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Abstract

The mammalian target of rapamycin complex 1 (mTORCY1) is a critical regulator of G1 cell cycle
progression. Two key substrates of mTORCL are ribosomal subunit S6 kinase (S6K) and
eukaryotic initiation factor 4E (elF4E) binding protein-1 (4E-BP1). We reported previously that
simultaneous knockdown of S6K and elF4E causes a transforming growth factor-p (TGF-f)-
dependent G1 cell cycle arrest in MDA-MB-231 human breast cancer cells. Rapamycin inhibits
the phosphorylation of S6K at nano-molar concentrations in MDA-MB-231 cells; however, micro-
molar concentrations of rapamycin are required to inhibit phosphorylation of 4E-BP1 — the
phosphorylation of which, liberates elFAE to initiate translation. Micro-molar doses of rapamycin
are required for complete G1 cell cycle arrest — indicating that 4E-BP1 is a critical target of mMTOR
for promoting cell cycle progression. Data are provided demonstrating that G1 cell cycle arrest
induced by rapamycin is due to up-regulation of TGF-f signaling and down-regulation of Rb
phosphorylation via phosphorylation of the mTORCL1 substrates S6K and 4E-BP1 respectively.
These findings enhance the current understanding of the cytostatic effects of mMTORC1
suppression with therapeutic implications.
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1. Introduction

Understanding control of G, cell cycle progression has central position in the search for
therapeutic options for cancer and other proliferative disorders. This is due to the finding
that a majority of the driver mutations in cancer cells are to genes that encode proteins
involved in the control of G cell cycle progression [1]. A key signaling node for the control
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of G4 cell cycle progression is the mammalian/mechanistic target of rapamycin (mTOR)
complex 1 (mTORC1). It has been suggested that signals that regulate mTOR are the most
commonly dysregulated signals in cancer [2, 3]. Although activating gain-of-function
mTOR mutations have been reported in human cancers [4], more commonly there are
mutations in genes encoding proteins that regulate mTOR activity. There are two key
downstream substrates of mMTORC1 — ribosomal subunit S6 kinase (S6K) and eukaryotic
initiation factor (elF4E) binding protein-1 (4E-BP1). Both S6K and 4E-BP1/elF4E have
been implicated in rapamycin-induced retardation of G4 cell cycle progression [5]. While the
phosphorylation of S6K by mTORCL is suppressed by conventional nano-molar doses of
rapamycin, 4E-BP1 phosphorylation is not generally affected at these lower concentrations
[6-8]. However, micro-molar concentrations of rapamycin do suppress phosphorylation of
4E-BP1 in MDA-MB-231 breast cancer cells, and it is at these higher doses that rapamycin
induces complete cell cycle arrest in these cells [7] — suggesting that suppression of 4E-BP1
phosphorylation is also important for complete G1 cell cycle arrest. The cell cycle arrest
induced by rapamycin was dependent on TGF-f signaling, which was elevated in response
to rapamycin [9-11]. However, stimulating TGF-f signals could be achieved with nano-
molar concentrations of rapamycin in MDA-MB-231 cells [10]. Thus, there is something in
addition to stimulating TGF-f signaling mediated by 4E-BP1/elFAE that is also responsible
for the complete G1 cell cycle arrest caused by inhibition of mMTORCL.

In this report, we provide evidence that suppression 4E-BP1 phosphorylation with
rapamycin is required for the suppression of Rb phosphorylation; and that it is the
suppression of Rb phosphorylation along with elevated TGF-f signals that causes complete
G1 arrest.

2. Materials and methods

2.1. Cells and cell culture conditions

The human cancer cell lines MDA-MB-231 and MCF-7 cells were obtained from the
American Tissue Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Sigma, Saint Louis, MO, D6429) supplemented with 10% Fetal
Bovine Serum (Sigma F4135).

2.2. Antibodies and reagents

The following antibodies were used: Cleaved PARP (9541), P-S6K 7389 (9205), S6K (9202),
P-4E-BP1T37/46 (9459), 4E-BP1 (9452), elFAE (9742), Smad2 (5339), Smad3 (9523),
Smad4 (9515), P-RbS780 (9307), Rb (9309), Cyclin D1 (2978) and a-Actin (8457) (Cell
Signaling); P-Smad25465/467(Millipore 04-953); p-Smad35423/425 (Abcam ab52903).
Negative control scrambled siRNA (Dharmacon), siRNAs targeted against S6K (sc-36165),
elF4E (sc-35284), Smad4 (sc-29484) and Rb (sc-29468) (Santa Cruz Biotechnology) were
purchased. Lipofectamine RNAiMax (Invitrogen, 56532) were used for transient
transfections. Rapamycin (R-5000) was obtained from LC Laboratories and the TGF-$
inhibitor SB-431542 (S4317) was obtained from Sigma.
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2.3. Western blot analysis

Extraction of proteins from cultured cells and Western blot analysis of extracted proteins
was performed using the ECL system (Thermo Scientific, 34080) as described previously [7,
12].

2.4. Transient transfections

Cells were plated in 6-well plates in medium containing 10% FBS. The next day (30%
confluence), transfections with siRNAs (100nM) 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.

2.5. Flow cytometric analysis

Cells were washed and trypsinized. The cell suspensions were recovered and resuspended in
the following fixing solution: 7 ml 1x phosphate buffer saline, 2% bovine serum albumin,
5mM EDTA, 0.1% NaN3. 3 ml of 100% ethanol was added drop wise. Fixed cells were
centrifuged, washed and then resuspended in 500ul sorting buffer: 1x phosphate buffered
saline, 0.1% Triton-X 100, 2% bovine serum albumin, 5mM EDTA, 40ug/ml propidium
iodide, 100pg/ml RNAse A, and incubated at 37C for 30 min. The cells were filtered
through 70 micrometer mesh to remove all cell aggregates. The DNA content was analyzed
by flow cytometry (FACSCalibur; Becton Dickinson), and percentages of cells within each
phase of the cell cycle was determined using Win Cycle software (Phoenix Flow Systems).

3. Results

3.1. Low dose of rapamycin and suppression of S6K elevate TGF-p signals

We previously reported that rapamycin caused a TGF-B-dependent G1 cell cycle arrest in
MDA-MB-231 [11]. We also demonstrated that while G1 cell cycle progression in MDA-
MB-231 breast cancer cells could be somewhat retarded by conventional nano-molar doses
of rapamycin, complete G1 arrest required micro-molar doses of rapamycin [7]. TGF-p
signaling is suppressed by mTORCL1 and therefore is activated in response to rapamycin
treatment [9, 13]. We therefore investigated the dose of rapamycin required to induce TGF-§
signaling in MDA-MB-231 cells. Following stimulation with TGF- 3, Smad2 and Smad3
become phosphorylated at carboxyl terminal serine residues (Ser465 and 467 on Smad2;
Ser423 and 425 on Smad3) by TGF- 3 receptor | [14]. As shown in Fig. 1A, the induction of
both Smad2 and Smad3 phosphorylation with rapamycin could be achieved between 20 and
200 nM in MDA-MB-231 cells. This induction correlated with the loss of S6K
phosphorylation. We therefore examined whether suppression of S6K expression could
elevate Smad phosphorylation. MDA-MB-231 cells were treated with siRNA directed
against S6K and the level of phosphorylated Smad3 was determined. As shown in Fig. 1B,
suppressing S6K expression, like rapamycin, elevated the level of phosphorylated Smad3.
These data demonstrate that suppression of S6K phosphorylation is sufficient to elevate
TGF-p signaling and establish a correlation between the suppression of S6K
phosphorylation and increased TGF-f signaling.
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3.2. High dose rapamycin inhibits Rb phosphorylation and suppresses cyclin D1

expression

While suppression of S6K phosphorylation is apparently sufficient to de-repress TGF-3
signaling, the low dose rapamycin treatments capable of suppressing S6K phosphorylation
are not sufficient to induce complete G1 cell cycle arrest in MDA-MB-231 cells [7]. TGF-B
suppresses G1 cell cycle progression by elevating the levels of p21 and p27 — factors that
suppresses cyclin E/cyclin-dependent kinase (CDK) 2 [15]. Rapamycin causes a late G1 cell
cycle arrest that occurs at a point in G1 that depends upon the phosphorylation of Rb by
cyclin D-CDKA4/6 and cyclin E-CDK2 [1, 16]. Since Rb phosphorylation is critical for late
G1 cell cycle progression, we examined the effect of rapamycin on Rb phosphorylation. As
shown in Fig. 2A, rapamycin inhibited Rb phosphorylation in MDA-MB-231. Importantly,
the effect required the micro-molar doses needed to suppress 4E-BP1 phosphorylation (Fig.
2B) [7]. The effect of rapamycin on 4E-BP1 phosphorylation was examined at 4 hr in Fig.
2B as opposed to the 24 hr time point used in Fig. 2A. This was due to a stronger effect of
rapamycin at the 4 hr time point for suppression of 4E-BP1, which becomes re-
phosphorylated at the 24 time point — an effect that we and others have observed previously
[8, 16]. These data reveal a correlation between suppression of Rb phosphorylation and the
complete G1 cell cycle arrest induced by micro-molar doses of rapamycin.

To further establish that the effect of rapamycin is due to inhibition of 4E-BP1
phosphorylation, we used an siRNA knockdown approach. The phosphorylation of 4E-BP1
by mTORCL1 results in the liberation of elF4E, which can then facilitate cap-dependent
translation of RNASs that encode proteins critical for cell cycle progression [17]. We
demonstrated previously that suppressing expression of both S6K and elF4E resulted in G1
cell cycle arrest [11]. To determine whether the phosphorylation of Rb stimulated by high
dose rapamycin was dependent on the inhibition of 4E-BP1 phosphorylation, we
investigated whether suppressing elFAE expression would suppress Rb phosphorylation. As
shown in Fig. 2C, suppressing elFAE expression with siRNA suppressed the
phosphorylation Rb in MDA-MB-231 cells. Suppression of S6K expression did not
significantly affect Rb phosphorylation. These data indicate that the suppression of Rb
phosphorylation by high dose rapamycin is due to inhibition of 4E-BP1 phosphorylation and
the consequent sequestration of elF4E.

Proud and colleagues [18] reported previously that regulation of cyclin D1 expression by
mTOR was mediated at the translational level and required elFAE as evidenced by the loss
of an effect of rapamycin when 4E-BP1 expression was suppressed. We therefore looked at
the dose response to rapamycin of cyclin D1 expression. As shown in Fig. 2D, rapamycin
suppressed cyclin D1 expression at micro-molar doses that correlated well with the
rapamycin dose needed to suppress the phosphorylation of Rb. These data further support
the hypothesis that the high dose rapamycin requirement for complete G1 arrest involves the
suppression of 4E-BP1 phosphorylation and the subsequent suppression of Rb
phosphorylation.
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3.3. MCF7 breast cancer cells display a greater sensitivity to rapamycin

The data in Figs. 1 and 2 reveal that different doses of rapamycin that suppress TGF-§
signals are at least an order of magnitude less than that needed to suppress Rb
phosphorylation and cyclin D1. This reflects the differential sensitivity of mMTORC1 to
rapamycin for different substrates — with S6K phosphorylation being sensitive to low nano-
molar concentrations, and 4E-BP1 needing micro-molar concentrations to suppress
phosphorylation [7]. We demonstrated previously that the difference was due to partial, as
opposed to complete, dissociation of mTOR from the substrate-recognizing mTORC1
subunit Raptor [7]. Another critical factor relating to rapamycin dose is that in different
cancer cell lines, different doses of rapamycin are required to suppress phosphorylation of
the same substrate. We previously reported that while suppression of S6K phosphorylation
in MDA-MB-231 required around 50 nano-molar rapamycin, whereas in MCF7 breast
cancer cells, S6K phosphorylation could be suppressed at 1 nano-molar [19]. This was due
to elevated levels of phospholipase D activity in MDA-MB-231 cells [19]. Phospholipase D
generates the metabolite phosphatidic acid, which interacts with and activates mTOR in a
manner that is competitive with rapamycin [20]. We therefore investigated the effect of
rapamycin on the parameters that control cell cycle progression in response to rapamycin in
MCFT7 cells. As shown in Fig. 3A, it can be seen that the levels of rapamycin needed to
suppress Smad2 and Smad3 phosphorylation were somewhat less than that needed to
suppress the phosphorylation of Smad2 and Smad3 in MDA-MB-231 cells (Fig. 1 and 2).
More significantly, Rb phosphorylation and cyclin D1 expression in MCF7 cells (Fig. 3A)
were sensitive to substantially lower doses of rapamycin than that needed in MDA-MB-231
cells (Fig. 2A). As with MDA-MB-231 cells long-term rapamycin treatment was less
effective at suppressing 4E-BP1 than was a 4-hr treatment. However, as shown, rapamycin
could suppress 4E-BP1 phosphorylation at the same dose that suppressed Rb
phosphorylation and cyclin D1 expression (Figs. 3A and 3B). Thus, while MCF7 cells are
more sensitive to rapamycin than MDA-MB-231 cells, they also display the differential
sensitivity to rapamycin for TGF-f signaling and Rb phosphorylation.

3.4. High dose rapamycin employs both TGF-B and Rb to cause G1 arrest

To further establish that the G1 cell cycle arrest caused by high dose rapamycin was due to
inhibition of both S6K and 4E-BP1 phosphorylation, we examined the effect of high dose
rapamycin on cell cycle progression in MDA-MB-231 cells where we suppressed TGF-
signaling along with suppression of Rb expression. As shown in Fig. 4A, high dose
rapamycin increased the percentage of cells in G1 as reported previously [7, 11]. Upon
phosphorylation, Smad2 or Smad3 combines with Smad4 and migrates to the nucleus where
it acts as a transcription factor [15]. We therefore suppressed the expression Smad4 along
with Rb using siRNAs. As shown in Fig. 4A, suppression of both Smad4 and Rb expression
did not significantly alter the percentage of cells in G1; however, under these conditions,
rapamycin was no longer able to increase the percentage of cells in G1. The same results
were obtained using SB-431542 (Fig. 4B), a compound that inhibits the TGF- receptor
[21]. The observation that under conditions where both TGF-f signals and Rb are
compromised rapamycin actually suppresses the percentage of cells in G1 is likely a
reflection that there is a higher percentage of cells in S-phase (not shown) — indicating that
rapamycin slows progression through S-phase in the absence of TGF-f signals and Rb.
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These data demonstrate that the ability of high dose rapamycin to arrest MDA-MB-231 cells
in G1 is dependent on both TGF-f and Rb.

We reported previously that in the absence of TGF-B, high dose rapamycin treatment results
in apoptotic cell death in MDA-MB-231 cells [7, 9, 11, 22]. As expected, rapamycin
induced cleavage of the caspase 3 substrate poly-ADP ribose polymerase (PARP) in MDA-
MB-231 cells that had been treated with siRNA for the co-Smad - Smad4. However, as
shown in Fig. 4C, the loss of both TGF-f signals and Rb did not result in apoptosis as
indicated by the lack of PARP cleavage, which was observed with the combination
rapamyecin and suppression of Smad4 expression. Apparently, the loss of Rb and the
concomitant release of E2F family transcription factors prevented the apoptosis observed
with rapamycin treatment in cells with defective TGF-f signaling.

4. Discussion

In this report, we have identified a missing factor in rapamycin-induced TGF-B-dependent
G1 cell cycle arrest. We previously reported that complete G1 cell cycle arrest in MDA-
MB-231 cells required high micro-molar doses of rapamycin, whereas low nano-molar
doses were sufficient for activating TGF-f signals [7, 11]. Rapamycin suppresses S6K
phosphorylation at nano-molar doses, however micro-molar doses are required for
suppression of 4E-BP1 phosphorylation. In this report, we have provided evidence that
complete G1 cell cycle arrest requires suppression of both S6K-dependent inhibition of
TGF-p signals and 4E-BP1-dependent suppression of Rb phosphorylation. While there are
other substrates of mTOR that are sensitive to the lower doses of rapamycin that could also
be involved, the higher doses appear to be restricted to suppressing phosphorylation of 4E-
BP1 and Rb.

The integration of TGF-B signals with Rb highlights the significance of cyclin D-CDK4/6
and cyclin E-CDK2, which phosphorylates Rb in late G1 to promote cell cycle progression
into S-phase [1]. Rb becomes hyper-phosphorylated by cyclin E/CDK2 and dissociates from
E2F family transcription factors allowing E2F to stimulate the expression of genes critical
for progression from G1 into S-phase [23, 24]. TGF- stimulates the expression of the cyclin
E-CDK2 inhibitors p21€iP1 and p27KiP1 [25]. Thus, in principle, elevating TGF-B could
suppress Rb phosphorylation. However, as shown in Fig. 2, nano-molar doses of rapamycin
could completely suppress S6K phosphorylation, but only partially inhibit Rb
phosphorylation. This is consistent with a previous report by Blenis and colleagues where
nano-molar doses of rapamycin slowed G1 progression, but did not arrest cells in G1 [5].
The high doses of rapamycin that completely block G1 cell cycle progression [7, 16] caused
a more significant drop in Rb phosphorylation that was dependent on suppression of 4E-BP1
phosphorylation, which results in the sequestration of elFAE. Thus, while de-repression of
TGF- signaling by low dose rapamycin is necessary for blocking G1 cell cycle progression,
suppression of elFAE, which requires higher doses of rapamycin, is also required. These data
indicate a more complex regulation of the cyclin E-CDK2 cell cycle checkpoint that involve
signal input to both TGF-f signals and Rb that involve cyclin D-CDK4/6 and cyclin E-
CDK2. This is shown schematically in Fig. 5.
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While it is not clear how elF4E contributes to the suppression of Rb phosphorylation, it was
reported that a constitutively active 4EBP-1, which suppresses elF4E, caused a cell cycle
arrest in MCF7 cells that correlated with decreased cyclin E-CDK?2 activity and increased
association of CDK2 with p27KiP1 [26]. It was also reported that rapamycin can suppress
cyclin D levels in a manner that could be reversed with suppression of 4E-BP1 — indicating
that the effects of rapamycin were mediated by suppression of 4E-BP1 phosphorylation [18].
While the concentrations of rapamycin used (100 nM) are not sufficient to suppress 4E-BP1
phosphorylation in most cells [7], the effect was only observed in MCF7 cells, which are
much more sensitive to rapamycin than most cell lines [19]. However, if mMTORC1 was
suppressed by amino acid withdrawal, which inhibited 4E-BP1 phosphorylation, then cyclin
D levels were reduced in HEK-293 cells that were resistant to 100 nM rapamycin [18]. Data
provided here (Figs. 2 and 3) show that cyclin D levels and Rb phoaphorylation were
sensitive to nano-molar levels of rapamycin in MCF7 cells (Fig. 3) and micro-molar levels
in MDA-MB-231 cells (Fig. 2).

Since cyclin D-CDK4/6 mono-phosphorylates Rb, which is required for the phosphorylation
of Rb by cyclin E/CDK2, [27] suppression of cyclin D levels would also suppress the ability
of cyclin E/CDK?2 to phosphorylate Rb. In that cyclin D-CDK4/6 complexes bind p27 and
prevent it from binding to cyclin E-CDK2 where it is inhibitory, [27] reduced cyclin D
levels could lead to elevated levels of p27 that could also contribute to the suppression of
cyclin E/CDK?2 activity. We demonstrated here that cyclin D1 levels were suppressed by
doses of rapamycin needed to suppress 4E-BP1 phosphorylation. Thus, it is likely that the
key effect of high dose rapamycin treatment on G1 cell cycle progression was to prevent
elF4E-dependent translation of cyclin D1 as was reported by Rosen and colleagues [28].
Consistent with this hypothesis, it was reported that rapamycin inhibited cyclin D1
expression at the level of translation [18, 28]. It is also of interest that rapamycin treatment
was associated with decreased cyclin D1 levels in rapamycin-sensitive cells but not in
rapamycin-resistant cells [29] — further supporting the importance of suppressing cyclin D1
for the efficacy of rapamycin as a suppressor of G1 cell cycle progression.

An intriguing finding here was that suppressing both TGF-3 signaling and Rb expression did
not result in cell death with high dose rapamycin treatment — as was observed with
suppression of TGF-f signaling alone [9]. This finding suggests that rapamycin-induced
suppression of Rb phosphorylation — and the sequestration of E2F family transcription
factors — is responsible for the cell death observed with the high dose rapamycin treatment
that inhibits 4E-BP1 phosphorylation. The data are consistent with a model whereby the lack
of TGF- signals allows cells to progress into S-phase, but with suppression of Rb
phosphorylation, expression of E2F is suppressed and the genes needed for S-phase are not
expressed. Since the cell cycle is not reversible at this point, the cells undergo apoptosis.
Thus, Rb-null cancer cells are not likely to be vulnerable to therapeutic strategies that target
mTOR.
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Abbreviations

4E-BP1 elF4E-binding protein-1
CDK cyclin-dependent kinase
elF4E eukaryotic initiation factor 4E
mTOR mammalian target of rapamycin
MTORC1 mTOR complex 1
S6K S6 kinase
TGF-B transforming growth factor-f3
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Fig. 1.

Low dose of rapamycin and suppression of S6K causes Smad phosphorylation. (A) MDA-
MB-231 cells were plated at a density of 400,000/60 mm dish in complete medium
containing 10% serum overnight. Cells were treated with rapamycin for 24 hrs at the
indicated doses. Cells were then harvested and the levels of P-Smad25465/467 Smad2, P-
Smad35423/425 smad3, P-S6K 7389 and S6K were determined by Western blot analysis. The
levels of P-Smad 2 and P-Smad 3 relative to the levels of Smad2 and Smad3 respectively
were determined by LI-COR-Image studio lite and normalized to the levels observed in the
absence of rapamycin treatment. (B) MDA-MB-231 cells were plated at a density of
300,000 in a 6 well plate in media containing 10% serum and no antibiotics overnight. Cells
were transfected with negative control siRNA or siRNA for S6K as indicated. Six hr later
the cells were shifted to regular media. 24 hr after transfection, cells were treated with
rapamycin (200 nM) where indicated. After another 24hr, the level of P-Smad3, Smad3, P-
S6K, S6K and actin were determined by Western blot analysis. All data are representative of
at least two independent experiments.

S6K
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Fig. 2.
High dose rapamycin inhibits Rb phosphorylation and suppresses cyclin D1 expression. (A)

MDA-MB-231 cells were plated as in Fig. 1A. Cells were then treated with rapamycin for
24 hr at the indicated doses. Cells were then harvested and the levels of P-RbS780, Rb, P-
Smad3, Smad3, P-S6KT389 and S6K were determined by Western blot analysis. The levels
of P-Smad3 relative to Smad3 and P-Rb to Rb were determined as in Fig. 1A. (B) MDA-
MB-231 cells were plated as in Fig. 1A. Cells were then treated with rapamycin with the
indicated doses for 4hr and the levels of P-4E-BP1737/46 and total 4E-BP1 was determined
by Western blot analysis. The levels of P-4E-BP1 relative to 4EBP1 were determined as in
(A). (C) MDA-MB-231 cells were plated as in Fig. 1B. Cells were transfected with negative
control siRNA, siRNA for elF4E or S6K as indicated. 6 hrs later the cells were shifted to
regular media. 48 hrs later, the level of P-Rb, Rb, elF4E, S6K and actin was determined by
Western blot analysis. (D) MDA-MB-231 cells were plated as in Fig. 1A. Cells were treated
with rapamycin for 24 hrs at indicated doses. Cells were then harvested and the levels of
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cyclin D1 and actin were determined by Western blot analysis. All data are representative of
at least two independent experiments.
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Fig. 3.
MCEF-7 cells display greater sensitivity to rapamycin. (A) MCF-7 cells were plated as in Fig.

1A. Cells were then treated with rapamycin for 24 hrs at indicated doses. Cells were then
harvested and the levels of P-Smad2, Smad2, P-Smad3, Smad3, P-S6K, S6K, P-Rb, Rb and
cyclin D1 were determined by Western blot analysis. All data are representative of at least
two independent experiments. (B) MCF-7 cells were plated as in Fig. 1A. Cells were then
treated with rapamycin with the indicated doses for 4hr and the levels of P-4EBP1T37/46 and
total 4EBP1 was determined by Western blot analysis. The levels of P-Smad2 and P-Smad3
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relative to the levels of Smad2 and Smad3 respectively and the levels of P-Rb relative to Rb
were determined as in Figs. 1 and 2.
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Fig. 4.
Rapamycin employs TGF-$ and Rb pathway to cause cell cycle arrest. (A) MDA-MB-231

cells were plated as in Fig. 1B. The cells were transfected with scrambled (Scram) siRNA,
siRNA for Rb or Smad4 as indicated. 6hrs later, the cells were shifted to a 10 cm dish
containing regular media. 24 hrs after transfection rapamycin (20uM) was added where
indicated. After an additional 48hrs the cells were collected for flow cytometry and Western
blot analysis. (B) MDA-MB-231 cells were plated as in Fig. 1B. The cells were transfected
with scrambled siRNA or siRNA for Rb where indicated. 6hrs later, the cells were shifted to
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10 cm dish containing regular media. 24 hrs after transfection rapamycin (20uM) or
SB-431542 (SB) (10uM) was added where indicated. After an additional 48hrs the cells
were collected for FACS and Western blot analysis. Error bars represent the standard
deviation for at least two independent experiments. (C) MDA-MB-231 cells were plated as
in Fig. 1B. Cells were transfected with negative control siRNA, siRNA for Smad4 or Rb as
indicated. 6 hrs later the cells were shifted to fresh regular media. 24 hrs after transfection,
cells were treated with rapamycin (20uM) where indicated. After another 18hr, the levels of
cleaved PARP (CI PARP), Smad4, Rb and actin were determined by Western blot analysis.
The data are representative of experiments repeated at least two times.
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Fig. 5.
Model for the differential effects of low and high dose rapamycin. (A) Low dose rapamycin

inhibits S6K and thereby up-regulates TGF-p signaling. Up regulation of TGF-f signaling is
insufficient to cause cell cycle arrest. (B) High dose rapamycin inhibits S6K and elF4E and
thus activates TGF-p signaling and Rb, both of which are required for causing cell cycle
arrest
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