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Abstract

The mammalian target of rapamycin complex 1 (nTORC1) integrates mitogen and nutrient signals
to control cell proliferation and cell size. Hence, nTORCL1 is implicated in a large number of human
diseases--including diabetes, obesity, heart disease, and cancer--that are characterized by aberrant
cell growth and proliferation. Although eukaryotic translation initiation factor 4E-binding proteins
(4E-BPs) are critical mediators of mMTORC1 function, their precise contribution to mMTORC1
signaling and the mechanisms by which they mediate mTORC1 function have remained unclear. We
inhibited the mTORC1 pathway in cells lacking 4E-BPs and analyzed the effects on cell size, cell
proliferation, and cell cycle progression. Although the 4E-BPs had no effect on cell size, they
inhibited cell proliferation by selectively inhibiting the translation of messenger RNAs that encode
proliferation-promoting proteins and proteins involved in cell cycle progression. Thus, control of
cell size and cell cycle progression appear to be independent in mammalian cells, whereas in lower
eukaryotes, 4E-BPs influence both cell growth and proliferation.

The mammalian target of rapamycin complex 1 (mTORC1) controls growth (increase in cell
mass) and proliferation (increase in cell number) by modulating mRNA translation through
phosphorylation of the eukaryotic translation initiation factor 4E (elFAE)-binding proteins (4E-
BP1, 2, and 3) and the ribosomal protein S6 kinases (S6K1 and 2) (1,2). 4E-BPs regulate the
translation of a subset of mMRNAs by competing with elFAG for binding to elF4E, thus
preventing the assembly of the elFAF complex, whereas the S6Ks control the phosphorylation
status of a number of translational components (1-3). Rapamycin has been an important tool
in understanding mTORCL1 signaling; however, it inefficiently and transiently inhibits 4E-BP
phosphorylation (4)(fig. S1A). Moreover, we found that rapamycin inhibited proliferation and
G1/S cell cycle progression of WT and 4E-BP double knock-out (DKO) mouse embryonic
fibroblasts (MEFs) to the same extent, which suggests that its effects are not mediated by 4E-
BPs (fig. S1, B to D). To directly address the role of 4E-BPs in mTORC1 signaling, we depleted
raptor, a component of mMTORCL required for substrate binding (5), in these MEFs. 4E-BP
DKO MEFs lack all three 4E-BPs as they do not express 4E-BP3 (fig. S2A). Depletion of
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raptor diminished the phosphorylation of 4E-BP1 at all mTOR-sensitive sites in wild-type
MEFs, and inhibited mTORC1 signaling to the same extent in wild-type and 4E-BP DKO
MEFs, as illustrated by reduced phosphorylation of S6Ks and its substrates (ribosomal protein
S6 and elF4B) and increased abundance of programmed cell death protein 4 (PDCD4) (Fig.
1A). Wild-type MEFs in which raptor was depleted proliferated more slowly than control cells,
whereas raptor-depleted 4E-BP DKO MEFs proliferated at a rate indistinguishable from that
of control cells (Fig. 1B). Similarly, in human embryonic kidney (HEK) 293T cells, raptor
silencing had a pronounced effect on mTORC1 signaling and proliferation (Figs. 1C and D).
The effect of raptor silencing on proliferation, but not mTOR signaling, was attenuated by co-
depletion of 4E-BPs (Fig. 1D). Thus, mTORC1-dependent proliferation requires 4E-BPs.

To further assess the role of 4E-BPs in mTORC1-mediated cell proliferation, we depleted
mTOR or rictor (an mTORC2 specific component), in HEK293T cells. Depletion of mTOR
resulted in decreased signaling by both mTORC1 and mTORC2, as measured by S6 Ser240/
Ser244 or Akt Ser473 phosphorylation (fig. S2B). In contrast, depletion of rictor abolished only
mTORC2-mediated phosphorylation of Akt, which was augmented by the depletion of raptor
(fig. S2B), consistent with the loss of the negative feedback-loop from S6Ks to Akt (6).
Depletion of mTOR, raptor, or rictor inhibited cell proliferation relative to control cells (fig.
S2C). However, in the case of raptor or mTOR depletion, co-depletion of 4E-BPs totally or
partially restored proliferation, respectively, whereas their depletion had no effect on the
inhibition caused by rictor knockdown (fig. S2C). Thus, 4E-BPs mediate the effect of
mTORC1, but not mTORC2, on proliferation.

mTORCL1 is differentially activated by distinct stimuli, including serum growth factors and
amino acids (7). In low (0.5%) serum, or in the absence of amino acids, mTORCL activity was
blunted, as measured by decreased 4E-BP1 and S6 phosphorylation of (Fig. 2A and fig. S2D).
In 10% serum or in the presence of amino acids, WT and 4E-BP DKO MEFs proliferated at
the same rate, whereas in low serum or in the absence of amino acids, 4E-BP DKO MEFs
proliferated at a faster rate than WT MEFs (Fig. 2B and fig. S2E). Theses effects were specific
as reexpression of 4E-BP1 slowed proliferation of cells exposed to low serum (Fig. 2, C and
D). Thus, distinct stimuli mediate proliferative responses largely through 4E-BPs.

Unlike rapamycin, active-site mTOR inhibitors (asTORI; e.g. PP242 and Torinl) suppress
rapamycin-resistant phosphorylation of 4E-BPs (8-10)(fig. S1A, fig. S3, A and B). The anti-
proliferative effects of asTORi on WT MEFs were partially attenuated in 4E-BP DKO MEFs
(Fig. S3, C and D), most likely due the inhibition of both mTORC1 and mTORC2 (fig. S2C).
The specificity of the inhibitory effects of asTORI is demonstrated by the finding that the
proliferation of 4E-BP DKO MEFs, in which 4E-BP1 was reexpressed, was more strongly
inhibited than in the 4E-BP DKO MEFs infected with a control virus (Fig. S3E). In contrast
to asTORI, U0126, a mitogen-activated protein kinase kinase (MAPKK) inhibitor (11),
suppressed the proliferation of both MEFs to the same extent, whereas the combination of
Torinl and U0126 had an additive inhibitory effect (fig. S3F). Thus the effects of asTORi
appear to be specific for mTOR and are largely mediated by 4E-BPs. Depletion of 4E-BPs also
conferred resistance of U937 (human promonocytic cell line) and Jurkat cells (human T cell
leukemia cell line) to the anti-proliferative effects of asTORI (fig. S3G).

Next, we investigated whether the inhibition of proliferation by 4E-BPs is associated with the
attenuation of cell cycle progression, cell survival, or cell growth. Depletion of raptor by short-
hairpin RNA (shRNA) impaired G1 to S phase progression of wild-type MEFs, but had little
effect on 4E-BP DKO MEFs (Fig. 3A). Likewise, the inhibition of wild-type cell cycle

progression by serum deprivation or treatment with asTORi was largely unaffected in 4E-BP
DKO MEFs (Fig. 3, B and C). Under all these conditions there were no apparent differences
in survival of WT and 4E-BP DKO MEFs (Fig. S4, A to C). Depletion of raptor, serum
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deprivation or addition of asTORI decreased cell size in WT and 4E-BP DKO MEFs to a similar
extent (Fig. 3, D to F). Thus, mTORC1 mediated inhibition of 4E-BPs affects proliferation
through the modulation of cell cycle, rather than cell survival or cell size; this suggests that in
mammalian cells, the regulation of cell size and proliferation can be uncoupled.

S6Ks play a key role in the control of cell size (12), and S6K DKO MEFs are smaller than their
WT counterparts (fig. S5A). asTORI-induced reduction in cell size was abrogated in S6K DKO
MEFs (fig. S5A). Reexpression of S6K1 and 2 (fig. S5G) or a constitutively active mutant,
S6K1CA (fig. S5H), completely restored cell size (fig. S5, A to C). asTORI decreased the size
of S6K1/2-rescued MEFs as compared to S6K1/2 DKO MEFs (fig. S5B), whereas the drugs
failed to reduce the size of cells expressing asTORi-insensitive S6K1°A (fig. S5, C and 1).
Thus, the inhibitory effects of asTORI on cell size appear to be mediated by the S6Ks. In
contrast to cell size, asTORI induced accumulation of G1 phase cells irrespective of their S6K
status (fig. S5, D to F). Although 4E-BP DKO MEFs exhibit increased S6K activity ((13); Fig.
1A), these data indicate that the proliferative response is independent of S6Ks. Accordingly,
the depletion of 4E-BPs rendered both wild-type and S6K DKO MEFs equally resistant to the
anti-proliferative effects of asTORI (fig. S6, A and B), demonstrating that 4E-BPs control
proliferation downstream of mMTORC1 independent of S6Ks. asTORI inhibition of cell size,
cell proliferation, and cell cycle progression were all ameliorated in S6K1/4E-BP1/2 triple-
knockout (TKO) MEFs (fig. S6C).

mTOR promotes cell proliferation through enhanced translation of a subset of mMRNAs referred
to as “elF4E-sensitive” (2). Thus, the resistance of 4E-BP DKO cells to asTORi may be due
to their inability to suppress the formation of elF4F complexes, which is required for the
translation of MRNAs needed for cell proliferation. We treated wild-type and 4E-BP DKO
MEFs with asTORI and assessed elF4F complex formation. Equal amounts of elFAE were
associated with N7-methyl-guanosine diphosphate (m’GDP) in the absence or presence of
asTORI (Fig. 4A). asTORi impaired elFAF complex formation in wild-type MEFs, as judged
by the increase in 4E-BP1 binding to m’GDP and the corresponding decrease in elF4G binding,
but not in 4E-BP DKO MEFs (Fig. 4A); this finding demonstrated that the inhibition of elF4F
assembly by asTORI is largely mediated by 4E-BPs. Torinl impaired translation to a greater
extent in wild-type than in 4E-BP DKO MEFs, as illustrated by an increase of 40S and 60S
ribosomal subunits and a decrease in polysomes (Fig. 4B), and strongly reduced polysome
loading of elF4E-sensitive ornithine decarboxylase (ODC), cyclin D3, and vascular endothelial
growth factor (VEGF) mRNAs (14,15) in wild-type MEFs, but only slightly in 4E-BP DKO
MEFs (Fig. 4C). Torin1 had no effect on transcription or mRNA export, as judged by the
unaltered cytoplasmic levels of cyclin D3, VEGF, and ODC mRNAs (Fig. S7A), and it
specifically inhibited ribosome recruitment of elF4E-sensitive mMRNAs, as it had no impact on
the polysome loading of elF4E-insensitive B actin and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNAs (Fig. 4C). The amounts of cyclin D3, VEGF, and ODC
proteins were reduced to a greater extent by asTORI in wild-type than in 4E-BP DKO MEFs,
whereas asTORI had no effect on elF4E-insensitive S6, elF4E, and B actin proteins (Fig. 4D).
Thus, in the absence of 4E-BPs, asTORI failed to suppress translation of elF4E-sensitive
mRNASs required for cell proliferation.

To ascertain whether asTORI’s inhibition of translation of elF4E-sensitive mMRNAs is
dependent on the 4E-BP phosphorylation status, we expressed wild-type, 4Ala, or A4EBS 4E-
BP1 (16,17) in 4E-BP DKO MEFs. 4Ala 4E-BP1 has all its mTORC1-sensitive
phosphorylation sites mutated to alanines and it constitutively binds to elF4E (18). A4EBS 4E-
BP1 does not bind to elF4E, but is phosphorylated by mTORCL1, albeit to a lesser extent than
the wild-type 4E-BP1 (18,19), fig. S7B). Expression of 4Ala 4E-BP1 impaired elF4F complex
formation (fig. S7C), decreased abundance of ODC, cyclin D3, and VEGF (fig. S7B), slowed
proliferation rates (fig. S7D), and reduced G1/S progression (fig. STE). Although Torinl
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completely inhibited phosphorylation of wild-type 4E-BP1 and A4EBS 4E-BP1, only cells
expressing wild-type 4E-BP1 exhibited decreased elF4F complex assembly (fig. S7C), lower
abundance of ODC, cyclin D3 and VEGF (fig. S7B), reduced proliferation rates (fig. S7D),
and slower cell cycle progression (fig. S7E). Torinl inhibited mTORC1 signalling equivalently
in all cell lines (fig. S7B). Expression of wild-type and 4E-BP1 mutants had no major effect
on cell size or the ability of Torinl to reduce it (fig. S7F).

Finally, it is known that mTOR signaling is frequently dysregulated in cancer (20,21) and 4E-
BPs can act as tumor suppressors (22,23). Consistent with these observations, asTORI reduced
the number and size of colonies formed by E1A and Ras transformed wild-type MEFs, a
response that was strongly attenuated in 4E-BP DKO MEFs (fig. S7, G and H). These data
support the argument that the anti-tumorigenic effects of asTORi are in part dependent on the
binding of nonphosphorylated 4E-BPs to elFAE and suggest that malignant cells may progress
through the cell cycle independently of a cell-size checkpoint by inactivating 4E-BPs.

In Drosophila, dS6K and d4E-BP have overlapping roles, in which both proteins influence cell
growth and proliferation (24,25). Our results indicate that 4E-BPs mediate mTORCL effects
to promote cell proliferation, but not growth, in mammalian cells, bolstering the theory that
mammals evolved separate mechanisms to regulate cell proliferation and growth (12,26).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 4E-BPs mediate mTORC1’s effects on cell proliferation

(A) Levels of the indicated proteins in wild-type and 4E-BP DKO MEFs infected with a
scrambled or raptor-specific ShRNA (sh-raptor) were determined by Western blotting.  actin-
loading control. (B) Proliferation of MEFs from (A) was determined by 5-bromo2’-
deoxyuridine (BrdU) incorporation. Results represent means = SD (n=4). (C) Western blots
of HEK293T cells infected by raptor and 4E-BP1 and 2 shRNA (sh-raptor; sh-4E-BP1/2), or
scrambled shRNA. elF4E served as a loading control. D Proliferation of cells from (C) was
determined by BrdU incorporation. Results represent percentage of the values obtained in
dimethyl sulfoxide (DMSO)-treated cells (set to 100%) + SD values (n=4).
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Fig. 2. 4E-BPs regulate cell proliferation in low-serum conditions

(A and C) Levels of the indicated proteins were determined by Western blotting in wild-type
and 4E-BP DKO MEFs (A), or 4E-BP DKO MEFs infected with vector or 4E-BP1 construct
(C), and maintained for 48h in 10% or 0.5% FBS. B actin served as a loading control. (B and
D) Proliferation of WT and 4E-BP DKO MEFs (B) or 4E-BP DKO MEFs infected with vector
or 4E-BP1 construct (D) maintained in 10% or 0.5% FBS was measured by BrdU incorporation.
Results represent means £ SD (n=3).
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Fig. 3. 4E-BPs mediate the effects of mMTORCL1 signaling on cell cycle, but not on cell size

(A to C) Cell cycle distributions for WT and 4E-BP DKO MEFs infected with a control or
raptor-specific (sh-raptor) shRNA (A), maintained in 10% or 0.5% FBS for 48 hours (B), or
treated with 2.5 pM PP242, 250 nM Torinl, or vehicle (DMSO) for 24 hours (C) were
monitored by flow cytometry. N indicates DNA content. Cell size distributions for WT and
4E-BP DKO MEFs infected with a scrambled control or raptor-specific (sh-raptor) ShRNA
(D), maintained in 10 or 0.5% FBS (E) or treated as in (C) with the indicated compounds (F).
Thessize of G1 cells was determined by measuring electronic volume (EV) with flow cytometry;
numbers represent mean EV values.
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Fig. 4. asTORI inhibit translation of MRNAs encoding proliferation-promoting proteins via 4E-
BPs
(A) WT and 4E-BP DKO MEFs treated for 24 hours with 2.5 uM PP242, 250 nM Torin1, or

vehicle (DMSO) were subjected to m’GDP pull-down. Amounts of the indicated proteins in
the input (10%) or pull-down (25%) were determined by Western blotting. 8 actin served as a
loading control (input) and to exclude contamination (m’GDP pull-down). (B) Absorption
profiles of ribosomes from WT and 4E-BP DKO cells treated for 24 hours with 250 nM Torin1,
or vehicle (DMSO). 40S and 60S denote the corresponding ribosomal subunits; 80S,
monosome. (C) RNA was visualized by ethidium bromide (EtBr). Distribution of cyclin D3,
VEGF, ODC, p actin, and GAPDH mRNAs was determined by semiquantitative reverse
transcription polymerase chain reaction (SQRT-PCR). The RT-PCR reactions were in the linear
range (fig. S71). (D) WT and 4E-BP DKO MEFs were treated as in (A), and the amount of the
indicated proteins was determined by Western blotting. B actin served as a loading control.
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