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The simultaneous interaction of poly(A)-binding protein (PABP) with eukaryotic translation initiation factor 4G (eIF4G) and
the mRNA 3’ poly(A) tail promotes translation initiation. We previously showed that the interaction of PABP-interacting pro-
tein 1 (Paip1) with PABP and eukaryotic translation initiation factor 3 (eIF3; via the eIF3g subunit) further stimulates transla-
tion. Here, we demonstrate that the interaction of eIF3 with Paip1 is regulated by amino acids through the mTORCI1 signaling
pathway. The Paip1-eIF3 interaction is impaired by the mTORCI inhibitors, rapamycin and PP242. We show that ribosomal
protein S6 kinases 1 and 2 (S6K1/2) promote the interaction of eIF3 with Paip1l. The enhancement of Paip1-eIF3 interaction by
amino acids is abrogated by an S6K inhibitor or shRNA against S6K1/2. S6K1 interacts with eIF3f and, in vitro, phosphorylates
eIF3. Finally, we show that S6K inhibition leads to a reduction in translation by Paipl. We propose that S6K1/2 phosphorylate
eIF3 to stimulate Paip1-elF3 interaction and consequent translation initiation. Taken together, these data demonstrate that eIF3

is a new translation target of the mTOR/S6K pathway.

ranslational control provides a rapid response to growth and pro-

liferation stimul, stress, and nutrient availability. Consequently,
it plays a critical role in cell growth and proliferation (for reviews, see
references 1 and 2). mTOR (mechanistic/mammalian target of rapa-
mycin complex), a phosphatidylinositol 3-kinase (PI3K)-like serine/
threonine protein kinase also controls cell growth and proliferation
(3). It forms two different complexes, mTORCI, whose activity is
inhibited by the drug, rapamycin, and mTORC?2, which is not. Hyp-
oxia, energy status, growth factors, and amino acids signals converge
on mTORCI (for a review, see reference 4). Amino acids play an
important permissive role in insulin-mediated stimulation of trans-
lation initiation (5). Branched-chain amino acids, especially leucine,
activate mTORCI (for a review, see reference 6). Amino acid signal-
ing to mTOR is independent of the PI3K/Akt/TSC1-TSC2/Rheb
pathway. Amino acids mediate mTORCI activation mainly via the
Rag GTPases (for a review, see reference 7).

mTORCI controls translation initiation through phosphory-
lation of two main targets, p70-S6Ks and the inhibitory 4E-bind-
ing proteins (4E-BPs) (2). mTORCI phosphorylation of 4E-BPs
causes their dissociation from the cap binding protein, eukaryotic
translation initiation factor 4E (eIF4E), allowing the association of
eIF4G, an adaptor protein, together with eIF4A, an RNA helicase,
to form the eIF4F complex (eIF4E/eIF4A/elF4G). Poly(A)-bind-
ing protein (PABP) binds to the poly(A) tail at the mRNA 3’ end.
The interaction between eIF4G and PABP brings about the circu-
larization of the mRNA and activates translation. eIF4G also in-
teracts with eIF3, which promotes the recruitment of the 43S pre-
initiation complex (PIC) to the mRNA. The 48S ribosomal
complex then scans the mRNA 5’ untranslated region for the AUG
initiation codon (2).

Another important target of mTORCI are the S6Ks: S6K1 and
S6K2. S6Ks control ribosome biogenesis and the activity of eIF4B,
which stimulates eIF4A (8, 9). In addition, S6K1 and 2 phosphor-
ylate ribosomal protein S6, elongation factor 2 kinase (eEF2K),
and programmed cell death protein 4 (PDCD4), a tumor suppres-
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sor) (10-12). S6K1 and mTOR associate with the eIF3 complex, in
a growth factor-dependent and rapamycin-sensitive manner
(13-15).

Because of the large size of the elF3 complex (~800 kDa),
which is composed of 13 subunits, it has been difficult to study and
to fully understand the roles of the individual subunits. As a ver-
satile scaffold for the translation initiation complex, eIF3 stimu-
lates most of the reactions in the initiation pathway, including
binding of ternary complex and other components of the 43S PIC
to the 40S subunit, mRNA recruitment, and ribosome scanning
on the mRNA and selection of the translation start codon (16).
Importantly, eIF3 is phosphorylated in mammalian cells on seven
subunits (a, b, ¢, f, g, h, and j) on 29 phosphorylation sites (17)
with no associated functions, except for the oncogenic properties
of eIF3h (18).

The interaction of Paipl (PABP-interacting protein 1) and
elF3 is important for the translation promoting activity of Paip1,
by stabilization of the circular mRNA conformation via the PABP-
elF4G interaction (19). We previously showed that Paipl-elF3
interaction is mediated by elF3g (19). Paipl is poorly phosphor-
ylated (global mass spectrometry data from www.phosphosite.org
and unpublished data from our lab), while several eIF3 subunits,
including eIF3g, are phosphorylated on multiple sites (17, 20).
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Phosphorylation of eIF3 subunits could stabilize the eIF3 complex
and subsequently enhance interactions with elF3-binding part-
ners (20). Numerous proteins implicated in the translation initi-
ation process are regulated by mTOR-dependent phosphoryla-
tion signals, notably 4E-BP, S6Ks which act on elF4B, but
surprisingly not eIF3. Due to the simultaneous interactions of
elF3 with mTORCI1 and S6K1 (13-15), we wanted to determine
whether mTOR/S6K signaling regulates eIF3 phosphorylation.

To address this question, we used amino acid-mediated stim-
ulation of mTOR, which is entirely independent of the PI3K/Akt/
TSC1-TSC2/Rheb signaling and does not activate the Ras/Raf/
Mek/ERK/RSK pathway (6). Here, we show that amino acids
enhance Paip1-elF3 interaction through S6Ks. The interaction of
S6K1 with elF3f/p47, together with eIF3 phosphorylation by S6K1
in vitro, indicates that eIF3 phosphorylation controls the Paip1-
elF3 interaction.

MATERIALS AND METHODS

Reagents. The antibodies used were obtained as follows. Anti-eIF3g was
obtained from T. K. Tang (Academia Sinica, Taipei, Taiwan). Anti-Paipl
was generated by immunizing rabbits with recombinant glutathione S-
transferase (GST)—Paipl p65 (21). Anti-phospho-Akt (Ser473), -phos-
pho-S6K1 (Thr389), -S6K1, -phospho-S6 (Ser240/244), -phospho-4E-
BP1 (Ser65), -4E-BP1, and -PABP were from Cell Signaling Technology.
Anti-S6, GAPDH, and eIF3b were from Santa Cruz. Antihemagglutinin
(anti-HA) was from Covance Technology, anti-B-actin was from Sigma-
Aldrich, and anti-S6K2 was from Bethyl Laboratories. Rapamycin was
from LC Laboratories, PP242 and doxycycline were from Sigma-Aldrich,
and U0126 was from Cell Signaling Technology. His¢-tagged p70-S6 ki-
nase 1 (amino acids 1 to 421) and S6K inhibitor, DG2, were from Merck-
Millipore. Purified rabbit reticulocyte eIF3 was a gift from W. C. Merrick
(Case Western Reserve University, Cleveland, OH).

Cell culture. HeLa S3 and HEK 293 cells were obtained from the
American Tissue Culture Collection and maintained in Dulbecco min-
imum essential medium (DMEM; Wisent) supplemented with 10%
fetal bovine serum (Wisent) and 5 U of penicillin-streptomycin
(Wisent)/ml in 5% CO,. Wild-type (WT) and S6K1/2 double-knock-
out mouse embryonic fibroblasts (MEFs) and ectopic reexpression of
S6K1 and S6K2 were previously described (22). S6K1/2 double-knock-
down HeLa S3 cells were obtained by lentiviral shRNA silencing strat-
egy as described previously (23). The Sigma MISSION shRNA lentivi-
ral vector accession numbers were: human S6K1 (TRCN0000003162),
human S6K2 (TRCN0000000729), and nontarget shRNA control
(SHCO002). Cells were starved amino acid starved in Hanks balanced
salt solution (HBSS; Wisent) containing calcium and magnesium sup-
plemented with MEM vitamins (Invitrogen), 4.5 g of p-glucose/liter,
and 5 U of penicillin-streptomycin/ml. For amino acid stimulation,
HBSS media were replaced by DMEM or supplemented with amino
acids solution. MEM essential and nonessential amino acid solutions
(Invitrogen) were mixed with glutamine and adjusted at pH 7.4 to
obtain a 25X-concentrated amino acid solution. Starved cells were
pretreated with 20 nM rapamycin, 2.5 wM PP242, or 5 uM DG2 for 1
h before stimulation or left untreated. For experiments conducted
using MEFs, full dephosphorylation of S6 was achieved after 8 h of
treatment.

Plasmid construction. Human elF3g and eIF3f cDNAs were ampli-
fied from pGEX-elF3g and pGEX-elF3f plasmids (19) and subcloned into
pcDNA-3HA using EcoRI sites. pcDNA-3HA-eIF3g was used as the tem-
plate for PCR-based site-directed mutagenesis to produce the nonphos-
phorylatable mutant form of eIF3g (T41A and S42A).

Protein purification and GST pulldown. Purification of recombinant
GST-Paipl and GST pulldowns were performed as previously described
(19).
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Transfection and immunoprecipitation. pcDNA3-HA-elF3g (WT
or mutants), pcDNA-HA-elF3f, or pcDNA3-HA-eIF4E (24) transfection
was performed using Lipofectamine Plus reagent (Invitrogen) according
to the manufacturer’s protocol. At 48 h after transfection, cells were lysed
in buffer C (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1%
NP-40) containing protease and phosphatase inhibitors. First, cell ex-
tracts were transferred onto protein G-Sepharose beads (GE Healthcare)
with 2 pl of HA antibody and incubated for 2 h at 4°C. Beads were washed
four times in buffer C containing protease and phosphatase inhibitors.
Bound proteins were processed for Western blotting. The same protocol
was applied for S6K1-eIF3 interaction using buffer composed of 50 mM
Tris-HCI (pH 7.4), 150 mM NacCl, 10% glycerol, 0.2% NP-40, 0.5 mM
sodium orthovanadate, 5 mM NaF, 80 uM B-glycerophosphate, 10 mM
sodium pyrophosphate, 1 mM dithiothreitol (DTT), and 1 mM EGTA as
described previously (13).

Two-dimensional electrophoresis. HeLa cells were lysed on ice in
buffer B containing protease inhibitors. Half of the cell extract was treated
with lambda protein phosphatase (New England BioLabs) at room tem-
perature for 30 min. The other half was supplemented with phosphatase
inhibitors (2 mM Na;VO,, 2 mM NaF, 25 mM B-glycerophosphate).
Then, 200 pg of each extract was resolved on Immobiline dry strips (pH
4-7 [linear], 13 cm; GE Healthcare) according to the IPGphor isoelectric
focusing (IEF) protocol. Then strips were equilibrated in sodium dodecyl
sulfate (SDS) equilibration buffer prior second dimension SDS-PAGE
and Western blotting.

In vitro kinase assay. In vitro kinase assays were performed in a 25-pl
reaction volume containing 60 mM HEPES-KOH (pH 7.6), 3 mM MgCl,,
3 mM MnCl,, and 1.2 mM DTT containing 50 uM ATP and 0.03 p.Ci of
[y-**P]ATP/pl. Briefly, 2 pg of RRL-purified eIF3 were incubated for 15
min at room temperature to inhibit kinase activity copurified with eIF3
complex in the presence of 500 ng of His,-S6K1 and/or 100 nM DG2.
Reaction mixtures were transferred to ice, supplemented with ATP and
[y**P]ATP, further incubated at 30°C for 20 min, and stopped by the
addition of 25 pl of Laemmli buffer. Proteins were resolved by SDS-PAGE
and transferred onto a nitrocellulose membrane. Membranes were pro-
cessed for *?P detection, followed by Western blotting with the indicated
antibodies.

Translation assays. The procedure for the translation assay for Paipl
was previously described (19). Briefly, HeLa cells were seeded in 12-well
tissue culture dishes 1 day prior to transfection. Cells were cotransfected
with 125 ng of pTet-HA-Paip1 or the control vector, 125 ng of pUHD-
15-1, which expresses the Tet-controlled transactivator (tTA) and 25 ng of
pRL-CMV (Promega) per well as a Renilla luciferase reporter construct.
pBI-L vector (Stratagene) expressing firefly luciferase was used as a con-
trol vector. For assays measuring inhibitor effect, after transfection, the
cells were incubated 24 h with 300 ng of doxycycline (Dox)/ml, 20 nM
rapamycin, and/or 20 uM DG2 or left untreated. For assays measuring
nutrient deprivation, after transfection, cells were placed in serum-free
medium containing 300 ng of Dox/ml or left untreated for 24 h to obtain
a homogenous expression of HA-Paipl. Cell media were then supple-
mented with 10% serum, replaced by HBSS, or left unchanged, in the
presence or absence of Dox for an additional 8 h before harvesting. Cells
were lysed in 1X passive lysis buffer (Promega) and Renilla and firefly
luciferase activities were quantified with a dual-luciferase reporter assay
system (Promega). The Renilla luciferase activity was corrected based on
protein concentration, as measured with Bio-Rad protein assay reagent.
The relative induction of translation by Paip1 was determined by cal-
culating the ratio of Renilla luciferase activity between the induced con-
dition (no Dox) and the repressed condition (300 ng of Dox/ml).

RESULTS

Paipl-elF3 interaction is regulated by amino acid availability.
To study how Paip1-eIF3 interaction is regulated by amino acid
availability, we first starved HeLa cells of amino acids, and the
effect on mTOR signaling was determined by Western blotting
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FIG 1 Paipl-elF3 interaction is stimulated by amino acids and inhibited by
mTOR inhibitors. (A) HeLa cells were grown in DMEM with 10% serum (Ctrl,
control condition) or amino acid starved overnight. Starved HeLa cells were
stimulated with amino acids (AA) for the indicated times or left untreated.
GST pulldown experiments were conducted with GST-Paip1 (p65 isoform) or
GST alone using whole-cell lysates (WCL). WCL (top panel) and GST pull-
down eluates (bottom panel) were processed for Western blotting with the
indicated antibodies: phospho-Ser240/444 S6 (p-S6) or phospho-Thr389 S6K
(p-S6K). (B) Experiments were performed as in panel A. Cells were treated
with different mTOR inhibitors (1 h): 20 nM rapamycin (Rapa.) or 2.5 uM
PP242, followed by 4 h of amino acid stimulation.

with phospho-specific antibodies against S6K1 (Thr389) and S6
(Ser240/Ser244) (referred to here as phospho-S6) as a readout of
mTOR activity. After 18 h of amino acid deprivation, both phos-
pho-S6K and phospho-S6 decreased to minimal levels, indicating
mTORC1 was fully inactivated (Fig. 1A, Time zero). Amino acids
were added back for 2 to 24 h and changes in Paip1-elF3 interac-
tion were monitored. As a control, cells were maintained for 24 h
in complete medium (DMEM supplemented with 10% serum). In
agreement with earlier reports (6), amino acid addition induced
S6K1 and S6 phosphorylation, which reached a maximum level
after 2 h. While S6K1 phosphorylation returned to control levels
after 24 h, S6 phosphorylation remained elevated compared to the
control level (Fig. 1A, top panel). Previously, Paipl was shown to
interact with the eIF3 complex along with PABP, and all eIF3
subunits were present in stoichiometric amounts (17, 19). To de-
termine whether the Paip1-elF3 interaction is regulated by amino
acids, we performed GST pulldowns with recombinant GST-
Paip1 (p65 isoform) (19). Paip1 interaction with eIF3 was gradu-
ally enhanced from 2 to 24 h and reached a maximal level, similar
to that observed in cells maintained in control conditions after 24
h, as determined by GST pulldown assays (Fig. 1A, bottom panel).
For most of the experiments described below, we used the 4-h
time point, since Paip1-eIF3 interaction was markedly enhanced
at this time compared to amino acid-starved cells. Taken together,
these data demonstrate that Paip1-elF3 interaction is stimulated
by amino acids.

mTOR inhibition blocks the Paip1-eIF3 interaction. Amino
acids stimulate mTORC1 activity, and consequently the phos-
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phorylation of the downstream targets 4E-BP1 and S6K1 (25). To
determine whether mTOR controls the Paip1-eIF3 interaction, we
used two mTOR inhibitors, rapamycin (an allosteric mMTORC1-
specific inhibitor) and PP242 (an active site mTOR inhibitor,
which inhibits mTORC1 and mTORC2) (26). Amino acid-
starved HeLa cells were pretreated with each inhibitor for 1 h,
followed by the addition of amino acids for 4 h. Rapamycin and
PP242 strongly diminished amino acid-induced phosphorylation
of S6K1 and S6 after amino acid stimulation (Fig. 1B, top panel)
and the Paipl-elF3 interaction (bottom panel). In contrast, the
Paipl-PABP interaction remained unchanged. The amino acid-
enhanced Paipl-elF3 interaction was not sensitive to a MEK in-
hibitor (U0126; data not shown), indicating that the Ras/mitogen-
activated protein kinase (MAPK) signaling pathway does not play
a role in controlling the Paip1-elF3 interaction. Thus, mTOR in-
hibitors impair the interaction of Paip1 with eIF3, by interdicting
the amino acid-induced mTORCI1 pathway.

elF3g phosphorylation on Thr41 and Ser42 is not stimulated
by amino acids, nor does it affect Paipl-eIF3 interaction. We
hypothesized that the Paipl-eIF3 interaction was regulated by
Paip1 and/or eIF3 phosphorylation. On the one hand, mass spec-
trometry failed to identify kinases interacting with recombinant
GST-Paipl (19). Furthermore, the Paipl-PABP interaction was
not controlled by amino acids (Fig. 1B). The PABP- and eIF3-
binding regions on Paip1 are partially overlapping, near the PAM2
motif, suggesting that Paipl-eIF3 interaction is regulated not
through Paip1 but rather through eIF3 (19). On the other hand,
elF3 interaction with mTORC1 and S6K1 (13-15) was previously
reported, and several eIF3 subunits are phosphorylated in re-
sponse to cell growth and proliferation-promoting signals (17).
The Paip1-binding subunit, eIF3g, contains two phosphorylation
sites: Thr4l and Ser42 (17). Consequently, we investigated
whether amino acids induce elF3g phosphorylation to enhance
Paipl-elF3 interaction. To this end, we performed two-dimen-
sional (2D) electrophoresis, mass spectrometry, and phosphory-
lation site mutagenesis analysis. To map the phosphorylation
site(s) on elF3g, we used whole lysates from HeLa cells grown
overnight in complete or amino acid-free medium. A \ protein
phosphatase-treated extract was used to visualize unphosphoryl-
ated proteins. The \ protein phosphatase dephosphorylated S6K1
and S6 in the control lysate (Fig. 2A). In response to amino acid
deprivation, both S6K1 and S6 became completely dephosphoryl-
ated (Fig. 2A). The same samples were analyzed by 2D IEF-SDS-
PAGE. Under standard growth conditions or after amino acid
deprivation, the phosphoprotein map of elF3g contained high
levels of nonphosphorylated protein (Fig. 2B, black arrow) and
two major phosphorylated species (gray arrow). Indeed, after
phosphatase treatment, all of the elF3g isoforms shifted to the
nonphosphorylated state (Fig. 2B). We failed to detect doubly
phosphorylated elF3g at the predicted isoelectric point under any
condition (Fig. 2B, dashed arrow). The two phosphorylated pro-
teins most probably correspond to phosphorylation on either
Thr41 or Ser42. Thus, the 2D electrophoresis analysis suggests that
elF3g is phosphorylated only on one amino acid, and this phos-
phorylation is independent of amino acid stimulation.

Damoc et al. (17) showed that either Thr41 and Ser42 or both
can be phosphorylated on eIF3g in the presence of serum. We
therefore searched for phosphopeptides by mass spectrometry in
immunoprecipitated HA-tagged elF3g of HeLa cells grown in
complete or amino acid-free medium. In both conditions, eIF3g
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FIG 2 eIF3g phosphorylation is not affected by amino acids deprivation and
does not alter Paip1-elF3 interaction. (A) Whole-cell lysates from HeLa cells
grown in control conditions (Ctrl) or amino acid starved overnight were
treated with lambda phosphatase (\PPase) and processed for Western blot-
ting. (B) Whole-cell extracts from panel A were subjected to 2D IEF-SDS-
PAGE, followed by immunoblotting with anti-elF3g antibody. The black ar-
row indicates nonphosphorylated proteins, and the solid gray arrow indicates
monophosphorylated proteins. The dashed arrow indicates the predicted po-
sition of doubly phosphorylated proteins based on the calculated isoelectric
point. (C) Exogenous HA-eIF4AE or HA-elF3g wild-type (WT) or nonphos-
phorylatable mutant T41A-S42A (Ala) were expressed in HeLa cells. WCL
were subjected to immunoprecipitation with anti-HA antibody (IP-HA) and
processed for Western blotting.

was phosphorylated on either Thr41 or Ser42, but peptides carry-
ing both of the phosphorylated amino acids were not detected
(data not shown). To further corroborate our mass spectrometry
results, we generated a phosphomutant elF3g, by mutating both
Thr41 and Ser42 to alanines. HA immunoprecipitations were per-
formed in HelLa cells transfected with plasmids expressing HA-
tagged wild-type (WT) elF3g, nonphosphorylatable mutant (Ala)
elF3g, or HA-tagged eIF4E as a negative control for the Paipl
interaction. Equal amounts of Paip1 were coimmunoprecipitated
with both WT and the Ala mutant HA-eIF3g (Fig. 2C), demon-
strating a similar interaction with Paipl. Similar data were ob-
tained using recombinant GST-tagged wild-type and nonphos-
phorylatable (Ala) mutant elF3g (data not shown). From these
experiments, we conclude that phosphorylation of elF3g at either
Thr41 or Ser42 is neither regulated by amino acids nor controlling
its interaction with Paipl.

S6K activity promotes Paip1-eIF3 interaction. It is conceiv-

March 2014 Volume 34 Number 6

S6K Regulates Paip1-elF3 Interaction

able that the phosphorylation of one or more of the other 12
subunits of eIF3 affects its interaction with Paip1. Of special inter-
est, elF3b and elF3c directly interact with eIF3g and contain mul-
tiple phosphorylation sites (17, 20). eIF3 interacts with both
mTORC1 and S6K1 (13-15). We therefore hypothesized that
mTORC1 and/or S6Ks are the kinases that phosphorylate elF3
and induce the interaction of Paip1 with eIF3. To test this hypoth-
esis, we used an S6K-specific inhibitor, DG2 (27). Upon amino
acid stimulation, DG2 completely blocked S6 phosphorylation
and caused increased phosphorylation of S6K1 (Fig. 3A, top
panel). The DG2-mediated hyperphosphorylation of S6K1 might
be due to the elimination of the S6K negative feedback on an
upstream kinase and thus maintaining mTORCI active. In the
presence of DG2, Paip1-elF3 interaction was no longer enhanced
by amino acid (Fig. 3A, bottom panel), indicating that S6K could
be a potential kinase of eIF3. Because the above-described exper-
iments were performed using cell extracts incubated with purified
recombinant GST-Paip1 fusion protein, we wanted to determine
whether the results could be recapitulated in cells. To this end,
Flag-tagged Paipl was expressed in HeLa cells, and Paipl-elF3
interaction was analyzed by Western blotting following anti-Flag
immunoprecipitation. As observed with recombinant GST-Paipl1,
Flag-Paip] interaction with endogenous eIF3 was sensitive to DG2
(data not shown), bolstering the idea that S6K could be a potential
kinase of elF3.

To further corroborate this finding, we used HeLa cells de-
pleted of S6K1(>90%) and S6K2 (>80%) (Fig. 3B, top panel).
Knockdown of S6K1/2 had no effect on the quantity of S6 protein
but greatly reduced phosphorylation, as expected (Fig. 3B, top
panel). However, amino acids increased 4E-BP1 phosphorylation
to the same extent in control and S6K1/2 knockdown cells, indi-
cating that the mTORCI kinase activity directed toward these tar-
gets remained unchanged. As such, rapamycin-mediated inhibi-
tion of mTOR reduced the amino acid-induced phosphorylation
of 4E-BP1 and S6 (Fig. 3B, top panel). In control cells, amino
acid-stimulated Paip1-eIF3 interaction was sensitive to rapamy-
cin. However, in the S6K1/2 knockdown cells, Paip1-elF3 interac-
tion was markedly reduced and was neither affected by amino acid
deprivation nor by rapamycin treatment (Fig. 3B, bottom panel).
These data strongly support the conclusion that S6Ks play a cen-
tral role in amino acid regulation of the Paip1-eIF3 interaction.

We further investigated the role of S6Ks in Paip1-elF3 interac-
tion using S6K1/2 double-knockout (DKO) and WT MEFs. As
expected, S6 was phosphorylated on Ser240-244 only in WT MEFs
in complete media but not in extracts of cells lacking S6Ks or
amino acid-starved for 8 h (Fig. 3C). The Paip1-eIF3 interaction
was much weaker in the S6K1/2 DKO MEFs than in the WT MEFs,
and amino acid deprivation had no additional effect on Paipl-
elF3 dissociation in S6K1/2 DKO MEFs (Fig. 3C, bottom panel).
Similar experiments were performed using DKO MEFs that had
S6K1, S6K2, or S6K1/2 reexpressed (Fig. 3D). Although reexpres-
sion of S6K1 or S6K2 alone increased S6 phosphorylation and
Paip1-elF3 interaction in DKO MEFs, reexpression of both S6K1
and S6K2 fully restored S6 phosphorylation, Paip1-elF3 interac-
tion, and sensitivity to amino acid (Fig. 3D, top panel). Thus, S6K
activity promotes the interaction between Paip1 with eIF3.

S6K interacts with eIF3f, phosphorylates eIF3 in vitro, and
regulates Paipl activity in vivo. We next sought to determine
whether S6K1 and eIF3 directly interact. Immunoprecipitation
experiments were conducted on extracts from cells expressing
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FIG 3 Paipl-elF3 interaction requires S6K activity. (A) HeLa cells were grown in DMEM with 10% serum (Ctrl, control condition) or amino acid starved overnight.
Amino acid-starved HeLa cells were pretreated with DG2 at 5 uM (1 h) or left untreated, followed by amino acid stimulation (4 h). Whole-cell lysates (WCL) were
subjected to GST-Paip1 pulldown. WCL (top panel) and GST-Paip1 pulldown eluates (bottom panel) were processed for Western blotting with the indicated antibodies:
phospho-Ser240/444 S6 (p-S6) or phospho-Thr389 S6K (p-S6K). (B) HeLa cells expressing either S6K1 and S6K2 shRNAs (S6K1/2 shRNA) or Scramble shRNA were
treated as in panel A using 20 nM rapamycin (Rapa.). WCL (top panel) and GST-Paip1 pulldown eluates (bottom panel) were processed for Western blotting using
phospho-Ser65 4E-BP1 (p-4E-BP1). Paip1-elF3 interaction is expressed as a percentage (*the standard deviation) of Paip1-eIF3 interaction in HeLa cells in a control
condition. Quantifications were performed using ImageJ software on replicate experiments. (C) WT MEFs or S6K1/2 double-knockout MEFs were amino acid starved
for 8 h and left untreated. WCL (top panel) and GST-Paip1 pulldown eluates (bottom panel) were processed for Western blotting. (D) S6K1/2 double-knockout MEFs
were transduced with vector expressing S6K1, S6K2, S6K1, and S6K2 or empty vector (Mock). Cells were treated as in panel C, and WCL (top panel) and GST-Paip1
pulldown eluates (bottom panel) were processed for Western blotting. The asterisk indicates a nonspecific band.

HA-tagged elF3g or green fluorescent protein (GFP). We also ex-
pressed HA-tagged elF3fas a direct interaction between elF3f with
S6K1 was previously reported (13). Both transfected eIF3f and
elF3g were integrated into the eIF3 complex as they interacted with
subunits 3a, 3b, and 3¢ (Fig. 4A). We detected an S6K1 interaction
mostly with eIF3f and to a much lesser extent with elF3g, suggesting
that eIF3fis the direct interactor of S6K1 and that some eIF3 subcom-
plexes could be more prone to phosphorylation by S6Ks.

To investigate whether S6K1 can phosphorylate elF3 in vitro,
we performed a kinase assay using recombinant S6K1 lacking the
autoinhibitory domain and eIF3 purified from rabbit reticulocyte
lysate. First, in the absence of additional factors, autophosphory-
lation of S6K1 occurred (Fig. 4B, lane 1). Addition of purified eIF3
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to S6K1 induced the appearance of two major bands. One corre-
sponds to the molecular masses (110 to 120 kDa) of subunit 3b, 3c,
or 3a; the last subunit is prone to degradation and therefore frag-
mented in the RRL-purified eIF3 complex (28). The other band
(44 to 47 kDa) might correspond to either 3e, 3f, 3g, or 3h subunit.
The 44- to 47-kDa band disappeared upon the addition of the S6K
inhibitor, DG2, in contrast to the 110- to 120-kDa band (Fig. 4B).
This suggests a greater accessibility of the 44- to 47-kDa protein.
These data show that S6K1 phosphorylates eIF3 in vitro at least on
two subunits, because each **P signal on the autoradiography cor-
responds to the phosphorylation of one or several eIF3 subunits
closely migrating on SDS-PAGE.

We next sought to determine whether the inhibition of S6K
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FIG 4 S6K interacts with and phosphorylates eIF3 in vitro. (A) HEK-293T
cells were transfected with constructs expressing HA-tagged eIF3f (3f), eIF3g
(3g), GFP, or an empty vector. Whole-cell lysates (WCL) were subjected to
immunoprecipitation with an anti-HA antibody. WCL and HA immunopre-
cipitates were processed for Western blotting with the indicated antibodies.
IgB, light-chain immunoglobulin. (B) Kinase assays were performed with re-
combinant His-tagged S6K1 (HIS-S6K) and RRL-purified eIF3 (elF3). Pro-
teins were incubated for 20 min with [y->*P]ATP in the presence of 100 nM
DG2. Samples were subjected to SDS-PAGE and transferred onto nitrocellu-
lose membrane, followed by Western blotting and autoradiography.

impairs the stimulatory activity of Paipl on translation. In vivo
translation assays were performed after rapamycin or DG2 treat-
ment. DNA vectors expressing HA-tagged Paipl p65 under the
control of the Tet-off promoter were transfected into HeLa cells,
along with constructs expressing the Renilla luciferase and the tTA
(19). The relative induction of luciferase activity mediated by
Paip1 was determined by calculating the ratio of Renilla luciferase
activity between induced (no Dox) and repressed (with Dox) ex-
pression of HA-tagged Paipl. Paipl stimulatory activity was re-
duced about 35% in rapamycin- and DG2-treated compared to
nontreated cells (Fig. 5A). Rapamycin- or DG2-mediated S6 de-
phosphorylation, which was confirmed by Western blotting (Fig.
5B) did not affect Paip1 expression. These data indicate that the
Paipl stimulatory effect requires S6K activity. We also investi-
gated Paipl-mediated translational control in response to serum
and/or amino acids availability (Fig. 5C). Amino acid withdrawal
induced about 25% decrease of Paipl stimulatory activity,
whereas serum deprivation had no effect. This is consistent with
the significant S6 dephosphorylation observed upon amino acid
deprivation compared to serum deprivation (Fig. 5D).

DISCUSSION

We show here that amino acids regulate eIF3 binding to Paip1 via
mTOR and S6Ks. S6Ks promote the stability of Paip1-elF3 com-
plex and eIF3f/p47 binds S6K1 within the eIF3 complex. We also
show that S6K1 phosphorylates eIF3 in vitro. These data demon-
strate that eIF3 is a new translation target of the mTOR/S6K path-
way.

We previously reported on the Paipl-elF3 interaction and
showed that Paip1 directly binds to the eIF3g/p44 subunit (19).
However, elF3g phosphorylation on Thr 41 and Ser 42 is not con-
trolled by amino acids. This suggests that Paip1-elF3 interaction
requires several eIF3 subunits and that phosphorylation of a sub-
unit(s) other than eIF3g effects Paip1 binding. Optimal folding of
elF3g is most likely achieved only when it is incorporated into
elF3. Thus, it is conceivable that phosphorylation of other sub-
units would affect the global conformation or surface charge of the
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FIG 5 S6K controls Paipl activity in vivo. (A) Paipl-dependent translation
stimulation in vivo. Cells were either mock transfected (Ctrl) or transfected
with the pTet-HA-Paipl p65 plasmid (HA-Paipl), together with constructs
expressing the Renilla luciferase and the tTA. Cells were placed in medium
containing 300 ng of Dox/ml, 20 nM rapamycin (Rapa.), and/or 20 pM DG2
or left untreated. Renilla luciferase activity was quantified in HeLa cell extracts.
Relative induction of the luciferase reporter was determined by calculating the
ratio of Renilla luciferase activity between induced (no Dox) and repressed
(with Dox) expression of the HA-tagged Paipl p65. Error bars denote the
standard errors of the mean for three independent experiments. (B) Extracts
from panel A were subjected to SDS-PAGE and Western blotting with the
indicated antibodies. (C) Cells were transfected as in panel A and placed in
serum-free medium containing 300 ng of Dox/ml or left untreated for 24 h.
Cell media were then supplemented with 10% serum (+serum), replaced by
HBSS (—AA), or left unchanged in the presence or absence of doxycycline for
an additional 8 h before harvesting. (D) Extracts from panel C were subjected
to SDS-PAGE and Western blotting with the indicated antibodies.

elF3 complex. Recent data from eIF3 in vitro reconstitution exper-
iments indicate that the octameric eIF3 subcomplex composed of
subunits a, ¢, ¢, f, h, k, 1, and m is highly stable (29). This complex
associates with the “b,g,i” subcomplex to form a dodecameric
complex lacking the j subunit. The recombinant octameric eIF3
structure strikingly resembles the native eIF3 (30). It is thus pos-
sible that 3f serves as a docking site for S6K to phosphorylate
another eIF3 subunit. eIF3fis tightly associated with the octameric
elF3 complex containing elF3a and 3¢, the most phosphorylated
subunits of eIF3 (17, 20). In addition, eIF3f is located in the left
arm and leg of the octameric structure and binds directly to j
subunit and the b,g,i subcomplex. Thus, S6K might also regulate
the assembly of eIF3 subcomplexes through phosphorylation.
S6Ks modulate translation initiation through phosphorylation
of multiple targets. S6Ks phosphorylate ribosomal protein S6
(RPS6) on Ser 235/236 and 240/244. However, genetic ablation of
S6 phosphorylation modestly affects global translation (31, 32).
S6Ks also regulate eIF4A activity through the phosphorylation of
PDCD4 (33). One of the best-characterized targets of S6Ks is
elF4B whose activity and binding to eIF3 is regulated by phos-
phorylation on Ser422 in an RXRXXS/T consensus motif com-
mon to RSK, AKT, and S6K. Our data strongly suggest that S6Ks
could also target eIF3. Whereas phosphorylation on Ser235/236 of
RPS6 or Ser422 of eIF4B is readily detected in S6K1/2 DKO MEFs
due to the activity of p90-RSK, phosphorylation of Ser240/244 on
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RPS6 is abrogated (31). This raises the question whether the S6K
recognition motif has been properly defined and whether impor-
tant S6K-specific substrates remain to be discovered. We found a
putative S6K recognition site in e[F3¢/p110 on residue Ser711 but
could not detect any changes in phosphorylation by mass spec-
trometry in response to amino acids deprivation (data not
shown). An S6K recognition site was described in eIF3h/p40 from
Arabidopsis thaliana (34), but in HeLa cells, we could not detect
changes in its phosphorylation by 2D electrophoresis after pro-
longed amino acid deprivation or mTOR inhibitor treatment
(data not shown).

Thus far, the eIF3 phosphorylation sites in mammals (17) have
not been shown to have functional significance for any of the
subunits, with the exception of the noncore eIF3h subunit, for
which its oncogenic potential requires phosphorylation (18). One
possible reason is the difficulty in replacing the endogenous elF3
subunit by a nonphosphorylatable mutant at an isostoichiometric
ratio in mammals. In Saccharomyces cerevisiae, phosphoresidues
were described in eIF3b/Prtl and elF3¢/Nip1, and casein kinase II
can phosphorylate eIF3¢/Nipl. Nevertheless, a difference in
elF3¢/Nip1 binding with eIF3 subunits or initiation factors asso-
ciated with the expression of eIF3¢/Nip1 phosphomutant was not
reported, but a mild slow-growth phenotype was described previ-
ously (35). Casein kinase IT was shown to phosphorylate mamma-
lian eIF3 in vitro similarly to RSK and protein kinase C (36) but
was not associated with any specific function or change in affinity
for binding partners.

elF3 phosphorylation by S6Ks might also regulate the associa-
tion of other factors with eIF3. Endogenous eIF4B was shown to
exhibit enhanced association with eIF3 upon phosphorylation by
RSK or S6K, which might be due to the increased phosphorylation
of eIF3 (37). In addition, eIF4G binding to eIF3 could also behave
in a similar manner, since the complex is stabilized by insulin
treatment and is sensitive to rapamycin (14). The use S6K-specific
inhibitors such as DG2 or PF-4708671 (38) shed light on the spe-
cific role of S6Ks in those mechanisms compared to mTOR inhib-
itors, which abolished both mTOR and S6K activity.

Regulation of Paip1-eIF3 interaction by mTOR/S6K signaling
adds an extra layer of complexity to the translational control of
this pathway, leading to a better synchronization of translation
initiation. mRNA circularization is brought about by bridging the
5" and the 3" end through eIF4G/PABP interaction (2). The stabi-
lized association of Paipl with eIF3 after mTOR/S6K activation
reinforces the closed model. Through the regulation of eIF4B,
PDCD4, CBP80, RPS6 and others, S6Ks appears to fine-tune
translation, by synchronizing the rhythm of multiple components
of the translational machinery. Regulation of eIF3 by S6Ks brings
asupplemental instrument to the orchestra. Nevertheless, detailed
functions of eIF3 and its phosphorylation remain to be fully un-
derstood in order to improve the sound of this complex sym-
phony.
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