of the cell mem-
brane. An important effector of the PI3K pathway, the
serine/threonine kinase Akt/PKB, interacts with phosphor-
ylated lipids through its PH domain. Upon recruitment to
the membrane, Akt/PKB is phosphorylated at threonine
(Thr) 308 by PDK1 and at serine (Ser) 473 by the FKBP and
Rapamycin-associated protein (FRAP)/mTOR-Rictor com-
plex (Scheid and Woodgett, 2003; Hresko and Mueckler,
2005; Sarbassov ef al., 2005). The resultant activation of Akt/
PKB leads to the induction of cell growth and survival by
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modulating the function of proteins involved in transcrip-
tion and translation. Active Akt/PKB dissociates from the
membrane and localizes to the cytoplasm and nucleus
where it phosphorylates downstream targets such as glyco-
gen synthase kinase-3 (GSK3), procaspase-9, forkhead tran-
scription factors (FKHR, FKHRL1, AFX), IKKe, Askl, BAD,
CREB, and Mdm?2. By modulating the activity of these pro-
teins, Akt plays a major role in regulating cellular processes
such as proliferation and apoptosis (Franke et al., 2003).
The mammalian target of rapamycin (mTOR) also known as
FRAP, belongs to the PI3K-related kinases (PIKK) family of
kinases (Abraham, 2004), and its activation in response to
growth factors is regulated by Akt/PKB. The best character-
ized downstream targets of FRAP/mTOR are proteins in-
volved in translation. Activation of translation initiation factors
elF4E, elFAG, elF4A, and elF4B is regulated directly or indi-
rectly by FRAP/mTOR (Gingras ef al., 2001b; Shahbazian et al.,
2006; Dorrello et al., 2006). Moreover, the S6 Kinase (S6K) and
its substrate S6 ribosomal protein, as well as the elongation
factor 2 (eEF2), are also targets of this pathway (Hay and
Sonenberg, 2004). FRAP/mTOR-mediated regulation of elF4E
is exerted through the phosphorylation of 4E-binding proteins
(4E-BPs). Activation of FRAP/mTOR leads to the phosphory-
lation of 4E-BP1 at its two priming sites: Thr37 and Thr46.
These phosphorylations are required for subsequent phos-
phorylation of 4E-BP1 on Thr 70 and Ser65, which ultimately
results in its dissociation from elF4E (Gingras et al., 2001a).
Metazoans respond to stress signals in part by inhibiting
cellular protein synthesis to provide cells with the means to
restore a healthy state or by inducing apoptosis if the dam-
age is beyond repair. An important pathway involved in this
response is the el[F2a phosphorylation pathway. Phosphor-
ylation of elF2a at Ser51 by members of the elF2«a kinase
family results in inhibition of translation initiation by reduc-
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ing the levels of functional eIF2B (Dever, 2002). This affects
the global rate of protein synthesis, but it can also selectively
inhibit translation of specific mRNAs that have greater re-
quirement for active elF2. To date, there are four distinct
elF2a kinases with unique ability to respond to various
stress conditions (Dever, 2002). These kinases share a cata-
lytic domain containing conserved subdomains characteris-
tic of all Ser/Thr protein kinases, but possess highly diver-
gent regulatory domains. Specifically, these kinases show
significant homology in subdomain V of the catalytic do-
main, which may serve as the substrate binding domain
(Clemens and Elia, 1997). These kinases include the heme-
regulated inhibitor (HRL Chen, 2000), the general control
nonderepressible-2 (GCN2; Kimball and Jefferson, 2000), the
protein kinase activated by double-stranded RNA (PKR;
Kaufman, 2000), and the endoplasmic reticulum (ER) resi-
dent protein kinase (PERK; Ron and Harding, 2000).

Herein, we demonstrate the ability of elF2a kinases to
induce the PI3K pathway, which leads to the activation of
FRAP/mTOR and phosphorylation of S6 and 4E-BP1. Our
findings reveal a novel role of the elF2« kinases as regulators
of PI3K signaling with implications in translational control
and apoptosis.

MATERIALS AND METHODS

Plasmids and Viruses

The construction of GyrB.PKR cDNAs in the pSG5 vector (Stratagene, La Jolla,
CA) was previously described (Ung et al., 2001). pPCMV-FLAG wild-type
PTEN construct was kindly provided by Dr. Georgescu (University of Texas)
(Georgescu et al., 1999). Adenoviruses expressing a dominant negative mutant
of the p85 subunit of PI3K were kindly provided by Dr. K. Mossman
(McMaster University).

Cell Culture, Transfections, and Treatments

Isogenic mouse embryonic fibroblasts (MEFs) from PKR*/* and PKR~/~
mice (Abraham et al., 1999) in 129SvEv background (Durbin et al., 2002) were
immortalized based on the standard NIH3T3 protocol. Isogenic PERK*/+
and PERK~/~ MEFs (Harding et al., 2000) were immortalized by SV40 infec-
tion. Immortalized eIlF2 A/A and S/S MEFs were generated as described
(Scheuner et al., 2001). Generation and characterization of GyrB.PKR and
GyrB.PKRK296H-expressing cells was described previously (Kazemi et al.,
2004). GyrB.PKRT487D was generated by site-directed mutagenesis, and
HT1080 cells expressing the mutant protein were established as described for
GyrB.PKR and GyrB.PKRK296H (Kazemi et al., 2004). HT1080 cells and MEFs
were maintained in DMEM (Invitrogen, Carlsbad, CA) supplemented with
10% heat-inactivated calf serum and antibiotics (penicillin-streptomycin, 100
U/ml; ICN Biomedicals, Costa Mesa, CA). For the el[F2a S/S and A/A MEFs,
the medium was supplemented with 10% non-heat-inactivated calf serum,
antibiotics, 1X essential (Invitrogen) and 1X nonessential amino acids (In-
vitrogen; Scheuner et al., 2001). Treatment with coumermycin (Biomol, Ply-
mouth Meeting, PA) was performed at a concentration of 100 ng/ml. Rapa-
mycin (Bioshop, Burlington, ON, Canada), LY294002 (Sigma, St. Louis, MO),
Wortmannin (Bioshop) and Sal003 (Robert et al., 2006) were used at concen-
trations of 20 nM, 20 uM, 100 nM, and 75 uM, respectively. Cycloheximide
(CHX) and thapsigargin (TG) treatment were performed at a concentration of
20 ug/mland 1 uM, respectively. Interferon (IFN) y (Cedarlane, Hornby, ON,
Canada) treatment was performed at a concentration of 100 IU/ml. To min-
imize possible side-effects of serum, the majority of the experiments examin-
ing PI3K pathway were performed in cells deprived from serum for 16 h as
indicated in the figure legends.

Protein Extraction and Immunoblotting

Cells were washed twice with ice-cold phosphate-buffered saline (PBS) solu-
tion (140 mM NaCl, 15 mM KH,PO,, pH 7.2, 2.7 mM KCl), and proteins were
extracted in ice-cold lysis buffer containing 10 mM Tris-HCI (pH 7.5), 50 mM
KCl, 2 mM MgCl,, 1% Triton X-100, 1 mM dithiothreitol (DTT), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 0.1 mM Na;VO,, 3 ug/ml aprotinin,
1 ug/ml leupeptin, and 1 ug/ml pepstatin. After incubation on ice for 20 min,
lysates were centrifuged at 16,000 X ¢ for 10 min at 4°C. Supernatants were
transferred to a fresh tube, and the protein concentration was measured by
Bradford assay (Bio-Rad, Richmond, CA). Samples were stored at —80°C.
For immunoblotting, 50 ug of protein extracts were subjected to SDS-PAGE
and transferred to polyvinylidene difluoride membranes (PVDF, Immo-
bilon-P; Millipore, Bedford, MA). Immunoblotting was then performed ac-

3636

cording to the standard protocol (Sambrook et al., 1989). The primary anti-
bodies were as follows: phosphospecific antibodies against 4E-BP1-pThr37/
46, -pSer65, and -pThr70 (Cell Signaling, Beverly, MA; 9459, 9451, 9455; 1
g /ml), anti-4E-BP1 rabbit polyclonal antibody (clone 11209; 1 ug/ml; Gingras
et al., 1999a), anti-56-pSer235/236 rabbit polyclonal antibody (Cell Signaling;
2211; 1 pg/ml), anti-S6 rabbit polyclonal antibody (Cell Signaling; 2212; 1
png/ml), rabbit serum to phosphoserine 51 of elF2« (Biosource, Carlsbad, CA;
44-728; 1 pg/ml), anti-elF2« rabbit polyclonal antibody (FL-315, Santa Cruz
Biotechnology, Santa Cruz, CA; sc-11386; 1 pg/ml), anti-Akt-pSer473 rabbit
polyclonal antibody (Cell Signaling; 9271; 1 ug/ml), anti-Akt-pThr308 rabbit
polyclonal antibody (Cell Signaling; 4056; 1 ug/ml), anti-Akt rabbit poly-
clonal antibody (Cell Signaling; 9272; 1 ug/ml), anti-GSK3a/ B-pSer21/9 rab-
bit polyclonal antibody (Cell Signaling; 9331; 1 ug/ml), anti-GSK3f rabbit
polyclonal antibody (Cell Signaling; 9332; 1 ug/ml), anti-PI3K p85 antibody
(Upstate Biotechnology, Lake Placid, NY; 06-195, 1 ug/ml), anti-FLAG anti-
body (Sigma; F3165; 1 ug/ml), anti-GyrB antibody (7D3, John Innes Centre,
Cloney, Norwich, United Kingdom) and anti-actin mouse monoclonal IgG (ICN
Biomedicals, Solon, OH; 69100; 0.1 ug/ml). The secondary antibodies were
horseradish peroxidase (HRP)-conjugated anti-mouse IgG antibody or HRP-
conjugated anti-rabbit IgG antibody (Amersham Pharmacia Biotech, Piscataway,
NJ; dilution 1:1000). Proteins were visualized using the enhanced chemilumines-
cence (ECL) detection system according to the manufacturer’s instruction (Perkin
Elmer Life Sciences, Boston, MA). Quantification of the bands was done using
Scion Image 4.0.3.2 software (Frederick, MD). We quantified the ratio of phos-
phorylated to total protein. The basal level for each cell line is considered as 1.

PI3K Lipid Kinase Assay

The PI3K assay was performed as described (Naga Prasad et al., 2002) with
some modifications. Briefly, cells were subjected to the indicated treatments
and proteins were extracted in lysis buffer containing 1% Nonidet P-40, 10%
glycerol, 137 mM NaCl, 20 mM Tris-HCI pH 7.4, 1 mM sodium orthovana-
date, 1 mM PMSF, 20 mM NaF, 1 mM sodium pyrophosphate, and 2 ug/ml
leupeptin and aprotinin. Protein extracts (500 ug) were subjected to immu-
noprecipitation with anti-PI3K p85 (Upstate Biotechnology, Charlottesville,
VA) in the presence of protein A-agarose beads. The samples were centri-
fuged at 13,000 rpm, and sedimented beads were washed once with lysis
buffer and twice with PBS containing 1% NP-40 and 100 uM sodium or-
thovanadate, three times with 100 mM Tris-HCl, pH 7.4, containing 5 mM
LiCl and 100 uM sodium orthovanadate, twice with TNE (10 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 5 mM EDTA, and 100 uM sodium orthovanadate). The
last traces of buffer were completely removed and the pelleted beads were
resuspended in 50 ul fresh TNE. To the resuspended pellet, we added 10 ul
of 100 mM MgCl, and 20 pg of L-a-phosphatidylinositol (PL; Jena Biosciences,
Jena, Germany) that was previously sonicated in a water bath sonicator for
1 h. The reactions were initiated by adding 10 uCi [y-*2P]ATP and were
incubated at 23°C for 15 min with continuous agitation. The reaction was
stopped with 20 ul 6 N HCI. Extraction of the lipids was performed by adding
160 ul of chloroform:methanol (1:1), and the samples were vortexed and cen-
trifuged at room temperature to separate the phases. The lower organic phase
(30 ul) was spotted onto silica-coated glass thin-layer chromatography (TLC)
plates (Sigma Aldrich) precoated with 1% potassium oxalate. The spots were
allowed to dry and resolved chromatographically with 2 M acetic acid/
isopropanol (1:2). The plates were dried and exposed to film, and the auto-
radiographic signals were quantified using Scion Image 4.0.3.2 software. The
lipid standards were run as a separate lane on the TLC plate to identify the
migration of phosphatidylinositol-4,5-phosphate (PIP; Echelon Biosciences,
Salt Lake City, UT). TLC plates were stained with iodine to identify the
formation of phosphorylated lipid products.

RNA Interference

For small interfering RNA (siRNA) transfection, 1 X 10° cells were seeded in
6-cm plates. The following day, cells were transfected with 200 pmol
siRNA for human PIK3R1 (Dharmacon, Boulder, CO), el[F2«a (Dharmacon),
luciferase reporter gene (Dharmacon), or scrambled RNA (SCR) using 4 ul
LipofectAmine 2000 (Invitrogen, Carlsbad, CA) in medium lacking serum.
Six hours after transfection, the plates were washed with serum-free
DMEM and replenished with medium containing 10% serum. Cells were
incubated at 37°C for an additional 72 h before being treated with coumer-
mycin.

Transient Transfections

Cells (6 X 10°) seeded in 6-cm plates were incubated with 4 pl Lipofectamine
(Invitrogen) and 5 pg of vector DNA in serum-free medium at 37°C for 5 h.
The medium was then replenished with 10% serum, and cells were incubated
for an additional 24 h before coumermycin treatment.

Adenovirus Infection

Cells (2 X 10°) seeded in 6-cm were infected with control adenovirus (Ad
BHGdelE1,E3) or dominant negative p85 expressing adenovirus (Ad5dnp85;
MOI: 500) in serum-free medium. Cells were incubated at 37°C for 24 h before
being treated with coumermycin.
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[35SIMethionine Labeling of Cells

Metabolic [3**S]methionine labeling, trichloroacetic acid (TCA) precipitation,
and counting were performed as described (Kazemi et al., 2004).

Cell Staining and Flow Cytometry Analysis

Cells were subjected to propidium iodide (PI) staining and flow cytometry
analysis as previously described (Kazemi ef al., 2004).

Double-Strand RNA Transfection

Transfection with double-strand RNA (dsRNA) was performed as described
(Baltzis et al., 2002). Briefly, cells (8 X 10°) seeded in 10-cm plates were
incubated with 10 ug/ml poly(I)-poly(C) RNA, 12 ul Plus reagent, and 20 ul
Lipofectamine (Invitrogen) in 2.7 ml serum-free medium at 37°C for 1 h. The
medium was then replenished with 10% serum, and cells were incubated for
the indicated time points.

RESULTS

A Conditional Form of PKR Induces the Phosphorylation
of Components of the PI3K Pathway

We previously reported the function of a conditionally ac-
tive form of PKR consisting of the first 220 amino acids (aa)
of the bacterial GyrB protein fused to the catalytic domain of
the human kinase (GyrB.PKR; Ung et al., 2001). We showed
that conditional activation of GyrB.PKR by the antibiotic
coumermycin in human fibrosarcoma HT1080 cells leads to
elF2a phosphorylation, inhibition of global protein synthe-
sis, and induction of apoptosis (Kazemi et al., 2004). While
investigating the signaling properties of GyrB.PKR expressing
cells, we observed that coumermycin treatment resulted in
Akt/PKB phosphorylation at Thr308 and Ser473 (Figure 1A,
b and ¢, lanes 1-5). This was consistent with the activation of
GyrB.PKR because phosphorylation of elF2«a at Ser51 was
induced at 3 h, reaching its peak at 6 h after coumermycin
treatment (Figure 1A, e, lanes 1-5). Treatment of cells ex-
pressing the catalytically inactive GyrB.PKRK296H (Ung
et al., 2001), which is expressed at equal levels to GyrB.
PKR (Figure 1A, a, compare lanes 6-10 to 1-5; Kazemi et al.,
2004), with coumermycin did not induce Akt/PKB or elF2«
phosphorylation (Figure 1A, b, ¢, and e, lanes 6-10). Con-
sistent with the phosphorylation of Akt/PKB, activation of
GyrB.PKR by coumermycin resulted in the phosphorylation
of GSK3pB at Ser9 (Figure 1B, a), a downstream target of
active Akt/PKB.

Two downstream targets of the PI3K pathway are the S6
ribosomal protein and 4E-BP1. Phosphorylation of S6 at
Ser235/236 was induced by activated GyrB.PKR (Figure 1C, a).
Induction of both Akt/PKB and S6 phosphorylation in GyrB.PKR
cells occurred in a time-dependent manner and was reduced
after 24 h of coumermycin treatment (lane 5 in Figure 1A, b
and ¢, and C, a). Furthermore, activation of GyrB.PKR by
coumermyecin also led to the induction of 4E-BP1 phosphor-
ylation as documented by the shift of the low-molecular-
weight hypophosphorylated form to the higher molecular
weight hyperphosphorylated forms of the protein (Figure
1D, a, lanes 1-5). This shift of hyperphosphorylated 4E-BP1
was not observed in cells containing the catalytically inactive
mutant GyrB.PKRK296H (Figure 1D, a, lanes 6-10). Collec-
tively, these data show that the catalytic activity of PKR is
capable of inducing the phosphorylation of components of the
PI3K pathway such as Akt/PKB, S6, and 4E-BP1.

The above experiments were performed in the absence of
serum to diminish the background effects of growth factors
on PI3K signaling in response to GyrB.PKR activation. Nev-
ertheless, induction of Akt/PKB, S6 and 4E-BP1 phosphor-
ylation was also observed in serum-repleted GyrB.PKR cells
(Supplementary Figure 1A), whereas treatment of parental
HT1080 cells with the antibiotic coumermycin did not in-
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Figure 1. Conditional activation of GyrB.PKR induces the phos-
phorylation and activation of Akt/PKB. (A-D) Protein extracts (50
ug) from serum-deprived HT1080 cells expressing either GyrB.PKR
or GyrB.PKRK296H, untreated or treated with coumermycin
(Coum; 100 ng/ml) for up to 12 or 24 h, were subjected to immu-
noblotting with antibodies against the indicated proteins. The ratio
of phosphorylated to total protein is indicated. The ratio was set to
1 for each cell line in the absence of coumermycin treatment. The
data represent one of four reproducible experiments.

Lane

duce the phosphorylation of Akt/PKB, S6, elF2a, or 4E-BP1
(Supplementary Figure 1B). These data demonstrate the
specificity of GyrB.PKR in mediating the phosphorylation of
the above-mentioned proteins.

PKR Acts Upstream of PI3K To Mediate the
Phosphorylation of 4E-BP1 and S6

Next, we wanted to determine whether activated GyrB.PKR
acts upstream of PI3K. To this end, we examined the effects
of LY294002, an inhibitor of PI3K, and rapamycin, an inhib-
itor of FRAP/mTOR, on Akt/PKB and S6 phosphorylation,
respectively. Induction of Akt/PKB phosphorylation at
Ser473 in cells with activated GyrB.PKR was undetectable in
the presence of LY294002 (Figure 2A, a), indicating that PKR
functions upstream of PI3K. Similarly, induction of S6 phos-
phorylation by activated GyrB.PKR was not possible in the
presence of rapamycin (Figure 2B, a), indicating that PKR
acts upstream of the FRAP/mTOR kinase. To confirm these
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Figure 2. GyrB.PKR acts upstream of PI3K. (A-C) Serum-starved
HT1080 cells expressing GyrB.PKR were left untreated or treated with
coumermycin (100 ng/ml) in the absence or presence of (A) LY294002
(LY; 20 uM), (B) rapamycin (Rapa; 20 nM), or (C) wortmannin (Wort;
100 nM) for the indicated times. Protein extracts (50 ug) were subjected
to immunoblotting with antibodies against the indicated proteins. The
data represent one of three reproducible experiments.

observations, we used wortmannin at a concentration of 100
nM to inhibit PI3K without affecting FRAP/mTOR activity.
We observed that wortmannin prevented the induction of
Akt/PKB and S6 phosphorylation in coumermycin-treated
GyrB.PKR cells (Figure 2C, a and c) without affecting the
induction of elF2a phosphorylation by activated GyrB.PKR
(Figure 2C, e). This data indicate that catalytically active
PKR acts upstream to PI3K.

To further verify the above observations, we tested the
lipid kinase activity of PI3K in GyrB.PKR cells. We observed
that immunoprecipitated PI3K induced the phosphorylation
of Pls, yielding a significant amount of PI(3)P product after
GyrB.PKR activation compared with immunoprecipitated
PI3K from GyrB.PKRK296H cells (Figure 3A, a). To verify
whether PI3K activation was indeed responsible for Akt/
PKB phosphorylation in GyrB.PKR cells, we performed sev-
eral key experiments and found the following: First, that
induction of Akt/PKB phosphorylation at Ser473 by GyrB.PKR
was not possible after down-regulation of the p85 regulatory
subunit of PI3K by siRNA (Figure 3B, a). We further ob-
served that overexpression of a FLAG-tagged form of wild-
type PTEN, a phosphatase that antagonizes the PI3K func-
tion by dephosphorylating PIP3 to PIP2, impaired the
induction of Akt/PKB phosphorylation by activated GyrB.
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Figure 3. Activation of PI3K by GyrB.PKR. (A) Serum-starved
GyrB.PKR or GyrB.PKRK296H-expressing cells were left untreated or
treated with coumermycin (100 ng/ml) for 6 h. Protein extracts (500
ug) were subjected to immunoprecipitation with an anti-PI3K p85
antibody followed by an in vitro lipid kinase assay in the presence of
[3?P-y]ATP and phosphatidylinositol (PI) as a substrate. Radioactive
PIP was visualized by TLC and autoradiography (a). P85 levels in the
immunoprecipitates were detected by immunoblotting (b). The data
represent one of two reproducible experiments. (B) GyrB.PKR-express-
ing cells were transiently transfected with scrambled control siRNA
(SCR) or siRNA targeting the p85 subunit of PI3K for 72 h. (C) GyrB.PKR
cells were transiently transfected with pCMV plasmid lacking or
containing FLAG-tagged PTEN for 24 h. (D) GyrB.PKR cells were
infected with adenovirus expressing a dominant negative mutant of
the p85 subunit (dnp85) of PI3K or a control adenovirus for 24 h.
(B-D) Transfected or infected cells were left untreated or treated
with coumermycin (100 ng/ml) for 6 h, and protein extracts (30 ug)
were subjected to immunoblotting for the indicated proteins. The
data represent one of three reproducible experiments.

PKR (Figure 3C, a). Moreover, we observed that overexpres-
sion of a dominant negative mutant of the p85 subunit of
PI3K prevented the induction of Akt/PKB phosphorylation
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Figure 4. Regulation of 4E-BP1 phosphorylation and its implication
in cap-dependent translation in GyrB.PKR cells. (A and B) Serum-
deprived GyrB.PKR cells were left untreated or treated with coumer-
mycin (100 ng/ml) for 6 h, in the absence or presence of rapamycin (20
nM) and/or LY294002 (20 uM), as indicated. (A) Protein extracts (50
ug) were subjected to immunoblotting with antibodies against the
indicated proteins. The data represent one of three reproducible exper-
iments. (B) Cells expressing either GyrB.PKR (L) or GyrB.PKRK296H
(M) were incubated in media lacking methionine and supplemented
with 10% dialyzed fetal bovine serum for 1 h. Cells were then treated
with LY294002 or rapamycin for 1 h followed by the addition of
coumermycin for 4 h. Subsequently, [**S]methionine was added to
cells for a further 2 h followed by the quantification of radioactive TCA
precipitates. (C, coumermycin; R, rapamycin; LY, LY294002). One hun-
dred percent (%) protein synthesis represents the average value of
35S-labeled proteins in untreated GyrB.PKR or GyrB.PKRK296H-ex-
pressing cells. Values represent the average of three separate experi-
ments performed in triplicate.

at Ser473 by activated GyrB.PKR (Figure 3D, a). Blockage of
PI3K activity by the above means did not interfere with
GyrB.PKR activity as indicated by the induction of elF2«a
phosphorylation in response to coumermycin treatment
(Figure 3, C and D). Collectively, these data demonstrate
that the catalytic activity of PKR acts as an activator of PI3K.

Induction of 4E-BP1 Phosphorylation by GyrB.PKR
Cannot Rescue Protein Synthesis Inhibition by elF2a
Phosphorylation

Next, we were interested in determining whether induction
of 4E-BP1 phosphorylation by GyrB.PKR was solely depen-
dent on the activation of PI3K signaling. When GyrB.PKR
cells were treated with LY294002 or rapamycin in the ab-
sence of coumermycin, we observed a reduction in the basal
levels of phosphorylated 4E-BP1 detected by immunoblot-
ting with phosphospecific antibodies (Figure 4A, a—c, lanes
3 and 5). Basal levels of 4E-BP1 phosphorylation were fur-
ther reduced when both inhibitors were used in concert
(Figure 4A, a—c, lane 7). The additive effects of both inhibi-
tors indicated that PI3K-Akt/PKB and FRAP/mTOR form a
branched rather than a linear pathway leading to 4E-BP1
phosphorylation in these cells. Also, phosphorylation of
Thr70 and Ser65 was much more sensitive to inhibition by
rapamycin than Thr37/46 phosphorylation as shown in pre-
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vious studies (Mothe-Satney et al., 2000; Gingras et al., 2001a;
Wang et al., 2005). When GyrB.PKR cells were treated with
coumermycin in the presence of rapamycin, we observed
that activated GyrB.PKR was partially capable of inducing
the phosphorylation of 4E-BP1 at Thr37/46 and Ser65 (Fig-
ure 4, a and b, lane 4). This indicates that GyrB.PKR can
affect the phosphorylation of these sites either indepen-
dently of FRAP/mTOR or through a rapamycin-insensitive
function of FRAP/mTOR as recently reported (Sarbassov et
al.,, 2005; Wang et al., 2005). When the PI3K inhibitor
LY294002 was used, we found that induction of 4E-BP1
phosphorylation at Thr37/46 by activated GyrB.PKR was
not possible (Figure 4A, a, compare lanes 5 and 6), whereas
phosphorylation of 4E-BP1 at Ser65 and Thr70 fell below
detectable levels (Figure 4A, b and ¢, lanes 5 and 6). Similar
results were obtained when both LY294002 and rapamycin
were used in conjunction (Figure 4A, a—c, lanes 7 and 8).
Immunoblot analysis with a pan-specific antibody against
4E-BP1 verified the lack of hyperphosphorylated forms of
the protein in the presence of the inhibitors (Figure 4A, d)
confirming the phosphorylation pattern of 4E-BP1 obtained
with the phosphospecific antibodies. Significantly, the pres-
ence of LY294002 and/or rapamycin did not affect GyrB.PKR
activity, because induction of el[F2a phosphorylation took
place efficiently in cells treated with the inhibitors (Figure
4A, e, lanes 2, 4, 6, and 8). These data show that the ability
of GyrB.PKR to induce the phosphorylation of 4E-BP1
mediated through PI3K and the downstream effector
FRAP/mTOR.

Given the important role of 4E-BP1 phosphorylation in the
stimulation of cap-dependent translation (Gingras et al.,
1999b), we wanted to examine whether induction of 4E-BP1
phosphorylation is capable of bypassing the inhibitory ef-
fects of elF2a phosphorylation. To do so, we assessed the
levels of global protein synthesis by [**S]methionine labeling
of GyrB.PKR-expressing cells treated with LY294002 and/or
rapamycin in the absence or presence of coumermycin (Fig-
ure 4B). We found that in cells with latent GyrB.PKR (i.e.,
without coumermycin treatment), inhibition of PI3K by
LY294002 resulted in an approximate 40% decrease of global
protein synthesis. In cells with activated GyrB.PKR (i.e.,
coumermycin-treated cells), cellular protein synthesis was
inhibited by ~50%, and was further reduced by an addi-
tional 40% upon inhibition of PI3K by LY294002. Treatment
with LY294002 resulted in the same degree of protein syn-
thesis inhibition in cells expressing GyrB.PKRK296H either
in the absence or presence of coumermycin. Given that PI3K
inhibition by LY294002 did not further enhance elF2«a phos-
phorylation by GyrB.PKR (Figure 4A), this indicates that the
PI3K pathway counterbalances translation inhibition by the
elF2a kinases without interfering with its ability to phos-
phorylate elF2a. Conversely, rapamycin treatment did not
decrease the global inhibition of protein synthesis by acti-
vated GyrB.PKR (Figure 4B). Interestingly, we noticed that
rapamycin treatment did not inhibit the overall levels of
protein synthesis in cells with latent GyrB.PKR (Figure 4B)
despite the significant decrease of phosphorylated 4E-BP1
(Figure 4A, a—c, compare lane 1 with 3). This indicates that
inhibition of FRAP/mTOR pathway does not always exert
global effects on protein synthesis. This is consistent with
previous observations (Grolleau et al., 2002) and our data
(not shown) that in some cells rapamycin treatment induces
qualitative rather than quantitative effects on protein syn-
thesis. Collectively, these data indicate that the antagonistic
effects of the PI3K pathway on the inhibition of protein
synthesis by activated GyrB.PKR proceeds independently of
4E-BP1 phosphorylation. Also, 4E-BP1 phosphorylation can-
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Figure 5. Control of PKR-mediated apoptosis by PI3K pathway.
HT1080 cells expressing GyrB.PKR were left untreated or treated
with coumermycin (100 ng/ml) in the absence or presence of either
LY294002 (20 uM) or rapamycin (20 nM) for 24 h. Cells were
harvested, fixed in ethanol, stained with PI, and subjected to flow
cytometry analysis. The percentage (%) of apoptotic cells or cells in
various phases of the cell cycle is indicated. Data represent one of
four reproducible experiments.

not bypass the inhibitory effects of e[F2a phosphorylation on
translation initiation consistent with the notion that induc-
tion of elF2a phosphorylation is dominant over the stimu-
latory activity of elF4F in translation initiation.

The PI3K Pathway Antagonizes PKR-mediated Cell
Death

We previously demonstrated that activation of GyrB.PKR
leads to the induction of cell death as a result of inhibition of
protein synthesis (Kazemi ef al., 2004). Given the ability of
GyrB.PKR to induce PI3K activity, we wanted to examine
the role of the anti-apoptotic PI3K pathway in PKR-medi-
ated cell death. To this end, we assessed the apoptotic func-
tion of GyrB.PKR in the presence of LY294002 or rapamycin
(Figure 5). In the absence of coumermycin, treatment of
GyrB.PKR cells with either rapamycin or LY294002 did not
induce cell death. When cells were treated with coumermy-
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cin, activation of GyrB.PKR led to a significant induction of
cell death as previously described (Kazemi ef al., 2004). The
presence of rapamycin, however, did not significantly affect
cell death induced by GyrB.PKR as opposed to treatment
with LY294002, which resulted in a considerable (~50%)
increase in GyrB.PKR-mediated cell death (Figure 5). These
results demonstrate that activation of PI3K pathway antag-
onizes cell death induced by activated PKR independently
of FRAP/mTOR activation and 4E-BP1 phosphorylation.

Biological Relevance of PI3K Activation by PKR

The role of elF2a kinase activity in PI3K signaling was
further addressed under more physiological settings. Previ-
ous findings provided evidence for the ability of IFNs to
induce the phosphorylation of 4E-BP1 through activation of
the PI3K pathway (Lekmine et al., 2003, 2004). Given that
PKR is downstream of IFN signaling (Wong et al., 1997, 2001;
Kumar et al., 1997, Wang et al., 2006), we addressed its
possible role in the induction of PI3K signaling by IFNs
using PKR*/* and PKR™/~ MEFs. We observed that treat-
ment with IFN-vy resulted in higher levels of phosphorylated
Akt/PKB in PKR*/* MEFs than in PKR~/~ MEFs (Figure
6A). When the same MEFs were subjected to dsRNA treat-
ment, we found that a higher amount of Akt/PKB was
phosphorylated at Ser473 in PKR*/*+ MEFs than in PKR™/~
MEFs (Figure 6B, a). We also observed induction of 56
phosphorylation in PKR*/* MEFs that was not seen in
PKR™/~ MEFs (Figure 6C, a). Furthermore, treatment of the
MEFs with wortmannin or rapamycin prevented Akt/PKB
or S6 phosphorylation respectively upon dsRNA transfec-
tion (Supplementary Figure 2, A and B). These results clearly
implicate PKR in the activation of PI3K under a physiolog-
ical stimulation.

Next we sought evidence for a role of other elF2«a kinases
in the induction of PI3K signaling. Accordingly, induction of
ER stress by thapsigargin treatment resulted in the induction
of both Akt/PKB and elF2a phosphorylation in PERK*/*
MEFs but not in PERK~/~ MEFs (Figure 6D, a and e). The
higher levels of Akt/PKB phosphorylation were consistent
with the higher induction of S6 phosphorylation in PERK*/* cells
than in PERK~/~ cells in response to ER stress (Figure 6D,
¢). Moreover, infection of MEFs with adenovirus expressing
dnp85 inhibited the induction of Akt/PKB phosphorylation
in response to either dsRNA transfection or TG treatment
(Supplementary Figure 2C). These data further confirm the
role PKR and PERK in PI3K activation and provide evidence
for rather a general role of elF2« kinases in the induction of
PI3K signaling.

Induction of PI3K Signaling by elF2a Kinases Requires
elF2a Phosphorylation

We next addressed the role of translational inhibition by
elF2a phosphorylation in the induction of PI3K signaling.
When endogenous elF2a in GyrB.PKR cells was targeted by
siRNA, we observed that induction of Akt/PKB phosphor-
ylation at Ser473 by coumermycin treatment was not possi-
ble as opposed to cells treated with an irrelevant control
siRNA (Figure 7A). To further test the role of el[F2a phos-
phorylation, we expressed the GyrB.PKRT487D mutant in
HT1080 cells. It was recently shown that introduction of
T487D mutation in PKR abolishes its elF2a kinase activity
without affecting its capacity to autophosphorylate (Dey et
al., 2005). Using cells expressing equal amounts of GyrB.PKR
WT and GyB.PKRT487D (Figure 7B, a), we found that treat-
ment with coumermycin resulted in the induction of Akt/
PKB phosphorylation at Ser473 in GyrB.PKR cells but not in
GyrB.PKRT487D cells (Figure 7B, c), consistent with the
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Figure 6. PKR or PERK mediates the induction of PI3K pathway in
response to IFN, dsRNA or ER stress respectively. (A) PKR*/* and
PKR ™/~ MEFs were treated with mouse IFN-vy (100 IU/ml) for the
indicated time points. Protein extracts (50 ug) were subjected to
immunoblotting against the indicated proteins. (B and C) PKR*/*
and PKR™/~ MEFs were transfected with dsSRNA (10 pg/ml) for the
indicated time points. Protein extracts (50 ug) were subjected to
immunoblotting against the indicated proteins. (D) PERK*/* and
PERK™/~ MEFs were treated with thapsigargin (TG; 1 uM) in the
presence of serum for the indicated time points. Protein extracts (50
ug) were subjected to immunoblotting with phosphospecific anti-
bodies against the indicated proteins. (A-D) Data represent one of
three reproducible experiments.

inability of the mutant kinase to phosphorylate elF2a (Fig-
ure 7B, b). Furthermore, induction of elF2a phosphorylation
in cells treated with Sal003, which is a potent inhibitor of
elF2a dephosphorylation (Boyce et al., 2005; Robert et al.,
2006), resulted in the induction of both Akt/PKB and elF2«
phosphorylation (Figure 7C, a and c, lanes 1-3). However,
when cells were pretreated with LY294002 to inhibit the
PI3K pathway, the induction of Akt/PKB phosphorylation
by Sal003 was compromised (Figure 7C, a, lanes 4 and 5),
showing that induction of Akt/PKB phosphorylation as a
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Figure 7. Induction of PI3K signaling by elF2« kinases requires
elF2a phosphorylation. (A) GyrB.PKR cells were left untransfected
or transfected with siRNA for the luciferase reporter gene (Luc;
negative control) or siRNA for elF2« for 72 h followed by treatment
with 100 ng/ml coumermycin for 6 h. (B) GyrB.PKR and
GyrB.PKRT487D cells were left untreated or treated with coumermy-
cin for the indicated times. (C) HT1080 cells were left untreated or
pretreated with 20 uM LY294002 for 1 h before treatment with 75 uM
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result of elF2a phosphorylation requires PI3K activity. Fi-
nally, Akt/PKB phosphorylation was induced in elF2a S/S
MEFs treated with thapsigargin but not in eIlF2a A/A MEFs
that received the same treatment (Figure 7D, a). The higher
background phosphorylation of Akt/PKB in untreated
elF2a A/ A cells was reproducibly observed in these cells for
reasons that are not immediately clear. In the same experi-
ment we observed induction in S6 phosphorylation in elF2a
S/S MEFs, which was not observed in elF2a A/A cells
(Figure 7D, c). Moreover, dsRNA transfection resulted in a
higher induction of Akt/PKB and S6 phosphorylation in
elF2a S/S than in elF2a A/ A MEFs (Supplementary Figure
3A). Furthermore, treatment of the same cells with either
wortmannin or rapamycin prevented the induction of Akt/
PKB and S6 phosphorylation upon TG treatment (Supple-
mentary Figure 3, B and C). Collectively, these data substan-
tiate the involvement of elF2a phosphorylation in the
induction of PI3K signaling.

DISCUSSION

In this study we demonstrate that activation of the elF2«a
kinases results in induction of the PI3K signaling pathway.
We have used the conditionally active GyrB.PKR to demon-
strate that the catalytic activity of elF2a kinases acts to
induce PI3K activity, both in vivo and in vitro (Figures 2 and
3). Our data indicates that activation of GyrB.PKR results in
induction of PI3K lipid kinase activity (Figure 3A) and pro-
tein kinase activity (data not shown). We further demon-
strate that induction of PI3K activity by elF2a kinases is
responsible for the subsequent activation of Akt/PKB and
FRAP/mTOR and phosphorylation of their downstream tar-
gets such as GSK3, S6, and 4E-BP1 in response to GyrB.PKR
activation (Figure 1). Induction of PI3K signaling by
GyrB.PKR is an intracellular effect and does not require

Figure 7 (cont). Sal003 for the indicated times. (D) elF2a S/S and
elF2a A/A MEFs were left untreated or treated with thapsigargin
(TG; 1 uM) for indicated times. (A-D) Protein extracts (50 ug) were
subjected to immunoblotting against the indicated proteins. The
data represents one out of three reproducible experiments.
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Figure 8. Model of PI3K activation by elF2a kinases.
Activation of the elF2« kinases (namely PERK or PKR)
leads to the translational inhibition of a protein (X) that
negatively regulates PI3K activity. This leads to the
activation of the downstream components of PI3K sig-
naling as documented in this article. As explained in the
Discussion, the negative regulator may act either directly
on PI3K or indirectly by suppressing the activity of
upstream activators of PI3K.

the secretion of either a growth factor or a cytokine that func-
tions in an autocrine manner, as demonstrated by the inability
of conditional media from GyrB.PKR cells to induce the PI3K
pathway in parental HT1080 cells (data not shown).

Our data indicate that elF2a phosphorylation is essential
for activation of the PI3K pathway by elF2a kinases (Figure
7 and Supplementary Figure 3). Because phosphorylation of
elF2a results in inhibition of translation, through inactiva-
tion of elF2B, the most conceivable interpretation is that
elF2a kinases function indirectly through the translational
regulation of a factor(s), which is involved in PI3K activa-
tion. In fact, treatment of GyrB.PKR cells with the protein
synthesis inhibitor CHX caused the induction of Akt/PKB
phosphorylation at Ser473 as previously reported (Beugnet
et al., 2003) at the same levels as the activation of GyrB.PKR
(Supplementary Figure 4). Given that concomitant CHX
treatment and conditional activation of GyrB.PKR did not
further enhance Akt/PKB phosphorylation (Supplementary
Figure 4), the most conceivable interpretation is that inhibi-
tion of protein synthesis by elF2a phosphorylation blocks
the synthesis of a protein(s) that negatively regulates PI3K
activity (for a model see Figure 8). PTEN is an example of an
inhibitor of PI3K pathway that is regulated at the transla-
tional level (Han et al., 2003). However, in our studies we did
not observe any changes in expression levels of PTEN upon
activation of PKR (data not shown). Ruk, also known as
CINS5 or SETA, is an adaptor-type protein belonging to the
CD2AP/CMS family, which functions as an inhibitor of
PI3K (Gout et al., 2000; Verdier et al., 2002). Ruk interaction
with the p85 subunit of PI3K requires the proline-rich do-
main of Ruk and the SH3 domain of P85 (6732). Therefore,
the possibility remains that Ruk itself or a Ruk cofactor
(Schmidt et al., 2003) is sensitive to translational inhibition
by elF2a kinases. It is also possible that the negative regu-
lator(s) act at a level upstream of PI3K by affecting the
activity of Src, Ras, or other small GTP-binding proteins that
are known to induce PI3K signalings (Cuevas et al., 2001;
Chan et al.,, 2002). Previous data provided evidence that
HT1080 cells contain an active form of N-Ras (Gupta et al.,
2001). However, the ability of GyrB.PKR to induce PI3K
signaling proceeds independently of N-Ras as indicated by
binding assays of the activated forms of Ras to c-Rafl (data
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not shown). Further analyses are required to identify the
target of elF2a phosphorylation pathway, which activates
the PI3K signaling pathway.

With regard to mRNA translation, our work shows that
elF2a phosphorylation exerts a dominant inhibitory effect on
global protein synthesis regardless of 4E-BP1 phosphoryla-
tion. Specifically, inhibition of 4E-BP1 phosphorylation by
rapamycin did not further decrease the translation inhibition
induced by activated GyrB.PKR (Figure 4B). On the other
hand, overexpression of el[F4E in GyrB.PKR cells was unable
to overcome the translational inhibitory effects of activated
GyrB.PKR (data not shown). Unlike rapamycin, treatment of
cells with LY294002 further decreased the overall levels of
protein synthesis in response to GyrB.PKR activation (Figure
4B), indicating that PI3K signaling counterbalances the
translation inhibitory effects of active PKR independently of
4E-BP1 phosphorylation. Significantly, inhibition of the PI3K
pathway by LY294002 treatment did not affect elF2« phos-
phorylation by activated GyrB.PKR (Figure 4A), providing
evidence that the antagonistic effect of PI3K signaling on
GyrB.PKR-mediated translation inhibition is elF2a phos-
phorylation independent.

Concerning the biological relevance of our findings, activa-
tion of the PI3K pathway serves as a negative feedback mech-
anism impeding GyrB.PKR-mediated apoptosis (Figure 5).
This anti-apoptotic function of PI3K is not exerted at the trans-
lational level through 4E-BP1 phosphorylation because treat-
ment with rapamycin, which blocks the phosphorylation of
4E-BP1 (Figure 4A), did not increase GyrB.PKR-mediated ap-
optosis (Figure 5). Consistent with this, overexpression of
elFAE was not able to rescue GyrB.PKR-dependent apoptosis
(data not shown). Thus, inhibition of PKR-dependent apopto-
sis by PI3K may involve a novel translational pathway that
proceeds independently of 4E-BP1 and elF2« phosphorylation.
An alternative but not mutually exclusive possibility is that
posttranslational regulation of anti-apoptotic or proapoptotic
proteins through Akt/PKB-mediated phosphorylation results
in their activation or inactivation, respectively, and thus exerts
an antagonistic effect on PKR-mediated apoptosis (Franke et al.,
2003; Downward, 2004).

Our findings also provide strong evidence for a physio-
logically relevant role of PKR in PI3K activation. Specifically,
we show that PKR is required for the induction of Akt/PKB
phosphorylation in response to either IFN-vy (Figure 6A) or
dsRNA treatment (Figure 6B), both of which induce the PI3K
pathway (Platanias, 2005; Sen and Sarkar, 2005). At first
glance, the ability of PKR to mediate the induction of PI3K
signaling in IFN- or dsRNA-treated cells does not reconcile
with its well-established anti-proliferative and proapoptotic
properties resulting from global inhibition of protein syn-
thesis (Su et al., 2006). However, induction of PI3K signaling
by PKR may provide a window for the efficient expression of
genes required for mounting an antiviral response before the
general shut-off of protein synthesis resulting from elF2« phos-
phorylation. It is interesting to note that induction of PI3K
signaling is not specific for PKR but appears to be a property
shared by other elF2« kinases. That is, inhibition of protein
synthesis by activation of the ER-resident elF2« kinase PERK
also leads to the induction of the PI3K pathway as observed by
the increased Akt/PKB phosphorylation in PERK*/* MEFs
but not in PERK~/~ MEFs (Figure 6D). Induction of PI3K
signaling by ER stress may be a cytoprotective mechanism that
mediates the cellular adaptive response to stress (Schroder and
Kaufman, 2005) with possible important implications in regu-
lation of protein synthesis as a result of PERK activation. It is of
interest that although both PERK and PKR can induce PI3K
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signaling, each kinase does so only in response to treatment
that is specific for their activation (data not shown).

In conclusion, we show that induction of elF2«a kinase
activity results in a functional interplay between PI3K and
translational control via elF2a phosphorylation. This is in
line with other findings that demonstrate the ability of PKR
to act as a molecular clock by temporally inducing cell
survival by activating the anti-apoptotic NF-«B (nuclear fac-
tor kB) before the induction of cell death by elF2a phosphor-
ylation (Donze et al., 2004).
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