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Background:mTORC1 directly phosphorylates p70S6K1 and the 4E-BPs.
Results: Although necessary, eIF4E�eIF4G complex formation was insufficient for sustaining global rates of protein synthesis.
Conclusion: p70S6K1-mediated phosphorylation of eIF4B and PDCD4 also was required to optimally stimulate protein
synthesis.
Significance: Both eIF4E�eIF4G complex formation and activation of p70S6K1 individually stimulate global rates of protein
synthesis.

Modulation of mRNA binding to the 40 S ribosomal subunit
during translation initiation controls not only global rates of
protein synthesis but also regulates the pattern of protein
expression by allowing for selective inclusion, or exclusion, of
mRNAs encoding particular proteins from polysomes. The
mRNAbinding step ismodulated by signaling through a protein
kinase known as themechanistic target of rapamycin complex 1
(mTORC1). mTORC1 directly phosphorylates the translational
repressors eIF4E binding proteins (4E-BP) 1 and 2, releasing
them from the mRNA cap binding protein eIF4E, thereby pro-
moting assembly of the eIF4E�eIF4G complex. mTORC1 also
phosphorylates the 70-kDa ribosomal protein S6 kinase 1
(p70S6K1), which subsequently phosphorylates eIF4B, and pro-
grammed cell death 4 (PDCD4), which sequesters eIF4A from
the eIF4E�eIF4G complex, resulting in repressed translation of
mRNAs with highly structured 5�-untranslated regions. In the
present study, we compared the role of the 4E-BPs in the regu-
lation of global rates of protein synthesis to that of eIF4B and
PDCD4. We found that maintenance of eIF4E interaction with
eIF4G was not by itself sufficient to sustain global rates of pro-
tein synthesis in the absence of mTORC1 signaling to p70S6K1;
phosphorylation of both eIF4B and PDCD4 was additionally
required. We also found that the interaction of eIF4E with
eIF4G was maintained in the liver of fasted rats as well as in
serum-deprivedmouse embryo fibroblasts lacking both 4E-BP1
and 4E-BP2, suggesting that the interaction of eIF4Gwith eIF4E
is controlled primarily through the 4E-BPs.

Global rates of protein synthesis in the liver are suppressed
following an overnight fast but recover rapidly upon feeding (1).
The feeding-induced stimulation of hepatic protein synthesis is
in large part due to activation of signaling through the serine/
threonine protein kinase known as the mechanistic target of

rapamycin (mTOR;2 previously known as the mammalian tar-
get of rapamycin) (2, 3). The polypeptide mTOR functions in
two distinct multiprotein complexes: mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2) (3). Both com-
plexes contain mTOR, mLST8, DEPTOR, and the Tti1/Tel2
complex; however, mTORC1 contains the raptor (regulatory-
associated protein of mTOR) and PRAS40 (proline-rich Akt
substrate 40 kDa), whereas mTORC2 contains rictor (raptor-
independent companion of mTOR), mSin1, and protor1/2 (3).
mTORC1 regulates cell growth and proliferation by integrating
signals from nutrients and mitogens to acutely stimulate pro-
tein synthesis through multiple mechanisms, including phos-
phorylation and activation of several downstream proteins
involved in the mRNA binding step in translation initiation.
During this step, the 43 S pre-initiation complex, consisting of
the 40 S ribosomal subunit, the eIF2�GTP�initiator methionyl-
tRNA complex, and eIF3, is recruited to the m7GTP cap at the
5�-end ofmRNAand scans for anAUG start codon that is in the
proper context (4). The role of mTORC1 in regulating global
rates of protein synthesis is critical, as Torin1 and PP242,
potent inhibitors ofmTOR, significantly impair protein synthe-
sis in both proliferating wild-type and rictor�/� cells (5, 6).
The best characterized substrates for mTORC1 are the ribo-

somal protein S6 kinases S6K1 and S6K2 and the eukaryotic
initiation factor eIF4E-binding proteins (4E-BPs). The 4E-BPs
bind to the mRNAm7GTP cap binding protein eIF4E and pre-
vent it from interacting with the scaffolding protein eIF4G.
Phosphorylation of the 4E-BPs bymTORC1 releases them from
eIF4E, allowing eIF4E to interact with eIF4G. The interaction
promotes the binding of the mRNA to the 43 S preinitiation
complex through the association of the mRNA�eIF4E�eIF4G
complex with eIF3 that is part of the preinitiation complex.
Thus, in part, the binding of themRNA to the 43 S preinitiation
complex is controlled through mTORC1-mediated phosphor-
ylationofthe4E-BPs,althoughothermechanisms,e.g.phosphor-
ylation of eIF4E and/or eIF4G, have also been described (7–9).
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Once the 40 S ribosome is located at the m7GTP cap at the
5�-end of themRNA, the next step involves scanning of the 40 S
ribosomal subunit along the 5�-untranslated region (UTR) until
an AUG start codon in the proper context is located. During
scanning, secondary structure is unwound by the RNAhelicase,
eIF4A. The helicase activity of eIF4A is stimulated by eIF4B,
allowing the unwinding of longer, more stable secondary struc-
tures. The interaction of both eIF4A and eIF4B with eIF4G is
regulated by the S6 kinases. Thus, the 70-kDa ribosomal pro-
tein S6 kinase p70S6K1 phosphorylates PDCD4 (programmed
cell death protein 4), releasing it from eIF4A, allowing eIF4A to
interact with the C terminus of eIF4G (10). p70S6K1 also phos-
phorylates eIF4B, promoting its interaction with eIF4G and
eIF4A (11).
The vast majority of studies assessing mTORC1-mediated

stimulation of mRNA translation have focused on phosphory-
lation of the 4E-BPs and the interaction of eIF4E with eIF4G as
a mechanism for regulating the mRNA binding step in initia-
tion. However, a recent study (12) suggests that the decrease in
protein synthesis associated with mTORC1 inhibition cannot
be attributed solely to a reduction in the interaction of eIF4E
with eIF4G and that other processes not identified in the study
are additionally required. In the present study, we confirmed
the results of the previous study (12) to show that the interac-
tion of eIF4E with eIF4G was not sufficient to stimulate mRNA
translation in either the liver of fasted mice or in serum-de-
prived mouse embryo fibroblasts (MEF) in culture. We extend
the earlier study to show that activation of p70S6K1 and subse-
quent phosphorylation of eIF4B andPDCD4 act in concert with
eIF4E�eIF4G complex assembly in mTORC1-mediated stimu-
lation of mRNA translation. We also demonstrated that the
primarymechanism for regulating the interaction of eIF4Ewith
eIF4G involves 4E-BP1 and -BP2. Overall, the results are con-
sistent with a model in which multiple inputs downstream of
mTORC1 are required to optimally stimulate protein synthesis.

EXPERIMENTAL PROCEDURES

Materials—Protease Inhibitor Mixture was purchased from
Sigma and ECL Western blotting detection reagent from
Pierce. Preparation of the 4E-BP1 and eIF4E antibodies has
been described previously (13, 14). Anti-S6K1, and goat anti-
rabbit IgG horseradish peroxidase-conjugated antibodies were
purchased from Bethyl Laboratories. Anti-GAPDH antibody
was purchased from Santa Cruz Biotechnology, whereas all
other antibodies were purchased from Cell Signaling Technol-
ogy. Protein content was measured by DC protein assay
(Bio-Rad).
Animals—Eif4ebp1;Eif4ebp2mice bearing disruptions in the

genes encoding both 4E-BP1 and 4E-BP2 were a kind gift from
Dr. Nahum Sonenberg (McGill University). Male mice weigh-
ing �30 g were maintained on a 12:12-h light:dark cycle with
food (Harlan Teklad), and water was provided ad libitum. Mice
were fasted for 10 h, and some of the mice were then allowed
free access to food for 45 min where indicated. All procedures
involving the mice were approved by the Pennsylvania State
University College of Medicine Institutional Animal Care and
Use Committee.

Processing of Liver Samples—For the analysis of protein phos-
phorylation state, a portion (�0.3 g) of liver was homogenized
in 7 volumes of lysis buffer (20mMHEPES, 2mM EGTA, 50mM

NaF, 100mMKCl, 0.2mMEDTA, 50mM �-glycerophosphate, 1
mM DTT, 1 mM benzamidine, 50 mM sodium vanadate, 1 mM

microcystin, and 10 �l/ml Sigma protease inhibitor mixture)
using a Polytron homogenizer. The homogenate was centri-
fuged at 1,000 � g for 3 min at 4 °C, and the resulting superna-
tant fraction was subjected to SDS-PAGE and Western blot
analysis as described previously (15). Phosphorylation of eIF4E,
eIF4G, eIF4B, S6K1, and PDCD4wasmeasured in the superna-
tant fraction using phospho-specific antibodies.
Cell Culture and Transfections—Cultures of wild-type and

Eif4ebp1;Eif4ebp2 double knock-out (DKO) MEF, a kind gift
from Dr. Nahum Sonenberg (McGill University), were main-
tained in Dulbeco’s modified Eagle’s medium lacking sodium
pyruvate and containing high glucose (Invitrogen) supple-
mented with 10% fetal bovine serum (Atlas) and 1% penicillin/
streptomycin (Invitrogen). Transfections were performed
using Xtremegene HP (Roche Applied Science) with a 3:1 ratio
of reagent to DNA (�l:�g) according to the manufacturer’s
instructions. Cells were deprived of serum for 3 h and treated
with IGF (insulin-like growth factor) 1 (10 ng/ml) as indicated.
Cells were harvested in cell lysis buffer supplemented with 1%
Triton X-100. To evaluate the rate of protein synthesis, cells
were treated as described above. After 5 min of treatment with
IGF1, cells were radiolabeled with 50 �Ci of 35S-labeled
EasyTag Express Protein Labeling Mix (PerkinElmer Life Sci-
ences) for 15 min at 30 °C. Labeled cells were washed 3� with
PBS and harvested in ice-cold lysis buffer supplemented with
1%TritonX-100 and 0.5%deoxycholate. Lysateswere rocked at
4 °C for 30 min and centrifuged at 1,000 � g for 5 min. Global
rates of protein synthesis were calculated by the incorporation
of [35S]methionine and [35S]cysteine into TCA-precipitable
protein as described previously (16). HA-tagged constitutively
active S6K1 expression plasmid was a kind gift from Dr. John
Blenis (HarvardMedical School) and has been described previ-
ously (17). Constitutively active HA-tagged eIF4B was gener-
ated through mutation of Ser-422 to Asp using a previously
described plasmid (18) that was also provided by Dr. Blenis.
Site-directed mutagenesis was performed using QuikChange
Lightning (Agilent Technologies) and the following primers to
mutate Ser-422 to Asp: 5�-GGAACGGTCGAGGACAGGAG-
ATGAGTCATCACAAACTG-3� and 5�-CAGTTTGTGATG-
ACTCATCTCCTGTCCTCGACCGTTCC-3�. The product
was then cloned into pCDNA3.1 (Invitrogen) with an N-termi-
nal HA-tag using HindIII and NotI and the following primers:
5�-AGCTAAGCTTACCATGTACCCATACGATGTTCCA-
GATTACGCTATGGCGGCCTCAGCAAA-3� and 5�-GAA-
GATTATGCCGATTAAGCGGCCGCAGCT-3�. The plasmid
was then sequenced to confirm the mutation. For siRNA stud-
ies, the following complementary RNAs were transfected using
DharmaFECT (Thermo Scientific) according to the manufac-
turer’s suggested protocol to knock down PDCD4 expression:
5�-CCTATATCGATAGTTACAAAGGAAC-3� and 5�-GTT-
CCTTTGTAACTATCGATATAGGTA-3�.
Immunoprecipitations—Immunoprecipitations were per-

formed by incubating 1,000 � g supernatant fractions of liver
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homogenates or cell lysateswithmonoclonal anti-human eIF4E
or eIF4G antibody. Homogenate or lysate fractions containing
�1mg of protein were incubated with 15�g of antibody for 1 h
at 4 °C. For each immunoprecipitation reaction, 200 �g of anti-
mouse IgG beads (Qiagen) previously blocked with lysis buffer
containing 1% BSA was added to each sample, and the suspen-
sionwas rocked at 4 °C for 1 h. For eIF4E immunoprecipitation,
beads were washed 3�with 1ml of cold lysis buffer. For eIF4G,
immunoprecipitation beads were washed 3� with PBS. After
washing, beads were suspended in 1� SDS sample buffer, and
boiled for 5min. Supernatant fractionswere subjected toWest-
ern blot analysis using antibodies to 4E-BP1, 4E-BP2, eIF4E,
eIF4G, or PDCD4, and the results were normalized for the
amount of the target protein in the immunoprecipitate.
Statistical Analysis—The data are expressed as means � S.E.

One-way analysis of variance and Student’s t test were used to
compare differences among groups. p � 0.05 was considered
statistically significant.

RESULTS

Fasting Fails to Reduce the Interaction of eIF4E with eIF4G in
the Liver of DKO Mice—Three mechanisms have been pro-
posed to regulate the interaction of eIF4E with eIF4G: the
reversible interaction of eIF4E with the eIF4E binding proteins
(7), phosphorylation of eIF4E on Ser-209 (8), and phosphory-
lation of eIF4G onmultiple residues including Ser-1108 (9). To
examine the relative contribution of each of these mechanisms
to regulation of the eIF4E�eIF4G interaction, mice containing
disruptions in the genes encoding 4E-BP1 and 4E-BP2 were
fasted overnight and then refed in the morning to activate
mTORC1 and promote changes in phosphorylation of the
4E-BPs, eIF4E and eIF4G. eIF4E was then immunoprecipitated
from liver supernatants and the presence of eIF4Gwas assessed
in the immunoprecipitates. As shown in Fig. 1A, the amount of
eIF4G bound to eIF4E was low in the livers of fasted, wild-type
mice, and re-feeding resulted in a 2-fold elevation in eIF4G

FIGURE 1. Effects of fasting and refeeding on eIF4E and eIF4G phosphorylation and interaction in the liver of wild-type and 4E-BP1/2 DKO mice.
Wild-type and 4E-BP1/2 DKO mice were fasted for 12 h and refed for 45 min as indicated. The interaction of eIF4G with eIF4E was evaluated in liver supernatant
fractions by immunoprecipitating eIF4E and measuring the amount of eIF4G in the immunoprecipitate (A) as well as by immunoprecipitating eIF4G and
measuring the amount of eIF4E in the immunoprecipitate by Western blot analysis (B). The interaction of 4E-BP1 (C) and 4E-BP2 (D) with eIF4E was evaluated
by immunoprecipitating eIF4E and measuring the amount of each protein in the immunoprecipitate. E, phosphorylation of 4E-BP1 was assessed in liver
supernatant fractions as the proportion of the protein present in the �-form relative to the total amount of 4E-BP1 in all forms (�����). Phosphorylation of
eIF4G on Ser-1108 (F) and eIF4E on Ser-209 (G) was assessed by Western blot analysis with phosphospecific antibodies. Representative blots are shown. Values
are means � S.E. (n � 5– 8). Statistical significance is denoted by the presence of different letters above the bars on the graphs. Bars with different letters are
statistically different, p � 0.05.
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bound to eIF4E. To confirm the feeding-induced elevation in
the interaction of the two proteins, eIF4G was instead immu-
noprecipitated from liver supernatant fractions and assessed
for eIF4E present in the immunoprecipitate. In agreement with
the results of the eIF4E immunoprecipitation, refeeding signif-
icantly elevated the interaction of eIF4E with eIF4G (Fig. 1B).
The enhanced interaction of the two proteins was associated
with a reduction in the interaction of 4E-BP1 (Fig. 1C) and
4E-BP2 (Fig. 1D) with eIF4E as well as enhanced phosphoryla-
tion of 4E-BP1 (Fig. 1E) and eIF4G (Fig. 1F), concomitant with
a reduction in phosphorylation of eIF4E on Ser-209 (Fig. 1G).
Interestingly, the amount of eIF4G in the eIF4E immunopre-
cipitate was the same in livers from fasted DKO mice as in fed
wild-type or DKO mice, but significantly greater compared
with fasted wild-type mice (Fig. 1A). Similarly, the amount of

eIF4E in the eIF4G immunoprecipitate was the same in fasted
DKOmice as in fasted wild-type or refedDKOmice but greater
than in fasted wild-type mice (Fig. 1B). In contrast, the magni-
tude of the feeding-induced changes in eIF4E and eIF4G phos-
phorylation was similar in wild-type and DKO mice. Thus, in
mouse liver, the interaction of eIF4E with eIF4G is regulated
primarily through the interaction of eIF4E with 4E-BP1 and
4E-BP2.
Feeding Enhances mTORC1 Signaling Downstream of S6K1

in the Liver of Wild-type and DKO Mice—In addition to pro-
moting phosphorylation of 4E-BPs, activation ofmTORC1 also
leads to enhanced phosphorylation of p70S6K1. In the present
study, hyperphosphorylation of p70S6K1 was enhanced in the
liver of both wild-type and DKOmice in response to refeeding
(Fig. 2A). The enhanced phosphorylation of p70S6K1 in the

FIGURE 2. Feeding-induced activation of S6K1 promotes eIF4B phosphorylation and reduces the interaction of PDCD4 with eIF4G in the liver of
wild-type and 4E-BP1/2 DKO mice. Wild-type and 4E-BP1/2 DKO mice were fasted for 12 h and refed for 45 min as indicated. Phosphorylation of S6K1 on
Thr-389 (A), eIF4B on Ser-411 (B), and PDCD4 on Ser-67 (C) were evaluated in liver supernatant fractions with phosphospecific antibodies by Western blot
analysis. D, PDCD4 expression was evaluated in liver supernatant fractions by Western blot analysis. E, interaction of PDCD4 with eIF4G/eIF4A was evaluated by
immunoprecipitating eIF4G and measuring co-immunoprecipitated PDCD4 by Western blot analysis. F, phosphorylation of eEF2 on Thr-56 was assessed by
Western blot analysis. Values are means � S.E. (n � 5). Statistical significance is denoted by the presence of different letters above the bars on the graphs. Bars
with different letters are statistically different, p � 0.05.
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liver of DKO compared with wild-type mice was likely due to
the absence of 4E-BP1/2, as mTORC1 substrates have been
previously observed to compete for phosphorylation (17, 19).
Upon activation, p70S6K1 phosphorylates multiple down-
stream targets, including eIF4B on Ser-422 (18), PDCD4 on
Ser-67 (18, 20), and eukaryotic elongation factor 2 (eEF2) kinase
on Ser-336 (21). In response to refeeding, phosphorylation of
eIF4B on Ser-422 was enhanced by 176% in the liver of wild-
type mice (Fig. 2B), and a similar response was observed in the
liver of DKOmice. Furthermore, the feeding-induced stimula-
tion of PDCD4 phosphorylation on Ser-67 was elevated to a
similar extent in the liver of wild-type (69%) and DKO mice
(54%) (Fig. 2C) compared with fasted mice, whereas PDCD4
expression was reduced by 31 and 33%, respectively (Fig. 2D).
The feeding-induced reduction in PDCD4 expression was mir-
rored by a fall in the amount of the protein detected in eIF4G
immunoprecipitates (Fig. 2E). Phosphorylation of eEF2 kinase
on Ser-336 by p70S6K1 results in inhibition of eEF2 kinase
activity and consequently repressed phosphorylation of eEF2
onThr-56 (21). However, in the present study, phosphorylation
of eEF2 onThr-56 did not change in the liver of eitherwild-type
or DKO mice upon feeding (Fig. 2F).

Maintenance of eIF4E�eIF4G Complex Assembly Fails to Pre-
serve Protein Synthesis upon Serum Deprivation—To evaluate
the role of 4E-BP1/2 in regulating global rates of protein syn-
thesis, the incorporation of 35S-labeled methionine and cys-
teine into cellular protein was measured in wild-type and
4E-BP1/2 DKO MEF following serum deprivation and upon
stimulation of serum-deprived cells with IGF1. Protein synthe-
sis is stimulated by IGF1 through binding to the type 1 IGF
receptor, which promotes its interaction with the p85� subunit
of the phosphatidylinositol-3-kinase and in turn activates Akt
(22). Akt directly phosphorylates at least two proteins respon-
sible for the regulation of mTORC1 signaling: tuberous sclero-
sis complex 2 and the 40-kDa proline-rich Akt substrate. The
IGF1 receptor also activates the mitogen-activated protein
kinase ERK1 and ERK2, leading to phosphorylation of tuberous
sclerosis complex 2 and raptor (23, 24). Together, activation of
the Akt and ERK signaling pathways results in a potent up-reg-
ulation of mTORC1 signaling (25). IGF1 enhanced the rate of
protein synthesis in wild-type MEF by 76% (Fig. 3A) such that
there was no difference in the rate of protein synthesis in wild-
type and DKO MEF. When wild-type MEF were deprived of
serum, a substantial amount of 4E-BP1was observed to interact

FIGURE 3. IGF-1-induced protein synthesis is not dependent on changes in the interaction of eIF4E with eIF4G in 4E-BP1/2 DKO MEF. Wild-type and
4E-BP1/2 DKO MEF were exposed to serum-free medium (SFM) for 3 h to repress the rate of protein synthesis. Cells were treated with IGF1 for 15 min as
indicated. A, the rate of protein synthesis was measured by the incorporation of [35S]methionine/cysteine into protein as described under “Experimental Procedures.”
Values are means � S.E. (n � 4). Statistical significance is denoted by the presence of different letters above the bars on the graphs. Bars with different letters are
statistically different, p � 0.05. DPM, decompositions per minute. B, the interaction of eIF4G and 4E-BP1 with eIF4E was evaluated by immunoprecipitating eIF4E and
measuring the amount of each protein in the immunoprecipitate by Western blot analysis. C, phosphorylation of S6K1, eIF4B, PDCD4, eIF4G, eIF4E, and 4E-BP1 was
evaluated in whole cell lysate by Western blot analysis using phosphospecific antibodies. Representative blots are shown, of which four were performed.

p70S6K1 Activation Regulates Protein Synthesis

42894 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 51 • DECEMBER 14, 2012



with eIF4E, whereas eIF4G could not be detected (Fig. 3B).
Upon stimulation with IGF1, the interaction of 4E-BP1 with
eIF4E was reduced, and the interaction with eIF4G was
enhanced. Similar to the observations in the liver of fastedDKO
mice, eIF4G interacted readily with eIF4E in serum-deprived
DKO MEF, and no further enhancement was observed with
IGF1 treatment (Fig. 3B), despite elevated eIF4G phosphoryla-
tion on Ser-1108 and reduced eIF4E phosphorylation on Ser-
209 in both wild-type and DKO MEF (Fig. 3C). Thus, protein
synthesis is repressed by serum deprivation in MEF lacking
4E-BP1 and 4E-BP2, even though the interaction of eIF4E with
eIF4G is preserved. This finding suggests that the interaction of
eIF4G with eIF4E is not by itself sufficient to maintain protein
synthesis in serum-deprived MEF and that activation of
another step in mRNA translation is required for full
maintenance.

One potential explanation for the decreased rate of protein
synthesis in serum-starved DKOMEF is repression of signaling
pathways downstream of p70S6K1. In this regard, in serum-
deprivedwild-type andDKOMEFphosphorylation of p70S6K1
on Thr-389 was low (Fig. 3C), and IGF1 treatment robustly
stimulated phosphorylation in both cell types. Moreover, in
bothwild-type andDKOMEF, phosphorylation of the p70S6K1
substrates eIF4B on Ser-422 and PDCD4 on Ser-67 was up-reg-
ulated in IGF1-treated compared with serum-deprived cells
(Fig. 3C).
Activation of p70S6K1 Enhances Protein Synthesis in DKO

MEF—To evaluate the role of p70S6K1 in stimulating protein
synthesis, we transiently overexpressed constitutively active
p70S6K1 (CA-S6K1) in wild-type and DKOMEF. In both wild-
type and DKOMEF, overexpression of CA-S6K1 enhanced the
phosphorylation of eIF4B on Ser-422 following serum-depriva-

FIGURE 4. Activation of p70S6K1 enhances the rate of protein synthesis in serum-deprived 4E-BP1/2 DKO MEF. Wild-type and 4E-BP1/2 DKO MEF were
transfected with an HA-tagged constitutively active p70S6K1 (CA-S6K1) and exposed to serum-free medium (SFM) for 3 h to repress the rate of protein
synthesis. Cells were treated with IGF1 for 15 min as indicated. A, phosphorylation of eIF4B and PDCD4 was evaluated in whole cell lysate by Western blot
analysis using phosphospecific antibodies. Expression of eIF4B, PDCD4, HA-tagged CA-S6K1, GAPDH, and 4E-BP1 was assessed by Western blot analysis.
Representative blots are shown. B, relative phosphorylation of eIF4B on Ser-422. C, expression of PDCD4. D, the rate of protein synthesis was measured by the
incorporation of 35S-labeled methionine and cysteine into protein as described under “Experimental Procedures.” Values are means � S.E. (n � 3). Statistical
significance is denoted by the presence of different letters above the bars on the graphs. Bars with different letters are statistically different, p � 0.05. DPM,
decompositions per minute.
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tion (Fig. 4A). This effect was particularly pronounced in
serum-starved wild-type MEF, where CA-S6K1 enhanced
eIF4B phosphorylation by 151% (Fig. 4B). Overexpression of
CA-S6K1 enhanced phosphorylation of eIF4B by 80% in serum-
deprived DKO MEF, such that it was no longer different from
eIF4B phosphorylation observed in IGF1-treated wild-type
MEF (Fig. 4B). Notably, CA-S6K1 did not enhance the level of
eIF4B phosphorylation in eitherwild-type orDKOMEF treated
with IGF1, suggesting that IGF1 might promote eIF4B phos-
phorylation through activation of p70S6K1. Overexpression of
CA-S6K1 also reduced the expression of PDCD4 in both wild-
type and DKO MEF (Fig. 4C). In response to IGF1 treatment,
phosphorylation of PDCD4 on Ser-67 was enhanced (Figs. 3C
and 4A), and there was a trend toward reduced expression in
both wild-type (7%) and DKO (16%) MEF (Fig. 4C). Overex-
pression of CA-S6K1 also reduced PDCD4 expression in both
wild-type and DKOMEF (Fig. 4C), with the effect being partic-
ularly dramatic in serum-deprived wild-type MEF (80%).
In serum-deprived wild-typeMEF overexpressing CA-S6K1,

the rate of protein synthesis was enhanced by 30% as compared
with serum-deprived wild-typeMEF transfected with an empty
vector; however, overexpression of CA-S6K1 had no effect on
the rate of protein synthesis following exposure to IGF1 (Fig.
4B). In serum-deprivedDKOMEF, overexpression of CA-S6K1
produced a more dramatic enhancement in the rate of protein
synthesis (58%) compared with wild-type cells; yet no further
enhancement was achieved following exposure to IGF1. Nota-
bly, in DKOMEF overexpressing CA-S6K1, serum-deprivation
failed to significantly suppress protein synthesis (Fig. 4D).
Thus, constitutive activation of p70S6K1 in combination with
loss of 4E-BPs was sufficient to maintain protein synthesis in
the absence of serum.
Phosphorylation of PDCD4 and eIF4B Stimulates Protein

Synthesis—To specifically evaluate the role of PDCD4 and
eIF4B phosphorylation in the stimulation of protein synthesis,
we treated DKO MEFs with siRNA directed against PDCD4
mRNA and/or transiently overexpressed constitutively active
HA-tagged eIF4B (eIF4B S422D). In serum-deprived DKO
MEF treated with siRNA directed against PDCD4, the expres-
sion of PDCD4 was reduced (Fig. 5A), and the rate of protein
synthesis was stimulated by 34% as compared with serum-de-
privedDKOMEF transfectedwith an scrambled RNA (Fig. 5B).
Similarly, overexpression of eIF4B S422D in serum-deprived
DKO MEF stimulated the rate of protein synthesis by 24%.
Notably, overexpression of eIF4B S422D and knockdown of
PDCD4 simulated protein synthesis in serum-starved DKO
MEF to an extent that it was no longer significantly different
than values observed with IGF1 treatment (Fig. 5, compare
lanes 4 and 7). Thus, phosphorylation of eIF4B and PDCD4 in
combination with loss of 4E-BPs is sufficient to maintain pro-
tein synthesis in the absence of serum.

DISCUSSION

Various mechanisms have been proposed to control the
interaction of eIF4E with eIF4G. For example, the MAP kinase
signal integrating kinases (Mnk1 and Mnk2) bind to the C ter-
minus of eIF4G and phosphorylate eIF4E on Ser-209, and phos-
phorylation of eIF4E on that residue correlates with enhanced

interaction of the protein with capped mRNA and eIF4G (29).
However, in the present study, the amount of eIF4G bound to
eIF4E was greater in the liver of fasted DKO compared with
wild-type mice, even though eIF4E phosphorylation was the
same in both conditions.Moreover, eIF4Gbinding to eIF4Ewas
enhanced in response to refeeding fasted wild-type but not
DKO mice even though eIF4E became dephosphorylated in
both wild-type and DKO mice after refeeding. Similarly, treat-
ing serum-deprived MEF with IGF1 resulted in dephosphory-
lation of eIF4E in both wild-type and DKO MEF, but eIF4G
binding to eIF4E was enhanced only in wild-type cells. Assem-
bly of the eIF4E�eIF4G complex also correlates with enhanced
phosphorylation of eIF4Gon Ser-1108 (e.g. 26). However, in the
present study, eIF4G phosphorylation on Ser-1108 was low in

FIGURE 5. PDCD4 expression and eIF4B phosphorylation regulate the
rate of protein synthesis in serum-deprived 4E-BP1/2 DKO MEF. Wild-
type and 4E-BP1/2 DKO MEF were transfected with siRNA directed against
PDCD4 and/or HA-tagged constitutively active eIF4B (eIF4B S422D) and
exposed to serum-free medium (SFM) for 3 h to repress the rate of protein
synthesis. Cells were treated with IGF1 for 15 min as indicated. A, expression
of eIF4B S422D, PDCD4, 4E-BP1, and GAPDH was evaluated in whole cell
lysate by Western blot analysis. Representative blots are shown. B, the rate of
protein synthesis was measured by the incorporation of 35S-labeled methio-
nine and cysteine into protein as described under “Experimental Procedures.”
Values are means � S.E. (n � 6). Statistical significance is denoted by the
presence of different letters above the bars on the graphs. Bars with different
letters are statistically different, p � 0.05. DPM, decompositions per minute.
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the liver of fasted mice and in serum-deprived MEF, and in
response to feeding or IGF1 treatment, respectively, eIF4G
phosphorylation was enhanced to a similar extent. However,
despite enhanced phosphorylation of eIF4G, the interaction of
eIF4E with eIF4G was not elevated. Combined, these observa-
tions suggest that 4E-BP1 and 4E-BP2 are the dominant regu-
lators of the interaction of eIF4Gwith eIF4E inmouse liver and
MEF. This conclusion is also consistent with the observation
that there is little 4E-BP3 expressed in liver (27).
Assembly of the eIF4E�eIF4G complex plays a central role in

regulating cap-dependent mRNA translation. For example, in
rabbit reticulocyte lysate, the small molecule inhibitor, 4EGI-1
causes a dose-dependent reduction in both the amount of
eIF4G bound to eIF4E and cap-dependent mRNA translation
(27). Similarly, in cardiomyocytes, overexpressing 4E-BP1
attenuates the binding of eIF4G to eIF4E in conjunction with a
reduction in rates of global protein synthesis and cap-depen-
dent mRNA translation (12). Interestingly, in both studies, a
reduction in the interaction of eIF4Ewith eIF4Gwas associated
with an enhancement of cap-independent mRNA translation.
In the present study, we found that the eIF4E�eIF4G complex
was maintained during serum deprivation inMEF lacking both
4E-BP1 and 4E-BP2 but not in wild-type MEF. Interestingly,
although global rates of protein synthesis were elevated in
serum-deprived DKO compared with wild-type MEF, the rate
was significantly lower compared with either cell type after
treatment with IGF1. Indeed, the rate of protein synthesis was
the same in both wild-type and DKO MEF treated with IGF1.
Combined, the results indicate that although assembly of the
eIF4E�eIF4G complex is a required step in cap-dependent
mRNA translation, it, by itself, is not sufficient to optimally
stimulate protein synthesis.
The finding that protein synthesis was reduced in serum-

deprived compared with IGF-1-treated DKO MEF despite
maintenance of the eIF4E�eIF4G complex suggests that another
step(s) in mRNA translation must be rate controlling under
such conditions. One possible explanation for this observation
is that activation of p70S6K1 and subsequent phosphorylation
of its downstream targets is also required to optimally stimulate
protein synthesis. Phosphorylation of p70S6K1 by mTORC1
requires the interaction of the N-terminal mTORC1-signaling
motif of p70S6K1 with raptor. Phosphorylation of p70S6K1 by
mTORC1 occurs on Thr-389, a residue located in a hydropho-
bic motif that is C-terminal to the kinase domain (17). Phos-
phorylation of p70S6K1 on Thr-389 creates a docking site for
phosphoinositide-dependent kinase 1, which then phosphory-
lates p70S6K1 on Thr-229 of its activation loop rendering
p70S6K1 fully activated (11). p70S6K1 then phosphorylates
multiple proteins, including eIF4B, PDCD4, and eEF2 kinase
that play important roles in regulating mRNA translation.
Notably, phosphorylation of eEF2 kinase by p70S6K1 results in
inhibition of eEF2 kinase activity, and because phosphorylation
of eEF2 by eEF2 kinase leads to its inactivation, activation of
p70S6K1 results in enhanced peptide chain elongation (28). In
the present study, we observed no change in the phosphoryla-
tion of eEF2 by eEF2 kinase under conditions that activated
p70S6K1. This finding supports previous sucrose density gradient
analysis of polysome aggregation that has shown inhibition of

mTORC1 with either rapamycin (29) or more potent inhibitors
such as Torin1 (30) results in disaggregation of polysomes and
accumulation of ribosomal subunits not associated with poly-
somes. Together, these findings suggest that mTORC1 signaling
has a greater effect on translation initiation relative to elongation.
Therefore, in the present study, we focused on eIF4B and PDCD4
rather than eEF2 kinase as targets of p70S6K1 action.
PDCD4 inhibits eIF4A function through at least two mecha-

nisms. First, PDCD4 inhibits the RNA helicase activity of
eIF4A, in part by blocking its RNA-binding domain (31). The
inhibition occurs both with eIF4A alone and when it is part of
the eIF4F complex. Second, PDCD4 blocks the binding of
eIF4A to the C-terminal, but not the middle, eIF4A binding
domain of eIF4G (10, 32), an event that is thought to interfere
with formation of the active conformation of the eIF4F com-
plex. Consequently, PDCD4 prevents eIF4A from unwinding
secondary structure in the 5�-UTR of the mRNA and thereby
attenuates scanning by the 40S ribosomal subunit to locate the
AUG start codon. This conclusion is supported by the finding
that PDCD4 inhibits cap-dependent, but not cap-independent,
mRNA translation (10, 33). The RNA helicase activity of eIF4A
is stimulated not only through its association with eIF4G, but
also upon interaction with eIF4B (34, 35). In part, the stimula-
tion occurs through an eIF4B-induced enhancement of the
affinity of eIF4A for both RNA and ATP. Both the binding of
PDCD4 to eIF4A and the interaction of eIF4B with eIF4A are
regulated by p70S6K1. Thus, phosphorylation of PDCD4 by
p70S6K1 results in its release from eIF4A, allowing the helicase
to bind to both the middle and C-terminal domains in eIF4G
(Fig. 6). In addition, phosphorylation of eIF4B by the kinase
promotes its recruitment to the 48 S preinitiation complex
which contains eIF4F bound to the 5�-end of the mRNA. Com-
bined, the interaction of eIF4A with eIF4G and eIF4B dramat-
ically enhances its RNA helicase activity and allows for dissolu-
tion of secondary structure in the 5�-UTR.
In the present study, exogenous expression of a constitutively

active variant of p70S6K1 in 4E-BP1/2 DKO but not wild-type
MEF prevented the reduction in protein synthesis caused by
serum deprivation. Maintenance of protein synthesis was asso-
ciated with elevated eIF4B phosphorylation and reduced
PDCD4 expression. Notably, expression of CA-S6K1 in wild-
type MEF slightly, but significantly enhanced protein synthesis
in serum-deprived cells compared with cells transfected with
an empty vector. Similarly, a small, but significant increase in
protein synthesis was observed in serum-deprived DKO com-
pared with wild-type MEF. Together, these observations sug-
gest that assembly of the eIF4E�eIF4G complex and activation
of p70S6K1 individually stimulate global rates of protein syn-
thesis, but combined, they have a synergistic effect. Further
support for this idea is provided by the observation that knock-
downof PDCD4or exogenous expression of an eIF4Bphospho-
mimetic S422D variant individually increase protein synthesis,
and in MEF lacking 4E-BP1 or 4E-BP2 combined repression of
PDCD4 expression and expression of eIF4B (S422D) increased
protein synthesis to the same extent as IGF1. In summary, the
results of the present studies support a model in which optimal
rates of mRNA translation require dissociation of eIF4E from
4E-BP1/2, assembly of an active eIF4F complex consisting of
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eIF4G, eIF4E, and eIF4A associated with both eIF4A binding
domains of eIF4G, as well as phosphorylation of eIF4B (Fig. 6).
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