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Abstract
The mammalian target of rapamycin complex 1 (mTORC1) is a critical regulator of cap-dependent
translation through its direct activation of ribosomal protein p70 S6 kinase (S6 kinase) and indirect
activation of eukaryotic initiation factor 4E (eIF4E). We recently reported that inhibition of eIF4E
expression caused apoptosis in cancer cells in the absence of serum. This was indicated by
treatment with the mTORC1 inhibitor rapamycin, which suppressed both S6 kinase and 4E-BP1
phosphorylation (dephosphorylated 4E-BP1 binds and inactivates eIF4E), or by knockdown of
eIF4E. We report here that knockdown of eIF4E also causes apoptosis in the presence of serum.
This was unexpected because rapamycin induces G1 cell cycle arrest in the presence of serum.
Upon investigation, we have found that inactivated S6 kinase prevents the apoptotic effect
observed by singular knockdown of eIF4E and results in G1 cell cycle arrest. This effect is
dependent on TGF-β (transforming growth factor-β) signaling which contributes to G1 cell cycle
arrest. Suppression of S6 kinase phosphorylation alone is insufficient to mediate cell cycle arrest,
indicating that complete G1 cell cycle arrest is due to suppression of both S6 kinase and eIF4E.
These data indicate that the cytostatic effect of rapamycin is suppression of both S6 kinase and
eIF4E, while the cytotoxic effects are due suppression of eIF4E in the absence of S6 kinase-
dependent activation of TGF-β signals. Our findings place an importance on the evaluating the
activity/expression level of S6 kinase and eIF4E as readouts for rapamycin/rapalog efficacy.
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1. Introduction
It is widely accepted that rapamycin suppresses phosphorylation of mTOR complex 1
(mTORC1) substrate S6 kinase at low nano-molar doses. Through an allosteric mechanism,
rapamycin preferentially inhibits mammalian target of rapamcyin complex 1 (mTORC1) but
also inhibits mTORC2 under certain conditions [1; 2]. We recently reported that high
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(micro-molar) doses of rapamycin also suppressed phosphorylation of another mTORC1
substrate, eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1). The high dose
induced apoptosis in cancer cells in the absence of serum. We attributed cell death to
indirect inhibition of the cap-dependent translation initiator, eIF4E, because
dephosphorylated 4E-BP1 binds eIF4E [3; 4]. Supportively, eIF4E ablation also caused
apoptosis. This finding correlated with previous reports that the key mTORC1 substrate for
cell proliferation and survival is eIF4E [5; 6]. In contrast, rapamycin induced G1 cell cycle
arrest in the presence of serum that protected cells from progressing into S-phase [7],
wherein the lack of eIF4E activity would otherwise cause apoptosis [7; 8]. G1 cell cycle
arrest was dependent on TGF-β signaling,[7] which is suppressed by mTOR [9; 10], Low-
dose rapamycin concentrations sufficient to suppress phosphorylation of S6 kinase (but not
4E-BP1) induced TGF-β signaling [10]. While low-dose rapamycin treatment impeded G1
cell cycle progression, high-dose treatment was required to completely block progression
from mitosis to S-phase [8]. In sum, rapamycin induces G1 cell cycle arrest at doses that
effectively suppress the phosphorylation of both S6 kinase and 4E-BP1.

In this report, we investigated the role of eIF4E ablation on cell cycle arrest in the presence
of serum. As aforementioned, inhibiting S6 kinase (low-dose rapamycin) was insufficient to
mediate complete G1 arrest. Here, our results indicate similarly, eIF4E ablation is
insufficient to induce cell cycle arrest and instead results in apoptotic cell death.
Surprisingly, suppression of S6 kinase effectively prevented the apoptotic effect of eIF4E
ablation. Dual inhibition of both proteins causes a TGF-β-dependent G1 cell cycle arrest.
The findings reveal complex effects of rapamycin on mTORC1 substrates with clinical
implications for using translational activators S6 kinase and eIF4E as readouts for clinical
efficacy.

2. Materials and Methods
2.1. Cells, cell culture conditions and cell viability

The human cancer cell lines MDA-MB-231 and BT-549 cells were obtained from the
American Tissue Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Sigma) supplemented with 10% Fetal Bovine Serum (Sigma).
Cell viability was determined 24 hr after treatment as described previously [8].

2.2. Antibodies and Reagents
The following antibodies: PARP, cleaved PARP, P-S6 kinase T389, S6 kinase, and eIF4E
were from Cell Signaling; α-actin was from Sigma. Negative control siRNA (Dharmacon),
siRNAs targeted against S6 kinase, eIF4E, and Smad4 were obtained from Santa Cruz
Biotechnology. The neutralizing anti-TGF-β antibody was from R&D Systems.
Lipofectamine RNAiMax (Invitrogen) was used for transient transfections. Rapamycin and
rottlerin were obtained from Calbiochem.

2.3. Western Blot Analysis
Extraction of proteins from cultured cells and Western blot analysis of extracted proteins
was performed using the ECL system (Amersham) as described previously [1].

2.4. Transient transfections
Cells were plated in 6-well plates in medium containing 10% FBS. The next day (50%
confluence), transfections with siRNAs (75nM) in Lipofectamine RNAiMAX were
performed. After 6 hours, reagents were replaced with fresh 10% FBS and cells were
allowed to incubate for an additional 48 hours.
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2.5. Flow cytometric analysis
Cell suspensions were recovered and resuspended in the following fixing solution: 20ml 1X
PBS, 2% BSA, 0.1% NaN3. 9ml of 100% ethanol was added drop wise. Fixed cells were
centrifuged, washed, and then resuspended in 500µl sorting buffer: 1X PBS, 0.5% BSA,
1mM EDTA, 40µg/ml Propidium Iodide, 100µg/ml RNAse A, and filtered through 40-mm
diameter mesh to remove clumps of nuclei. Percentages of cells within each of the cell cycle
compartments (G0–G1, S, or G2-M) were determined by flow cytometry (FACSCalibur;
Becton Dickinson).

3. Results
3.1. Ablation of eIF4E expression induces apoptosis in the presence of serum in MDA-
MB-231 cells

Previously, we reported that high (20 µM) rapamycin doses induced apoptosis in MDA-
MB-231 as well as in other cancer cell lines in the absence of serum [7; 8; 11; 12]. The
apoptotic effect was due to complete dephosphorylation of 4E-BP1, which subsequently
inactivated eIF4E [3; 4]. The indirect effect of rapamycin on eIF4E correlated with
knockdown of eIF4E as this also induced apoptosis. Consistent with the effect of high dose
rapamycin being due to suppression of eIF4E, knockdown of 4E-BP1 (which suppresses
eIF4E when dephosphorylated) reversed the apoptotic effect of rapamycin in the absence of
serum [8]. In contrast, rapamycin induced cell cycle arrest in the presence of serum [8]. It is
not possible to evaluate the direct effect of inhibiting eIF4E on cell cycle arrest by
rapamycin treatment because the high dose required for arrest inhibits both S6 kinase along
with 4E-BP1. Thus, to investigate how the absence of eIF4E affects cell cycle progression,
we used siRNA against eIF4E in MDA-MB-231 cells. Surprisingly, knockdown of eIF4E
induced cell death in both the presence and absence of serum (Fig. 1). The loss of cell
viability was accompanied by cleavage of the caspase 3 substrate PARP, indicating
apoptotic cell death (Fig. 1). Thus, whereas rapamycin induced apoptosis only in the
absence of serum [8], ablation of eIF4E induced apoptosis in both the presence and absence
of serum.

3.2. Suppression of S6 kinase prevents the apoptotic effect of suppressed eIF4E
expression in the presence of serum

Since high-dose rapamycin treatment also inhibits S6 kinase phosphorylation, we reasoned
that protection from apoptosis induced by high-dose rapamycin in serum could be due to
suppression of S6 kinase. Therefore, we investigated the effect of low-dose rapamycin
treatment upon eIF4E knockdown in MDA-MB-231 cells. Low-dose rapamycin treatment
(20 nM) prevented the apoptotic cell death induced by singular inhibition of eIF4E
expression in the presence, but not in the absence of serum (Fig. 2A). Thus, doses of
rapamycin that suppress S6 kinase phosphorylation, but not 4E-BP1 phosphorylation [8],
provided the cells with a means of resistance to eIF4E ablation in the presence of serum.

We also investigated the effect of dual knockdown of S6 kinase and eIF4E. As with low-
dose rapamycin treatment, suppression of S6 kinase expression prevented the apoptotic
effect of eIF4E ablation only in the presence of serum (Fig. 2B). Taken together, these data
demonstrate that suppression of either S6 kinase phosphorylation or the expression of S6
kinase prevented the apoptotic effect of singularly suppressing eIF4E expression in the
presence, but not in the absence, of serum.

3.3. Suppression of apoptosis by S6 kinase ablation is dependent on TGF-β signaling
We previously reported that the protective effect of serum upon rapamycin treatment was
contingent upon the TGF-β signaling, which induced a G1 cell cycle arrest [7; 8]. Therefore,
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we examined whether prevention of apoptosis by dual inhibition of S6 kinase and eIF4E was
dependent on TGF-β signaling. MDA-MB-231 cells were co-treated with siRNAs against
eIF4E and S6 kinase and either a neutralizing anti-TGF-β antibody, rottlerin – a compound
that inhibits protein kinase Cδ (PKCδ) [7], which is required for TGF-β signaling [13; 14],
or siRNA against Smad4, which is also required for canonical TGF-β signaling [15]. All
three co-treatments resulted in induction of cleaved PARP (Fig. 3A). Similarly, we also
asked if the protective effect of low-dose rapamycin treatment upon eIF4E ablation was
dependent on TGF-β. In fact, rottlerin treatment prevented the protective effect of low-dose
rapamycin (Fig. 3B). We also examined the effect of suppressing eIF4E and S6 kinase in
BT-549 breast cancer cells because they do not express PKCδ [16]. The BT549 cells
remained sensitive to eIF4E ablation upon S6 kinase knockdown (Fig. 3C). These data
demonstrate that the S6 kinase suppression of the apoptotic effect of eIF4E ablation is
dependent on TGF-β signals.

3.4. Suppression of S6 kinase induces G1 arrest in cells with ablated eIF4E
While low-dose rapamycin induced TGF-β signaling,[10] it only weakly suppressed G1 cell
cycle progression in MDA-MB-231 cells [8; 17]. High-dose (20 µM) was required to
completely block synchronized cells from entering S-phase [8]. Therefore, we compared the
effect of low-dose rapamycin and suppression of S6 kinase expression on MDA-MB-231
cells with ablated eIF4E expression on cell cycle progression. Both low-dose rapamycin
(Fig. 4A) treatment and suppression of S6 kinase expression (Fig. 4B) resulted in the
accumulation of cells with G1 DNA content and corresponding reductions in the number of
cells with S-phase DNA content. These data demonstrate that the TGF-β-dependent
suppression of G1 cell cycle progression in the presence of serum results in G1 cell cycle
arrest – consistent with the idea that blocking cell cycle progression (from G1 into S-phase)
prevents apoptosis associated with the absence of eIF4E expression.

4. Discussion
Previously, we reported that rapamycin caused G1 cell cycle arrest in the presence of serum
[8]. We associated the effect of high-dose rapamycin on inhibition of 4E-BP1
phosphorylation with an indirect inhibition of eIF4E [8]. Here, we investigated the role of
eIF4E in cell cycle arrest. Surprisingly, we observed cell death upon eIF4E knockdown in
MDA-MB-231 breast cancer cells in both the presence and absence of serum. Since
highdose rapamycin treatment continues to suppress phosphorylation of S6 kinase (as it does
at low doses), we reasoned that cells avoid the apoptosis induced by high-dose rapamycin
through suppression of S6 kinase. In fact, the MDA-MB-231 cells were insensitive to eIF4E
knockdown with suppression of S6 kinase phosphorylation or its expression. Preventing
apoptosis was due to a de-repression of S6 kinase-dependent inhibition of TFG-β signaling
in the presence of serum that prevented G1 cell cycle progression.

Our findings have implications on the cytostatic and cytotoxic properties of rapamycin.
Administered at nano-molar doses, rapamycin has generally been considered a cytostatic
drug [18]. These concentrations suppress S6 kinase phosphorylation but actually only retard
G1 cell cycle progression [8; 19]. Instead, micro-molar doses of rapamycin that also
suppress the phosphorylation of 4E-BP1 are required to achieve complete G1 cell cycle
arrest [8]. Cell cycle arrest observed with high-dose rapamycin treatment in the presence of
serum is contingent upon TGF-β signaling, which is suppressed by active mTORC1 [7; 9;
10]. Cancer cells with defective TGF-β, in principle, should undergo apoptosis rather than
arrest upon high-dose rapamycin treatment. Defective TGF-β signaling is common in both
pancreatic [20] and colon cancer [6; 21]. Thus, these cancers may be candidates for targeting
the phosphorylation of 4E-BP1 by mTORC1.
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A somewhat puzzling aspect of this study is the effect of suppressing S6 kinase leading to
survival of cells where eIF4E expression has been suppressed. S6 kinase is generally
considered to have pro-survival effects [22; 23]. However, there is evidence to support the
pro-apoptotic role of S6K1 [24]. An appealing hypothesis is that although S6 kinase is
typically anti-apoptotic, the lack S6 kinase in combination with a lack of eIF4E is lethal. In
other words, active S6 kinase is critical for protein synthesis and cell growth, but in the
absence of eIF4E, the signal for protein synthesis is incomplete and the cell recognizes that
something is wrong and undergoes apoptosis. Cells have a similar response to cell
proliferation. For example the transformation of primary cells requires two oncogenes –
such as Ras and Myc [25]. However, Ras or Myc by themselves induces either apoptosis or
senescence [26]. Thus, when cells need cooperating signals, there is evidence to indicate that
there are mechanisms for the cells to abort and undergo apoptosis – and this may be the case
for loss of eIF4E when S6 kinase is still active.

With regard to therapeutically targeting mTORC1, our study stresses the importance of
evaluating S6 kinase, 4E-BP1 and eIF4E with mTORC1 inhibitors. Logically, the
requirement to suppress 4E-BP1 phosphorylation in order to achieve complete G1 arrest
may be linked to an eIF4E-bound state. Dephosphorylation of all 4EBP1 sites in a
hierarchical manner is necessary to release eIF4E [27]. eIF4E initiates cap-dependent
translation of mRNAs for the translation of mRNAs of proteins involved in cell cycle
progression [3; 4]. The lack of expression of proteins critical for progression through S-
phase may explain why suppression of eIF4E is cytotoxic if cell death is not preempted by
an arrest in G1.

Another issue with regard to targeting 4E-BP1 phosphorylation with rapamycin, is that the
level needed to suppress all 4E-BP1 phosphorylation sites in cell culture exceeds the
maximum tolerated dose in the clinic [28; 29]. However, sustained rapamycin treatment has
been shown to suppress mTORC2 [2], which is even more resistant to rapamycin than the
mTORC1 phosphorylation of 4E-BP1. The impact of rapamycin on 4EBP1 phosphorylation
has been examined in clinical trials [29], however these trials examined the impact on the
phosphorylation of 4E-BP1 at Thr70, which is sensitive to doses of rapamycin that suppress
S6 kinase phosphorylation [8]. The key sites where the phosphorylation correlates with the
cytotoxic effects are Thr37/46 and Ser65 [8]. It remains to be seen whether rapamycin can
suppress phosphorylation on these sites with prolonged rapamycin treatment.

Targeting mTORC1 with rapamycin is also complicated by the observation that inhibition of
mTORC1 and S6 kinase phosphorylation stimulates a feedback activation of the pro-
survival mTOR complex 2 (mTORC2) in many cancer cells [30; 31]. However for this study
that involves the breast cancer cell line MDA-MB-231 cells, we reported previously that this
pathway is inactive in these cells and rapamycin does not stimulate mTORC2-dependent
Akt phosphorylation at the mTORC2 site at Ser473 [1]. While this problem is not relevant
for the cells used in this study, it could be relevant for many cancer cells. The obvious
solution to this issue is the use of catalytic inhibitors that effectively target both mTOR
complexes [32; 33]. Thus, the efficacy in the catalytic inhibitors may involve the ability to
inhibit the phosphorylation of 4E-BP1 by mTORC1 and the phosphorylation of Akt at
Ser473 by mTORC2. The toxicity of the catalytic inhibitors has not yet been fully evaluated.

Another approach would be to uncouple the effect of rapamycin on S6 kinase and 4E-BP1
phosphorylation by inhibiting the effect of suppressed S6 kinase phosphorylation – namely
TGF-β signals. This could be done with compounds that inhibit the TGF-β signals that
promote G1 cell cycle arrest. Thus, while targeting 4E-BP1 phosphorylation and eIF4E-
dependent protein synthesis, may present challenges, understanding the limits of rapamycin-
based therapies suggests novel approaches that can exploit the critical mTORC1 signaling
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node that promotes cell cycle progression and survival in what may be virtually all human
cancers.
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Figure 1.
Ablation of eIF4E expression induces apoptosis in the presence of serum in MDA-MB-231
cells. MDA-MB-231 cells were transfected at 50% confluence with negative control siRNA
or siRNA for eIF4E. 24 hr later, the cells were put in fresh media with either 0% or 10%
serum. After another 24, the percentage of non-viable cells was determined as described in
Materials and Methods. Also at determined at this time was the level of cleaved PARP,
eIF4E, and actin by Western blot analysis. The cell viability data is representative of data
obtained from at least four independent experiments. The immunoblots are representative of
experiments repeated at least two times.
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Figure 2.
Suppression of S6 kinase reverses the apoptotic effect of suppressed eIF4E expression. (A)
MDA-MB-231 cells were transfected at 50% confluence with negative control siRNA or
siRNA for eIF4E as indicated. 24 hr later, the cells were put in fresh media containing either
10% or 0% serum and the indicated concentration of rapamycin or DMSO vehicle. After
another 24 hr, the level of cleaved PARP, eIF4E, P-S6K, and S6K by Western blot analysis.
(B) MDA-MB-231 cells were transfected at with negative control siRNA, siRNA for eIF4E,
or S6 kinase as indicated. 24 hr later, the cells were put in fresh media with 10% serum.
After another 24 hr, the level of cleaved PARP, eIF4E, S6K, and actin by Western blot
analysis. The data are representative of experiments repeated at least two times.
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Figure 3.
Suppression of apoptosis by S6 kinase ablation is dependent on TGF-β signaling. (A) MDA-
MB-231 cells were transfected at 50% confluence with negative control siRNA, siRNA for
eIF4E, S6 kinase, or Smad4 as indicated. 24 hr later, the cells were put in fresh media with
10% serum and a neutralizing TGF-β antibody or rottlerin (Rott) (3 µM) where indicated.
After another 18 hr, the level of cleaved PARP, eIF4E, S6K, Smad4, and actin by Western
blot analysis. (B) MDA-MB-231 cells were transfected with negative control siRNA or
siRNA for eIF4E as in (A). 24 hr later, the cells were put in fresh media with 10% serum
and either 20 nM rapamycin or DMSO vehicle where indicated. Where indicated, rottlerin
(Rott) (3 µM) was also provided. After another 18 hr, the level of cleaved PARP, eIF4E, and
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S6K by Western blot analysis. (C) BT-549 cells were prepared and transfected with negative
control siRNA, siRNA for eIF4E, or S6 kinase as indicated. 24 hr later, the cells were put in
fresh media with 10% serum and rapamycin (20 nM) where indicated. After another 18 hr,
the level of cleaved PARP, eIF4E, and S6K by Western blot analysis. The data are
representative of experiments repeated at least two times.
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Figure 4.
Suppression of S6 kinase induces G1 arrest in cells with ablated eIF4E. (A) MDA-MB-231
cells were transfected at 50% confluence with negative control siRNA or siRNA for eIF4E.
24 hr later, the cells were put in fresh media with 10% serum and the indicated
concentrations of rapamycin. (B) MDA-MB-231 cells were transfected at 50% confluence
with negative control siRNA, siRNA for eIF4E, or S6 kinase. 24 hr later, the cells were put
in fresh media with 10% serum. The cells in both (A) and (B) were then subjected to flow
cytometric analysis 24 hr later as described in Materials and Methods. The DNA content per
cell shown graphically above is from a representative experiment that was repeated three
times.
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