
Rapamycin differentially inhibits S6Ks and 4E-BP1
to mediate cell-type-specific repression of
mRNA translation
Andrew Y. Chooa,b, Sang-Oh Yoona, Sang Gyun Kima, Philippe P. Rouxc, and John Blenisa,1

aDepartment of Cell Biology and bPrograms in Biological and Biomedical Sciences, Harvard Medical School, Boston, MA 02115; and cDepartment of
Pathology and Cell Biology, Institut de Recherche en Immunologie et en Cancerologie, Universite de Montreal, Montreal, QC, Canada H3C 3J7

Communicated by Joan S. Brugge, Harvard Medical School, Boston, MA, September 19, 2008 (received for review March 10, 2008)

The mammalian translational initiation machinery is a tightly
controlled system that is composed of eukaryotic initiation factors,
and which controls the recruitment of ribosomes to mediate
cap-dependent translation. Accordingly, the mTORC1 complex
functionally controls this cap-dependent translation machinery
through the phosphorylation of its downstream substrates 4E-BPs
and S6Ks. It is generally accepted that rapamycin, a specific inhib-
itor of mTORC1, is a potent translational repressor. Here we report
the unexpected discovery that rapamycin’s ability to regulate
cap-dependent translation varies significantly among cell types.
We show that this effect is mechanistically caused by rapamycin’s
differential effect on 4E-BP1 versus S6Ks. While rapamycin potently
inhibits S6K activity throughout the duration of treatment, 4E-BP1
recovers in phosphorylation within 6 h despite initial inhibition
(1–3 h). This reemerged 4E-BP1 phosphorylation is rapamycin-
resistant but still requires mTOR, Raptor, and mTORC1’s activity.
Therefore, these results explain how cap-dependent translation
can be maintained in the presence of rapamycin. In addition, we
have also defined the condition by which rapamycin can control
cap-dependent translation in various cell types. Finally, we show
that mTOR catalytic inhibitors are effective inhibitors of the
rapamycin-resistant phenotype.

cap-dependent translation � mTORC1 � rapamycin resistance

The mammalian translational initiation machinery governs the
recruitment of ribosomes to mRNA to commence the pro-

duction of protein synthesis. This machinery consists of various
eukaryotic initiation factors (eIFs) that tightly regulate protein
synthesis based on environmental cues. Importantly, initiation is
an important step for cellular control because it is the rate-
limiting step of translation (1).

Two predominant pathways translate mammalian mRNA through
cap-dependent and independent mechanisms. The capping of the 5�
end of mRNA by m7GTP allows the recruitment of the eIF4F complex,
eIF3, and the 40S ribosomal subunit to the 5� mRNA cap. Cap-
independent translation is mediated by an internal RNA structure
called internal ribosome entry site (IRES), which recruits the ribosome
independent of both the cap and the entire eIF4F complex (2).

The initiation of cap-dependent translation is tightly regulated by
extracellular conditions including glucose, nutrient, and growth
factor levels. These factors control cap-dependent translation by
regulating the evolutionarily conserved mTORC1 (mTOR, Raptor,
mLST8) pathway (3). Activation of mTORC1 positively stimulates
mRNA translation via its downstream substrates S6Ks and 4E-BP1/
eIF4E (4–7). Phosphorylation of 4E-BP1 by mTORC1 results in its
dissociation from eIF4E, promoting assembly of the eIF4F com-
plex. It is thought that S6K1 can phosphorylate translational
regulators such as eIF4B and PDCD4 to enhance the translational
efficiency of mRNAs with highly structured 5� UTRs (8–10).

Therefore, growth factors positively regulate cap-dependent
translation via mTORC1-dependent or rapamycin-sensitive phos-
phorylation of 4E-BP1 and through the regulation of S6Ks.

Based on the described effects of rapamycin and mTORC1 on
4E-BP1 phosphorylation and S6K activity, it is generally accepted
that rapamycin is a global inhibitor of cap-dependent translation in
most cell types (11). To understand the biological effects of
long-term rapamycin treatment on translational control, we used a
cap-dependent translational reporter vector to discover unexpect-
edly that rapamycin exhibits differential regulation of its known
downstream substrates S6Ks and 4E-BP1 in a cell-specific manner.
In all tested cell types, rapamycin potently inhibited S6K activity
throughout the duration of treatment (24� h). However, despite
initial (1–3 h) inhibition of 4E-BP1 phosphorylation on growth
factor-sensitive sites by rapamycin, 4E-BP1 phosphorylation recov-
ered on all sites despite continued S6K inhibition. These results
suggest a differential regulation of the 2 known mTORC1 sub-
strates; to our knowledge, this has not been previously described.
This process required rapamycin-induced de novo protein synthesis
in a cell-autonomous manner. Mechanistically, the rapamycin-
induced effect on 4E-BP1 required rapamycin-resistant mTORC1
activity, suggesting a substrate-specific gain of rapamycin resistance.
Importantly, cap-dependent translation reinitiated despite the
presence of rapamycin and S6K inhibition through a 4E-BP1
phosphorylation-dependent manner. Finally, we show that catalytic
inhibitors of mTOR prevent rapamycin-resistant rephosphoryla-
tion of 4E-BP1 supporting their clinical promise.

Results
Rapamycin Does Not Functionally Mimic 4E-BP1 Hypophosphorylation.
To investigate the dependence of growth factors to regulate the
phosphorylation of 4E-BP1 and eIF4E activity, we initially starved
HEK293 cells and pretreated the cells with rapamycin before
stimulation with 10% FBS, insulin, and PMA. As shown in Fig. 1A,
rapamycin completely inhibited the phosphorylation of 4E-BP1 and
consequently prevented its dissociation from eIF4E. The binding of
4E-BP1 to eIF4E was measured by m7GTP Sepharose beads, which
mimic the 5� mRNA cap to precipitate cap-interacting proteins. The
rapamycin-induced binding of 4E-BP1 with the m7GTP beads is
consistent with previous evidence that suggests that multiple
growth factors converge onto the TSC complex upstream of
mTORC1 (3). Therefore, irrespective of the growth factor,
mTORC1 activity is required for 4E-BP1 phosphorylation. We
measured the activity of mTOR as a function of S6K1 activity and
observed that rapamycin’s effect on mTORC1 activity was immediate
(Fig. 1B) and complete attenuation was achieved within 5 min (12). This
is in contrast to serum starvation, which is a more gradual process.
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Therefore, we speculate that rapamycin would be much more potent
than serum starvation in attenuating cap-dependent translation in vivo.

To measure the effect of rapamycin on cap-dependent trans-
lation in cells, we used a dual luciferase reporter vector that
distinguishes cap versus cap-independent translation by separat-
ing Renilla luciferase from firefly with the Polio IRES (13).
Therefore, the Renilla/firefly ratio would determine the cap-
dependent translation ratio in cells. Serum starvation attenuated
cap-dependent translation by �20% when compared with the
control (Fig. 1C). Surprisingly, rapamycin only inhibited cap-
dependent translation by �20% at 2 different concentrations,
and this effect was not due to alteration in Polio IRES-driven
translation [supporting information (SI) Fig. S1]. This same
effect was also observed with HCV IRES-driven translational
vectors (data not shown). Furthermore, transfection of a dom-
inant-negative 4E-BP1 with alanine mutations at Thr-37/46 was
much more potent than rapamycin treatment in inhibiting cap-
dependent translation (�20% versus �65%) (Fig. 1D). There-
fore, rapamycin appears to exhibit minimal effects on cap-
dependent translation when compared with 4E-BP1
hypophosphorylation in cells.

Rapamycin Differentially Affects S6Ks Versus 4E-BP1. The minimal
effect of rapamycin on cap-dependent translation in cells was
perplexing because rapamycin effectively attenuated 4E-BP1
phosphorylation in cells (Fig. 1 A) and the addition of recom-
binant 4E-BP1 almost completely inhibited in vitro translation of
capped mRNAs [Fig. 1E and Fig. S2]. However, overexpression
of a dominant negative 4E-BP1 (37/46AA) was much more
potent than rapamycin in inhibiting cap-dependent translation
(Fig. 1D). In contrast, rapamycin was similar to WT 4E-BP1,
which is effectively phosphorylated in vivo (Fig. 1D). Therefore,
we treated rapamycin in asynchronously growing cells for 24 h
and analyzed the status of known mTORC1 substrates to

recapitulate the conditions of the translational assays. While a
1-h treatment with rapamycin induced 4E-BP1 dephosphoryla-
tion and association with eIF4E, prolonged treatment for 24 and
48 h led to hyperphosphorylation of 4E-BP1 and dissociation
from eIF4E (Fig. 2A). This reemerging phosphorylation oc-
curred despite continued mTORC1 inhibition as measured by S6
phosphorylation. Additionally, the activities of both S6K1 and
S6K2 were continuously inhibited 24 h after rapamycin treat-
ment, as well as phosphorylation of T389 on S6K1 (Fig. S3 A and
B). This effect was not due to the differential kinetics in recovery
from rapamycin treatment between S6Ks and 4E-BP1, because
neither increasing rapamycin concentration nor readdition of
rapamycin to 24-h treatment groups failed to induce the dephos-
phorylation of 4E-BP1 (Fig. 2B and Fig. S4). The phosphory-
lation-induced gel shifts of 4E-BP1 were also concomitant with
increases in known phosphorylation sites on 4E-BP1 including
Thr-37/46, Thr-70, and Ser-65 (Fig. 2C). These results were also
observed in HeLa, TSC2�/� p53�/� MEFs, and DU145 but were
less apparent in p53�/� MEFs (Fig. S5). However, this effect was
not observed in all cells including PC3, MCF7, and U2OS (see
Fig. 4E). Therefore, depending on the cell type, rapamycin
differentially inhibits the phosphorylation of its downstream
targets 4E-BP1 and the S6Ks.

Rapamycin Requires de Novo Protein Synthesis to Stimulate 4E-BP1
Phosphorylation in a Cell-Autonomous Manner. Next, we measured the
kinetics of rapamycin-induced 4E-BP1 hyperphosphorylation. Despite
an obvious attenuation of 4E-BP1 phosphorylation at 1–3 h after
rapamycin treatment, by 6 h 4E-BP1 phosphorylation reemerged and
was almost completely rephosphorylated by 12 h (Fig. 2D). More
importantly, cotreatment of HEK293 cells with rapamycin and either
cycloheximide or actinomycin D prevented the hyperphosphorylation
of 4E-BP1 (Fig. S6). Therefore, de novo protein synthesis in the
presence of rapamycin is required for the 4E-BP1 hyperphosphoryla-
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Fig. 1. Rapamycin does not func-
tionally mimic hypophosphoryla-
tion of 4E-BP1. (A) HEK293 cells
were serum-starved for 24 h, pre-
treated with rapamycin (20 nM) for
30 min, and stimulated with 10%
FBS, insulin (100 nM), or PMA (100
ng/mL). 4E-BP1 cap binding activity
was measured with m7GTP Sepha-
rose association. (B) S6K1 activity
was measured with GST-S6 as a sub-
strate. (C) In vivo cap-dependent
translational assays were con-
ducted with a dual Renilla/firefly lu-
ciferase assay with the Polio virus
IRES driving firefly expression. One
microgram of DNA was transfected
into HEK293 cells in 6-well plates
and 24 h later were either starved or
treated with rapamycin for 24 more
hours. (D) Dominant negative 4E-
BP1 (Thr-37/46 AA), WT 4E-BP1, or
control plasmids were cotrans-
fected with the translational vector
at a 1:2 ratio, and rapamycin or eth-
anol was treated in other samples.
Luciferase activity was measured
and is shown as relative cap-depen-
dent translation. Phospho-S6 and
4E-BP1 expression is also shown.
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tion to occur. This result also argues against 4E-BP1 turnover as the
basis for free eIF4E, because cycloheximide increased 4E-BP1 inter-
action with the 5� cap when treated in the presence of rapamycin. This
effect was also cell-autonomous as transfer of media from long-term
rapamycin-treated cells did not confer rapamycin-resistant 4E-BP1
phosphorylation in nontreated cells.

Cyclin-Dependent Kinases (CDKs) Are Not Involved in the Phosphor-
ylation of 4E-BP1. It was previously reported that various kinases,
including CDKs, could phosphorylate 4E-BP1 in a rapamycin-
independent fashion (14). To determine whether CDKs could be
responsible for the rapamycin-stimulated rephosphorylation of
4EBP1, we treated cells with saturating concentrations of roscovi-
tine (50 �M), a CDK inhibitor. Rapamycin-induced 4E-BP1 hy-
perphosphorylation was not affected by roscovitine (data not
shown, A.Y.C. and J.B.). This effect is also distinct from previous
reports suggesting that mitotic arrest or microtubule stabilizing
agents stimulated 4E-BP1 phosphorylation (14, 15). As shown in
Fig. S7A, the microtubule stabilizer nocodazole robustly stimulated
4E-BP1 phosphorylation, and this effect could be reversed with
purvalanol A (PurA), a nonspecific CDK inhibitor, but not by
rapamycin. However, PurA failed to inhibit the hyperphosphory-
lated status of rapamycin-induced 4E-BP1, suggesting that the
mitotic-arrest-mediated regulation of 4E-BP1 is distinct from the
gain of rapamycin resistance that we observed (Fig. S7B). When
taken together, our data suggest that the rapamycin-induced 4E-
BP1 phosphorylation is not CDK-mediated.

Rapamycin-Induced 4E-BP1 Phosphorylation Is Independent of the
PI3K and MEK-ERK Pathways. In addition to rapamycin, inhibition
of the PI3 kinase (PI3K) and MEK-ERK pathways also inhibits
the activation of mTORC1 (3). Therefore, we examined the
ability of wortmannin, a PI3K-selective inhibitor at 50 nM, and
UO126, a MEK1/2/5 inhibitor, to antagonize the rapamycin-
mediated 4E-BP1 phosphorylation. A 1-h treatment with rapa-
mycin inhibited both 4E-BP1 and S6 phosphorylation (Fig. S8).
However, neither wortmannin nor UO126 significantly affected
the stimulation of 4E-BP1 phosphorylation induced by rapamy-
cin (Fig. S8), suggesting that the PI3K and MEK-ERK pathways
are not involved in rapamycin-stimulated 4E-BP1 phosphoryla-

tion. Accordingly, such mTORC1-induced hyperphosphoryla-
tion renders the cell insensitive to subsequent rapamycin re-
treatment and PI3K or MEK-ERK inhibition (Fig. S8).

Rapamycin-Resistant mTORC1 Activity Is Necessary for Rapamycin-
Induced 4E-BP1 Phosphorylation. We next analyzed the molecular
requirements for the mTORC1 complex to mediate this effect.
Accordingly, the mTORC1 complex after either 1 or 24 h of
rapamycin treatment existed in a ‘‘less active’’ conformation as
determined by mTOR and Raptor coimmunoprecipitation ex-
periments (Fig. 3A). This conformation is measured by evalu-
ating the interaction between Raptor and mTOR after purifi-
cation with detergent-containing buffers. Although mTOR and
Raptor still interact in vivo while in this ‘‘less active’’ confor-
mation, they dissociate during purification because the altered
conformation cannot withstand biochemical purification (16).
Nonetheless, this reiterates previous results that suggest that
rapamycin continues to inhibit mTORC1 at 1 or 24 h after
treatment by altering the conformation of this complex (Fig. 2)
(16) and is consistent with the sustained inhibition of S6Ks (Fig.
1B and Fig. S3). Surprisingly, mTORC1 components still appear
to be required because siRNA knockdown of either mTOR or
Raptor abrogated rapamycin-induced 4E-BP1 hyperphosphory-
lation (Fig. 3B). Furthermore, mutations to either the 4E-BP1
priming phosphorylation sites (Thr-37/46), which are required
for both Thr-70 and Ser-65 phosphorylations, or the TOS motif
(F114A), which mediates 4E-BP1/Raptor interaction, abrogated
the rapamycin-induced 4E-BP1 hyperphosphorylation (Fig. 3C)
(17). Last, increasing the concentrations of wortmannin to 500
nM, which catalytically inhibits mTOR (18), or treatment with
the dual PI3K and mTOR catalytic inhibitor PI-103 (19) also
repressed 4E-BP1 phosphorylation induced by rapamycin treat-
ment (Fig. 3D). The wortmannin/PI-103 sensitivity was observed
in both 293 (Fig. S9) and TSC2�/� MEF cells (Fig. 3D), which
activates mTORC1 independently of PI3K (18). The require-
ment of mTOR’s catalytic activity is associated with mTORC1
and not mTORC2, because loss of Rictor did not affect the
rapamycin-induced 4E-BP1 phosphorylation (Fig. S10). When
taken together, the components that positively stimulate the
rephosphorylation of 4E-BP1 by rapamycin require the TOS
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Fig. 2. Rapamycin exhibits differential effects to-
ward S6Ks versus 4E-BP1. (A) HEK293 cells were treated
with rapamycin for 1, 24, and 48 h or ethanol for 48 h
and were analyzed for the binding of 4E-BP1 to the cap
complex. (B) Rapamycin or ethanol was readded to the
24-h-treated sample 1 h before lysis, and it was ana-
lyzed for 4E-BP1 phosphorylation. (C) Lysates from
rapamycin-treated samples were blotted for the phos-
phorylation status of 4E-BP1. The sites analyzed were
Ser-65, Thr-70, Thr-37/46, and total 4E-BP1. Gel shifts
can be observed in samples treated with rapamycin for
24 or 48 h. The �-�-� isoforms represent the phosphor-
ylation status of 4E-BP1 with � being hypophosphory-
lated and � being hyperphosphorylated. (D) The kinet-
ics of rapamycin-induced 4E-BP1 was measured in
HEK293 and treated according to the time listed. 4E-
BP1 binding to the m7GTP Sepharose and gel shifts on
lysates are shown.
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motif, employ a priming phosphorylation pattern similar to that
of mTORC1, and structurally and catalytically require mTORC1
components. Consistent with the requirement for mTORC1, the ra-
pamycin-induced effect was insensitive to staurosporine, a potent
nonspecific kinase inhibitor that fails to affect mTOR’s catalytic activity,
even at a saturating concentration of 500 nM (Fig. S11).

Rapamycin-Mediated 4E-BP1 Phosphorylation Stimulates Cap-
Dependent Translation. To test the functional consequences of the
rapamycin-induced 4E-BP1 phosphorylation, we investigated the
formation of the eIF4F translational initiation complex. Under
growth factor deprivation or rapamycin treatment, 4E-BP1 nor-
mally binds to eIF4E and prevents the association of eIF4G with
eIF4E. As shown in Fig. 4A, a 1-h rapamycin treatment in asyn-
chronously growing cells decreased the eIF4E-4G interaction.
However, consistent with the dissociation of 4E-BP1 with eIF4E,
24 h of rapamycin treatment restimulated the association of
eIF4G from eIF4E. This effect also coincided with an increase in
eIF4E phosphorylation at Ser-209, which occurs as a result
of eIF4G interaction with eIF4E to scaffold the kinases Mnk1/2
(Fig. S12A) (20). In addition to the reformation of the eIF4F
initiation complex, we also observed an increase in cap-dependent
translation with 48–72 h of rapamycin treatment (Fig. 4B) when
compared with treatment for just 24 h (Fig. 1). The rapamycin-
induced increase in cap-dependent translation was also not a
function of decreased IRES-driven translation, but rather an in-
crease in cap-dependent translation (Fig. S12B). Likewise, when we
pretreated HEK293 cells with rapamycin for 24 h before transfec-
tion of reporter constructs to ‘‘prehyperphosphorylate’’ 4E-BP1, we
obtained an �30% increase in total cap-dependent translation (Fig.
4C). Consistent with the idea that the increase in cap-dependent
translation with rapamycin is a result of 4E-BP1 rephosphorylation,
expression of a dominant negative 4E-BP1 almost completely
attenuated the rapamycin-mediated increase in cap-dependent
translation (Fig. 4D). Overexpression of WT 4E-BP1 also de-
creased cap-dependent translation in both control and rapamycin-
treated groups. This inhibition is likely due to a dramatic increase
in the total 4E-BP1 protein level, a significant percentage of which
is not phosphorylated (Fig. 4D). Nevertheless, more potent inhi-
bition was observed with the AA mutant, suggesting that phos-

phorylation of 4E-BP1 was important for the increase in cap-
dependent translation. Therefore, rapamycin-induced 4E-BP1
phosphorylation is necessary for the increase in total cap-
dependent translation.

In addition to an increase in total cap-dependent translation,
an increase in eIF4E availability results in preferential transla-
tion of mRNAs with highly structured 5� UTRs (21). It has been
demonstrated that translational inhibition of HIF-1� mRNA by
rapamycin is specifically regulated by its 5� UTR region (22).
Therefore, the HIF-1� 5� UTR was inserted in front of the
Renilla luciferase, and IRES-driven firefly luciferase was used as
an internal normalizing factor. As shown in Fig. S14A, prolonged
(72-h) rapamycin treatment increased cap-dependent translation
by �70% when compared with control. However, insertion of
the 5� UTR region of HIF-1� increased the cap-dependent
translation by only �30% (Fig. S14A). This difference between
with or without 5� UTR-driven translation may reflect the
requirement for eIF4B phosphorylation by S6K1. Kinases such
as RSK could also compensate during S6K1 inhibition, which
may explain the �30% increase in 5� UTR-containing transla-
tion (9). Nonetheless, chronic rapamycin treatment increased
translation driven by the 5� UTR region of HIF-1� mRNA. This
rapamycin-induced increase required the hyperphosphorylation
of 4E-BP1, because coexpression with the 4E-BP1 AA mutant
completely inhibited its effect (Fig. S14B). Moreover, there was
a direct correlation with rapamycin-induced 4E-BP1 hyperphos-
phorylation and its ability to increase translation driven by the
5� UTR region of HIF-1�. As shown in Fig. 4G, the inability of
prolonged rapamycin treatment to stimulate 4E-BP1 hyperphos-
phorylation in U2OS, PC3, and MCF7 cells correlated with the
inability of rapamycin to increase translation driven by the 5�
UTR region of HIF-1�. Conversely, HeLa and HEK293 cells,
which do exhibit rapamycin-induced hyperphosphorylation, all
increased translation driven by the HIF-1� 5� UTR region with
chronic rapamycin treatment (Fig. 4E). This effect was indepen-
dent of the cell’s p53 status, because PC3 cells, which are
p53-null, and U2OS cells, which have WT p53, both failed to
induce 4E-BP1 phosphorylation. When taken together, the
rapamycin-induced hyperphosphorylation of 4E-BP1 deter-
mines the sensitivity of a specific cell to translational inhibition.
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Fig. 3. Rapamycin-induced 4E-BP1
phosphorylation requires rap-resistant
mTORC1 but is insensitive to inhibitors
of the PI3K and MEK-ERK pathways.
(A) The conformation of the mTORC1
complex was determined with mTOR
coimmunoprecipitation experiments.
The association of Raptor to mTOR is
shown. (B) siRNAs against mTOR and
Raptor were transfected into HEK293
cells and incubated for 24 h. Thereaf-
ter, the cells were treated with rapa-
mycin for 24 more hours or 1 h before
lysis and were analyzed. C, Scrambled
control siRNA; R, siRNA against Raptor;
T, siRNA against mTOR. (C) WT, TOS
motif mutant (F114A), and 37/46 AA
4E-BP1s were transfected (3 �g) into a
10-cm plate of HEK293 cells, treated
with rapamycin for 24 h, and analyzed
for 4E-BP1 phosphorylation. (D)
TSC2�/� MEFs were treated with con-
trol (DMSO) or rapamycin (20 nM) for
either 1 or 24 h. In the 24 h rapamycin-
treated samples, either control, rapa-
mycin (20 nM), Wortmannin (50 and
500 nM), or PI-103 (1 �M) was added
for 1 h before lysis. The samples were
analyzed for 4E-BP1 phosphorylation.
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Discussion
The eukaryotic translational initiation machinery is a tightly con-
trolled system that regulates protein synthesis based on many
factors including the availability of growth factors, nutrients, and
glucose (3). Accordingly, when there are shortages of these factors,
protein synthesis stalls. The molecular pathway responsible for
linking the environmental cues and translational control is the
mTORC1 signaling pathway. mTORC1 is part of an evolutionarily
conserved signaling pathway that links environmental status with a
host of other cellular processes such as cellular growth, prolifera-
tion, metabolism, autophagy, and translational control (3). This
pathway is of immense interest because rapamycin (also known as
sirolimus), an inhibitor of mTORC1, is already clinically approved
as an immunosuppressant for kidney transplantation and for post-
angioplasty restenosis. Temsirolimus, also a rapamycin analogue,
was approved last year for treatment against renal cell carcinoma
(23). In addition, temsirolimus, as well as other rapamycin ana-
logues, is currently in clinical trials against other cancers because of
its antiangiogenic and cytostatic properties (11).

The implications of our findings suggest that although rapa-
mycin treatment inhibits the function of S6Ks and 4E-BP1 in
acute treatment experiments, this may not be the case in all cell
types during prolonged treatments. As a consequence, general
cap-dependent translation and translation of genes with highly
structured 5� UTRs are reinitiated despite continuous mTORC1
inhibition. These results explain how cap-dependent translation
could be differentially controlled despite rapamycin treatment.

However, it appears that components of mTORC1 are still required
for rephosphorylation of 4E-BP1. We showed through multiple meth-

ods including siRNA against mTOR/Raptor, mTOR catalytic inhibi-
tors, and 4E-BP1 mutations that mTORC1 is in fact required for the
rapamycin-induced 4E-BP1 phosphorylation. So how could an
mTORC1 inhibitor like rapamycin stimulate 4E-BP1 phosphorylation
but still require mTORC1 components? The molecular nature of
rapamycin as an mTORC1 inhibitor differs from the more traditional
catalytic kinase inhibitors by binding to the complex with FKBP12 and
inhibiting mTORC1’s ability to signal to its substrates through an
unknown mechanism (24). Therefore, alterations in the molecular
interaction among 4E-BP1, mTOR, and Raptor induced by prolonged
rapamycin may yield scenarios where the activity of mTORC1 is
maintained but the nature of the substrate binding may differ. Indeed,
such effects would render mTORC1 rapamycin resistant against selec-
tive downstream targets, such as 4E-BP1. However, in vitro kinase
assays with mTORC1 complexes immunoprecipitated from short-term
(1H) and long-term (24H) rapamycin-treated cells toward GST-4E-
BP1 suggest that both are sensitive to FKBP12-rapamycin inhibition in
vitro (Fig. S13). It is difficult to determine whether this lack of in vitro
inhibition is due to the loss of essential factors during biochemical
purification, which is often observed with the mTORC1 complex (25).
In addition, the assay was conducted with recombinant GST-4E-BP1 as
an in vitro substrate; hence, any modifications on 4E-BP1 in vivo would
not be accounted for. Conversely, it is unlikely that inhibition of a
phosphatase specific for 4E-BP1 is involved, because calyculin A and
okadaic acid-induced 4E-BP1 phosphorylation was sensitive to rapa-
mycin (26). Furthermore, the ability of wortmannin and PI-103, which,
like rapamycin, inhibits mTORC1, to attenuate this reemerging phos-
phorylation suggests that phosphatase inhibition would be insufficient
(Fig. 3D). Therefore, it appears that prolonged rapamycin treatment
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Fig. 4. Rapamycin-induced 4E-BP1 phosphorylation stimulates cap-dependent translation and regulates cell-specific inhibition of translation. (A) The interaction
between eIF4E and eIF4G was measured in coimmunoprecipitation experiments in HEK293 cells treated with rapamycin for 1 or 24 h. (B) In vivo cap-dependent
translational assays were performed except rapamycin was added 3 h after transfection for 24, 48, or 72 h. (C) Phospho-S6 and actin were blotted for normalization.
(D) The experiments were completed in the same way as in C, except WT 4E-BP1, AA 4E-BP1, or a control vector was cotransfected. Phospho-S6, actin, and HA (4E-BP1)
blots are shown. Black, control vector; white, WT 4E-BP1; gray, AA 4E-BP1. (E) Different cell lines that differentially exhibit rapamycin-induced 4E-BP1 hyperphospho-
rylation were transfected with the HIF-1� 5� UTR-driven translational vector and were treated with rapamycin or ethanol 3 h after transfection for 72 h. Black, control;
gray, rapamycin (20 nM). The 4E-BP1 and S6(P) Western blots are shown in conjunction with the translational data.
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renders mTORC1 to be rapamycin-resistant specifically toward 4E-
BP1, which controls global cap-dependent translation.

Our results also suggest that rapamycin can autonomously
control cap-dependent translation through de novo protein
synthesis. This effect is independent of known proline-directed
kinases that could ideally phosphorylate 4E-BP1 including ERKs
and CDKs. Rather, the up-regulation appears to be a feedback-
like mechanism to maintain 4E-BP1 phosphorylation despite
rapamycin treatment. The activation of Akt induced by rapamy-
cin in certain cells is also not involved because neither stauro-
porine, which catalytically inhibits Akt, nor wortmannin at 50
nM, which specifically inhibits PI3K, affected the phosphoryla-
tion of 4E-BP1 (Fig. S11 and Fig. 3D) (18). Whether the de novo
protein synthesized during rapamycin treatment (Fig. S6) spe-
cifically up-regulates a factor that provokes this rapamycin-
resistant 4E-BP1 phosphorylation remains to be determined.

On the contrary, several observations suggest the existence of
rapamycin-resistant 4E-BP1 phosphorylations. First, the kinase
Pim2 provides a LY294002- and rapamycin-resistant mechanism
for phosphorylating 4E-BP1 in hematopoietic cells (27). Ac-
cordingly, we were unable to observe Pim2 expression in
HEK293/HeLa cells with or without rapamycin treatment, and
shRNA directed against PIM2 did not affect rapamycin-induced
4E-BP1 phosphorylation (data not shown). Rapamycin-
insensitive regulation of 4E-BP1 was also observed in the livers
of mice recovering from partial hepatectomy (28). However, the
induction of 4E-BP1 phosphorylation and S6K1 activation in
the liver was not rapamycin-induced, indicating that these
cells undergoing hepatectomy may have been predisposed to
rapamycin-insensitive 4E-BP1 phosphorylations. More interest-
ingly, it is possible that PIM2 and livers undergoing hepatectomy
may employ the same mechanism as rapamycin does.

Our findings also illuminate some important questions regarding
rapamycin and cancer therapy. First, our results suggest that
inhibiting mTORC1 with a catalytic inhibitor may yield better
results when compared with rapamycin. Although our results
implicate only 4E-BP1, other currently unknown mTORC1 sub-

strates may also be differentially regulated. In addition, recent
reports have suggested that 4E-BP1 phosphorylation is directly
correlated with the malignancy and severity of various tumors (29).
Therefore, using mTOR catalytic inhibitors rather than rapamycin
would likely be more effective in dephosphorylating 4E-BP1.
Finally, the differential regulation of mTORC1’s substrates by
rapamycin suggests a reevaluation of phospho-S6 as a biomarker for
mTORC1 inhibition, because loss of S6 phosphorylation does not
always translate to inhibition of all mTORC1 substrates.

In conclusion, we propose that in certain cells rapamycin
autonomously controls cap-dependent translation by differen-
tially regulating its substrates 4E-BP1 versus S6Ks in a cell-type-
specific manner. Contrary to the current understanding, this
effect maintains global cap-dependent and structured 5� UTR-
mediated translation despite apparent mTORC1 inhibition by
rapamycin as monitored by rpS6 phosphorylation. Therefore, we
have uncovered an unexpected consequence of long-term rapa-
mycin treatment, which determines the condition that is required
for rapamycin to affect cap-dependent translation.

Materials and Methods
The Polio IRES luciferase translation vector was a generous gift from Peter
Bitterman (University of Minnesota). HIF-1� 5� UTR vector and its control
vector were from Charles Sawyers and George V. Thomas (Sloan Kettering)
(37). The protocol for the translational assay and cap binding assay are
described elsewhere (17). In brief, cells were lysed in lysis buffer (10 mM KPO4/1
mM EDTA/10 mM MgCl2/50 mM �-glycerolphosphate/5 mM EGTA/0.5% Non-
idet P-40/0.1% Brij/1 mM sodium orthovanadate/appropriate protease inhib-
itors), incubated with m7GTP-Sepharose for 2 h, and washed 3 times with lysis
buffer. A detailed description of all of the other methods appears in SI
Materials and Methods.
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