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High-dose rapamycin induces apoptosis
in human cancer cells by dissociating mTOR
complex 1 and suppressing phosphorylation
of 4E-BP1
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mTOR, the mammalian target of rapamycin, has been widely implicated in signals that promote cell cycle progression and
survival in cancer cells. Rapamycin, which inhibits mTOR with high specificity, has consequently attracted much attention
asan anticancer therapeutic. Rapamycin suppresses phosphorylation of S6 kinase at nanomolar concentrations; however,
at higher micro-molar doses, rapamycin induces apoptosis in several human cancer cell lines. While much is known about
the effect of low-dose rapamycin treatment, the mechanistic basis for the apoptotic effects of high-dose rapamycin
treatment is not understood. We report here that the apoptotic effects of high-dose rapamycin treatment correlate with
suppressing phosphorylation of the mTOR complex 1 substrate, eukaryotic initiation factor 4E (elF4E) binding protein-1
(4E-BP1). Consistent with this observation, ablation of elF4E also resulted in apoptorsis in MDA-MB 231 breast cancer
cells. We also provide evidence that the differential dose effects of rapamycin are correlated with partial and complete
dissociation of Raptor from mTORC1 at low and high doses, respectively. In contrast with MDA-MB-231 cells, MCF-7 breast
cancer cells survived rapamycin-induced suppression of 4E-BP1 phosphorylation. We show that survival correlated with a
hyperphosphorylation of Akt at S473 at high rapamycin doses, the suppression of which conferred rapamycin sensitivity.
This study reveals that the apoptotic effect of rapamycin requires doses that completely dissociate Raptor from mTORC1

and suppress that phosphorylation of 4E-BP1 and inhibit elF4E.

Introduction

The mammalian target of rapamycin (mTOR) is an important
integrator of signals that sense nutrients and energy.! mTOR is
also critical for controlling cell cycle progression and survival
and is commonly activated by oncogenic alterations in human
cancer.” Consequently, there has been strong interest in targeting
mTOR as an anticancer therapeutic strategy.>* mTOR is inhib-
ited with high specificity by rapamycin; however, a confound-
ing aspect concerning the effect of rapamycin on mTOR is that
the concentrations of rapamycin required to suppress different
actions of mTOR can vary dramatically.”* mTOR exists in two
complexes, mMTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2), most commonly distinguished by their association
with the companion proteins Raptor and Rictor, but also by a
differential sensitivity to rapamycin. mTORCI is generally sensi-
tive to rapamycin, but mTORC2 is relatively resistant.” While
rapamycin suppresses phosphorylation of the mTORCI substrate
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apoptosis in several human cancer cell lines but at micro-molar
concentrations.”'"'? Virtually nothing is known about what the
high-dose rapamycin treatment is doing to cause apoptosis.
Rapamycin retards cell cycle progression,' which is consid-
ered the basis for its immune suppressive and anticancer prop-
erties. Thus, rapamycin has been referred to as a “cytostatic”
drug.”® The cytostatic effects of rapamycin and rapamycin ana-
logs (rapalogs) are likely due to the suppression of S6 kinase,
because these studies have used nano-molar concentrations that
suppress S6 kinase phosphorylation. Although mTORC2 is con-
sidered to be rapamycin-insensitive, conditions where rapamycin
suppresses mMTORC2 have been reported in references 6 and 8.
Thus, it is possible that the apoprotic effects of high-dose rapamy-
cin treatment are due to an effect on mTORC2, which has also
been implicated in cancer cell survival>'* Another plausible tar-
get is eukaryotic initiation factor 4E (eIF4E)-binding protein 1
(4E-BP1). Although 4E-BP1 is thought to be an mTORCI sub-
strate,' 4E-BP1 phosphorylation is insensitive to rapamycin at
doses up to 500 nM.!*">!¢ Sonenberg and colleagues recently

Volume 10 Issue 22



REPORT

A MDA-MB-231

T 100+
£
14

75+
e
g:
i 50+
2
®
o 254
14

0-

0 D 0.02 0.2 2 20

Rapamycin (uM)

B MCF-7

100+
754
254

0 D 0.02 0.2 2 20
Rapamycin (uM)

Relative->H-TdR Inc
3

C 60-

mmm MDA-MB 231
£ 501 CaMCF-7
[}

o
o 407
Ne]
S 30-
3
5 20-
4
X 10+

Rapa (uM) 0 D

D PARP

PARP
Cl. PARP

0.02

MCF-7

Rapa (uM) 0 D

reported that cell proliferation is controlled by 4E-BPs.”” Thus,
suppression of 4E-BP1 phosphorylation could be responsible for
the effects of high-dose rapamycin treatment.

We report here that the apoptotic effect of high-dose rapamy-
cin is due to the suppression of 4E-BP1 phosphorylation and the
subsequent sequestration and inhibition of eIF4E. Interestingly,
high-dose rapamycin treatment dramatically elevated Akt phos-
phorylation at $473 in MCEF-7 breast cancer cells, which sup-
presses the drug’s apoptotic effects. These data have significant
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Figure 1. Differential suppression of G, cell cycle progression and cell
viability by low- and high-dose rapamycin treatment. MDA-MB-231

(A) and MCF-7 (B) cells were plated at 50% confluence in a 10 cm dish
in complete medium containing 10% serum. After 24 h, the cells were
treated with nocodazole at 200 ng/ml for 16 h to block cells at mitosis.
At this point, mitotic cells were collected and plated in complete media
containing 10% serum. Four hr later, after the cells reattached, the
indicated concentrations of rapamycin or DMSO vehicle (D) were added
along with [*H]-thymidine (TdR) (1 nCi/ml). After 24 h, lysates were
collected, and the incorporated label was determined as described

in Material and Methods. Error bars represent the standard deviation
from three independent experiments. (C) MDA-MB-231 and MCF-7
cells were plated in regular (10% serum) medium. Twenty-four hours
later, at 90% confluence, cells were exposed to 0% serum and treated
with DMSO or rapamycin (Rapa) at indicated doses and harvested
after 24 h. Cell viability was determined as described in Materials and
Methods. (D) MDA-MB-231 cells were plated as in (A) and treated with
DMSO (D) or rapamycin at indicated doses and harvested after 4 h (the
4-h time point established from a time course at 20 WM rapamycin at
which strong induction of cleaved PARP was observed). Cell lysates
were collected and immunoblotted with PARP antibody. Data shown
are representative of experiments repeated at least two times.
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implications for the use of rapamycin, and other compounds that
suppress mT'OR, as an anticancer therapeutic agents.

Results

Differential effects of low and high-dose rapamycin treatment
on G, cell cycle progression and cell viability. We reported
previously that while high-dose rapamycin treatment induced
apoptosis in MDA-MB-231 cells in the absence of serum, in the
presence of serum, high-dose rapamycin treatment induced G,
cell cycle arrest.! Cell cycle arrest has been reported with low-
dose nano-molar concentrations of rapamycin;'®?' however, it
has been noted that rapamycin may only slow cell cycle progres-
sion through G, at the nano-molar concentrations used.'*'* We
therefore examined the rapamycin doses required to block G, cell
cycle progression of MDA-MB-231 cells and the less malignant
MCE-7 breast cancer cell line. Since MDA-MB-231 cells do not
arrest in G,/G, in response to serum withdrawal, we synchro-
nized the MDA-MB-231 and MCF-7 cells with nocodazole,
which reversibly arrests cells at mitosis.”> Mitotic cells were
collected and then monitored for progression into S phase by
uptake of [’H]-thymidine. Concentrations of rapamycin up to
200 nM slightly reduced the incorporation of [PH]-thymidine
in the MDA-MB-231 cells, but 20 M rapamycin dramatically
suppressed uptake of [°H]-thymidine (Fig. 1A). Progression of
the MCF-7 cells into S phase was more sensitive to nano-molar
levels of rapamycin, but, like the MDA-MB-231 cells, complete
G, arrest required 20 WM rapamycin (Fig. 1B). Thus, while
low nano-molar rapamycin concentrations retard G, cell cycle
progression, micro-molar concentrations caused a complete G,
arrest. These data reveal a specific effect of rapamycin that occurs
between 2 and 20 pM that results in complete G, arrest in the
presence of serum.

In contrast to the rapamycin-induced G, cell cycle arrest
observed in the presence of serum, we have previously noted that
in the absence of serum, high-dose rapamycin treatment causes
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apoptosis.'"'? To establish the precise concentrations needed to
induce apoptosis, dose curves were performed for the effect of
rapamycin on the viability of MDA-MB-231 and MCF-7 cells in
the absence of serum. As shown in Figure 1C, loss of cell viability
in the MDA-MB-231 cells occurred between 2 and 20 M, nota-
bly, the same concentration range that induced complete G, cell
cycle arrest in the presence of serum. A corresponding increase in
cleavage of the caspase 3 substrate poly-ADP-ribose polymerase
(PARP) was observed at 20 pM (Fig. 1D, indicating apoptotic
cell death. Surprisingly, the MCE-7 cells survived the rapamy-
cin treatment (Fig. 1C) and no PARP cleavage was observed
(Fig. 1D). Thus, compared with the MCEF-7 cells, MDA-MB-231
cells are less sensitive to low-dose rapamycin treatment with
regard to G, cell cycle progression but more sensitive to the apop-
totic effect of high-dose rapamycin treatment. These data further
establish a critical effect of rapamycin between 2 and 20 WM.

Differential rapamycin sensitivity of mTOR substrates in
MDA-MB-231 cells. We next examined the sensitivity of mTOR
substrates to rapamycin in MDA-MB-231 cells. As shown in
Figure 2A, S6 kinase phosphorylation at the mTORCI site at
T389 was sensitive to 20 nM rapamycin, significantly lower
than the concentration needed to induce apoptosis. Rapamycin
at 20 wM had no effect on the phosphorylation of Akt at the
mTORC2 site at S473, indicating that the apoptotic effect of
rapamycin was not likely due to suppression of mMTORC2. There
are four sites on 4E-BP1 that are phosphorylated in response
to the activation of mTORCI1: T37/T46, S65 and T70.%
Phosphorylation at all of these sites was sensitive to rapamycin;
however, there were profound differences in the doses needed to
suppress the different sites. Phosphorylation at T70 was sensitive
to doses of rapamycin that suppressed S6 kinase phosphoryla-
tion; however, phosphorylation of T37/46 and S65 were sensitive
to the doses that induced apoptosis. Thus, rapamycin induces
apoptosis at the same concentration that suppress 4E-BP1 phos-
phorylation, most significantly at T37/46 and S65.

It has been reported that nano-molar rapamycin concentra-
tions disrupt the association of mTOR with Raptor, a critical
component of the mTORCI complex.”* However, co-treatment
with a cross-linking reagent in lysis buffer maintained the
mTOR-Raptor association, suggesting that low-dose rapamycin
treatment weakens but does not abolish the association between
mTOR and Raptor. This finding suggests that low-dose rapamy-
cin treatment disrupts the structure of mTORCI sufficiently
to inhibit phosphorylation of S6 kinase, but not 4E-BP1. We
therefore examined the association of mTOR with Raptor in the
presence of low (200 nM) and high (20 wM) rapamycin doses
with and without cross-linking. As shown in Figure 2B, low-dose
rapamycin treatment partially dissociated mTOR from Raptor,
and as reported previously in references 6 and 24, the cross-
linking reagent reversed this effect and rescued the association
between mTOR and Raptor. In contrast, high-dose rapamycin
proved to irreversibly dissociate mTOR from Raptor, as cross-
linking failed to rescue the complex association. These data sug-
gest that the differential effects of high- and low-dose rapamycin
treatment on mTORCI is due to differential disruption of the
mTORCI complex where low doses loosely disrupt the structure
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of mTORCI, such that S6 kinase is no longer recognized as a
substrate, and high doses completely dissociate the complex such
that 4E-BP1 is no longer recognized. This is shown schematically
in Figure 2C.

Hyperphosphorylation of Akt at S473 suppresses rapamy-
cin-induced apoptosis. The sensitivity of mTOR substrate phos-
phorylation to rapamycin was also examined in the MCEF-7
cells, which did not undergo apoptosis in response to high-
dose rapamycin but did arrest in G,. As shown in Figure 3A,
rapamycin suppressed the phosphorylation of S6 kinase at nano-
molar doses and 4E-BP1 at micro-molar doses in MCF-7 cells
as was observed in the MDA-MB-231 cells. Thus, while high-
dose rapamycin treatment also suppressed the 4E-BP1 phos-
phorylation in the MCEF-7 cells, this treatment did not induce
apoptosis. Interestingly, there was a substantial increase in the
phosphorylation of Akt at S473 observed between 2 and 20 uM
rapamycin (Fig. 3A). A modest increase in Akt phosphorylation
was observed with nano-molar doses of rapamycin as has been
reported previously in references 25-27. However, at 20 uM
rapamycin, there was dramatic hyperphosphorylation of Akt at
S473 in the MCEF-7 cells. Since Akt phosphorylation at $473 has
been implicated in survival signaling,”® we examined whether
suppression of Akt phosphorylation sensitized the MCF-7 cells
to high-dose rapamycin. Phosphorylation of Akt at S473 is
dependent on phosphatidylinositol-3-kinase.”® Treatment with
the phosphatidylinositol-3-kinase inhibitor wortmannin sup-
pressed Akt phosphorylation at S473 and sensitized the MCE-7
cells to high-dose rapamycin, which now induced PARP cleavage
(Fig. 3B). These data indicate that the hyperphosphorylation of
Akt in MCE-7 cells protects against the apoptotic effects of high-
dose rapamycin.

If MCE-7 cells are surviving the high-dose rapamycin by
increasing Akt phosphorylation at S473, then catalytic mTOR
inhibitors,** which inhibit both mTORCI and mTORC?2, the
kinase that phosphorylates Akt at S473, should induce apoptosis
in the MCF-7 cells. As shown in Figure 3C, the catalytic mTOR
inhibitor AZD8055 induced PARP cleavage in the MCE-7
cells,?® providing further evidence that the hyperphosphorylation
of Akt at S473 was responsible for the resistance to the high-dose
rapamycin treatment.

Next, we examined whether inducing Akt phosphorylation
could desensitize MDA-MB-231 cells to high-dose rapamycin
treatment. We previously reported that insulin stimulates Akt
phosphorylation at S473 in these cells. As shown in Figure 3D,
insulin treatment caused transient stimulation of Akt phosphory-
lation, which completely abolished PARP cleavage induced by
high-dose rapamycin treatment. Collectively, these data reveal
that stimulating Akt phosphorylation at S473 prevents rapaym-
cin-induced apoptosis.

Suppression of elF4E expression leads to apoptosis. Upon
phosphorylation of 4E-BP1 by mTORCI, eIF4E dissociates and
facilitates translation of RNAs encoding proteins involved in
cell cycle progression.®"3* Therefore, if suppressed 4E-BP1 phos-
phorylation induces apoptosis, then ablation of eIF4E expres-
sion should mimic the effect of high-dose rapamycin treatment.
siRNAs targeted against S6 kinase, 4E-BP1 and eIF4E were
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Figure 2. Differential rapamycin sensitivity of mTOR substrates in MDA-MB-231 cells. (A) MDA-MB-231 cells were plated in regular medium. Twenty-
four hours later, at 90% confluence, cells were exposed to 0% serum and treated with DMSO (D) or rapamycin (Rapa) at the indicated concentrations
for 4 h. Cells were harvested and lysates were immunoblotted with the indicated antibodies. (B) Cells were plated as in (A) exposed to 0% serum and
treated with indicated rapamycin concentrations for 4 h. Cells were harvested and then lysed in the absence or presence of DSP cross-linking reagent
and immunoprecipitated with mTOR. The immunoprecipitates were then subjected to protein gel blot analysis using either mTOR or Raptor antibody.
The data shown are representative of experiments repeated at least two times. (C) A model for the differential sensitivity of mTORC1 substrate phos-

introduced into the MDA-MB-231 cells, which were then exam-
ined for PARP cleavage. As shown in Figure 4A, a substantial
increase in PARDP cleavage and loss of cell viability was observed
with elF4E ablation but not with S6 kinase or 4E-BP1 ablation.
These data further support a model whereby the apoptotic effect
of high-dose rapamycin is due to suppression 4E-BP1 phosphory-
lation and subsequent inhibition of eIF4E.

We also examined the effect of suppressing eIF4E in the
MCE-7 cells. In contrast with MDA-MB-231 cells, suppression
of eIF4E did not significantly increase PARP cleavage or reduce
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cell viability (Fig. 4B). However, if MCF-7 cells were treated
with wortmannin to suppress phosphorylation of Akt at S473,
then a substantial increase in PARP cleavage and loss of cell via-
bility was observed in the elF4E-ablated cells (Fig. 4B). These
data reinforce the observation that the MCF-7 cells are resistant
to the suppression of 4E-BP1 phosphorylation by rapamycin and
that this resistance is due at least in part to a feedback activation
of Akt

Since, itappeared that the apoptotic effect of high-dose rapamy-
cin treatment is due to sequestration elF4E by unphosphorylated
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Figure 3. Phosphorylation of Akt at suppresses rapamycin-induced apoptosis. (A) MCF-7 cells were plated and treated as in Figure 2A. Cells were
harvested, and lysates were immunoblotted with the indicated antibodies. (B) MCF-7 cells plated as in (A) and treated in 0% serum with DMSO (D),
wortmannin (Wort) (1 wM) or rapamycin (Rapa) (20 M) for 4 h. Cell lysates were then immunoblotted with the indicated antibodies. (C) MCF-7 were
prepared as in (A) and then treated with 500 nM wM AZD8055 for the indicated times. The cells were harvested at the indicated times, lysates were
then prepared and immunoblotted with the indicated antibodies. (D) MDA-MB 231 were plated as in (A) and treated in 0% serum with insulin or
rapamcyin (20 wM) for indicated times. Cell lysates were immunoblotted with the indicated antibodies. All data are representative of at least two

4E-BP1, we reasoned that suppressing 4E-BP1 expression would
desensitize the cells to high-dose rapamycin because there would
be no 4E-BP1 to bind elF4E. We therefore examined the effect
of 20 WM rapamycin on cell viability on MDA-MB-231 cells
treated with siRNA targeted for 4E-BP1. As shown in Figure 4C,
MDA-MB-231 cells treated with a control siRNA were sensitive
to 20 pM rapamycin. However, cells treated with siRNA for
4E-BP1 were resistant to 20 WM rapamycin. These data further
support the hypothesis that the effects of high-dose rapamycin are
due to the suppression of 4E-BP1 phosphorylation and the sup-
pression of elF4E. Importantly, this result also establishes that the
apoptotic effect of high-dose rapamycin treatment is not a non-
specific effect of high-dose rapamycin on another cellular protein.

Discussion
In this study, we investigated the effect of cytotoxic doses of

rapamycin on mTOR substrates. A clear correlation emerged
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between the induction of apoptosis and the suppression of
4E-BP1 phosphorylation at T37/46 and S65. Suppression of
4E-BP1 phosphorylation results in the sequestration of eIF4E by
unphosphorylated 4E-BP1,” and consistent with these findings,
ablation of eIF4E expression resulted in apoptotic cell death.
Thus, rapamycin-induced apoptosis appears to be a direct result
of suppressing 4E-BP1 phosphorylation by mTORCI and the
indirect result of inactivating elF4E. The finding that suppres-
sion of 4E-BP1 phosphorylation by high-dose rapamycin treat-
ment is responsible for the observed apoptosis is consistent with
reports implicating elF4E in cell proliferation and oncogenic
transformation.””%3%% Significantly, phosphorylated 4E-BP1 is
also associated with poor patient survival in melanoma.*” Thus,
data provided here are consistent with an emerging paradigm
that mTOR survival signals are mediated by the phosphoryla-
tion of 4E-BP1 and the subsequent release of eIF4E. These data
have important implications for the many ongoing clinical trials
involving rapamycin and the targeting of mTOR.
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Figure 4. Suppression of elF4E expression leads to apoptosis. (A) MDA-MB-231 cells were transfected at 50% confluence with negative control siRNA
or siRNA targeted for S6 kinase, 4E-BP1 or elF4. 48 h later,immunoblotting was used to analyze the indicated proteins. The percentage of non-viable
cells was determined at 48 h as described in Materials and Methods. (B) MCF-7 cells were transfected with indicated siRNAs as in (A). Cells were evalu-
ated for the indicated proteins and phosphoproteins and cell viability at 48 h. Wortmannin (1 uM) was added where indicated 24 h prior to evaluating
cell viability and 4 h prior to evaluating protein levels and PARP cleavage. (C) MDA-MB-231 cells were either transfected at 50% confluence with nega-
tive control siRNA or siRNA targeted for 4E-BP1. Cells were treated with rapamycin (Rapa) (20 M) for 4 h for PARP cleavage and 24 h for cell viability. All

Clinical trials with rapamycin or rapalogs have been largely
disappointing.>* In general, rapamycin has been considered
a cytostatic, rather than cytotoxic compound,” which may
explain the limited response in clinical trials. However, doses of

rapamycin that suppress 4E-BP1 phosphorylation are, in fact,
cytotoxic and induce apoptosis, at least in the absence of serum.'!
In the presence of serum, low-dose rapamycin treatment only
retarded cell cycle progression, whereas high-dose rapamycin
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treatment was required to cause complete G, cell cycle arrest.
The efficacy of rapamycin-based strategies in clinical trials is
commonly evaluated by effective suppression of S6 kinase. 4>
The study presented here indicates that 4E-BP1 phosphorylation
would be a better indicator of drug efficacy. It is widely believed
that phosphorylation of 4E-BP1 is not inhibited by rapamycin;
however, as shown here, 4E-BP1 phosphorylation is suppressed
by rapamycin, but requires higher doses than are required to sup-
press phosphorylation of S6 kinase. The question as to whether
levels of rapamycin or rapalogs that suppress 4E-BP1 phosphory-
lation at T37/46 can be achieved with tolerated toxicity has not
been evaluated.

The differential effects of low- and high-dose rapamycin treat-
ment were apparently due to the partial vs. complete dissociation
of mTOR and Raptor. Low-dose rapamycin treatment reduced
association between mTOR and Raptor, but if a cross-linking
reagent was added during cell lysis, Raptor remained associated
with mTOR. The conclusion was that mTOR was able to phos-
phorylate 4E-BP1, but not S6 kinase, at the low dosage where
Raptor is still weakly associated with mTOR. However, at high
dosage, the lack of any Raptor associated with mTOR prevents
phosphorylation of 4E-BP1 (Fig. 2C). This model is conceptu-
ally similar to one recently proposed based on a structural analy-
sis of mMTORC1.* In this study, prolonged treatment (2 h) with
100 nM rapamycin suppressed the phosphorylation of 4E-BP1
by purified mTORCI at T37/46 in vitro, whereas S6 kinase
phosphorylation was suppressed after a 5 min treatment. Their
conclusion was similar to ours, whereby the short-term treatment
resulted in partial disruption of the mTORCI complex and pre-
vented phosphorylation of S6 kinase, and long-term treatment
completely disrupted the complex such that 4E-BP1 did not get
phosphorylated. Longer-term treatment with intact cells, at least
over the 2 h time course used for the in vitro study, is not suf-
ficient to break down the mTOR complex in vivo. This could
be due to different effective concentrations of rapamycin when
it is administered to intact cells. However, the principle is the
same in both studies, that mMTORCI can be partially disrupted
by rapamycin such that S6 kinase is no longer a substrate, yet
4E-BP1 still gets phosphorylated.

MCEF-7 cells have a more benign phenotype than the
MDA-MB-231 cells and retain differentiated epithelial cell char-
acteristics. These cells were not killed by high-dose rapamycin
treatment even though 4E-BP1 phosphorylation was suppressed.
Significantly, the high-dose rapamycin treatment induced hyper-
phosphorylation of Akt at S473, substantially higher than that
observed at the nano-molar concentrations as reported previously
in references 25-27. MCEF-7 cells were sensitized to rapamycin
treatment upon suppression of Akt phosphorylation. Similarly,
stimulation of Akt phosphorylation in MDA-MB-231 cells
resulted in resistance to high-dose rapamycin treatment. It is
possible that normal and less malignant cells like MCF-7 cells
could be protected from high-dose rapamycin treatments by vir-
tue of elevated Akt phosphorylation. A clinical trial for everoli-
mus revealed an increase in the phosphorylation of Akt at $473
observed in 50% of the tumors.* It was not apparent how this
impacted on the effect of everolimus; however, there could be
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interesting differences in the effect of the rapalogs in cells where
Akt phosphorylation is elevated.

Rapamycin-based therapeutic strategies are problematic
because of the relative resistance to rapamycin of mMTORC2 and
the phosphorylation of 4E-BP1 by mTORCI1.® Consequently,
there has been strong interest in catalytic inhibitors of mTOR
that target both mTORC1 and mTORC2 ** and suppress phos-
phorylation of S6 kinase, 4E-BP1 and Akt at S473 with equal
efficiency.”® Elevated Akt phosphorylation protected the more
benign MCE-7 cells from the apoptotic effect of high-dose
rapamycin. As shown here, a catalytic mTOR inhibitor was able
to induce apoptosis in the MCF-7 cells. Thus, while the catalytic
inhibitors kill cancer cells with elevated Akt phosphorylation,
this class of inhibitor may also be more toxic to normal cells. In
this regard, rapamycin may be advantageous because of its selec-
tive inhibition of mMTORCI.

The high doses of rapamycin needed to suppress 4E-BP1
phosphorylation in cultured cells reported here are not likely to
be achieved in clinical trials. This is because maximum toler-
ated doses or rapamycin result in nano-molar levels of the drug in
plasma.?” Thus, delivering an effective dosage capable of inducing
the apoptotic effects observed here would require a vehicle that
targets tumors with high specificity. One possible strategy would
be to tag rapamycin with glucose, which is taken up preferen-
tially by most cancer cells due to an altered metabolism known
as the Warburg effect.*® This strategy has been used previously to
enhance the uptake of a photodynamic therapeutic agent into can-
cer cells.” With such a strategy, tolerable levels of rapamycin could
result in the delivery of higher toxic levels to tumor. This strategy
could also result in additional benefits conferred by the low-dose
treatments that have been implicated prolonging lifespan.*®°
Although the low-dose rapamycin treatments are not likely to kill
the cancer cells or significantly block cell cycle progression, the
low doses have been able to sensitize cancer cells to other treat-
ments.”'* Thus, the current low-dose strategies may still be of
value in combination with other chemotherapeutic agents.

In summary, the effects of rapamycin on cancer cells have
been have been difficult to evaluate because of differential effects
observed in different cancer cells and the varying concentrations
needed to suppress different downstream targets of mTOR. In
this study, we have revealed that the cytotoxic effect of high-
dose rapamycin treatment is due to the complete dissociation of
mTOR from Raptor, which results in the inhibition of 4E-BP1
phosphorylation. We also show that rapamycin-resistance can
be achieved by hyperphosphorylation of Akt at the mTORC2
site at S473. These complex responses to rapamycin reveal both
problems and opportunities for targeting mTOR, which has been
implicated in the signals that promote cell cycle progression and
survival in human cancers.

Materials and Methods
Cells, cell culture conditions and cell viability. The human can-
cer cell lines MDA-MB-231 and MCF-7 cells were obtained from

the American Tissue Type Culture Collection (ATCC) and cul-
tured in Dulbecco’s modified Eagle medium (DMEM) (Sigma)
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supplemented with 10% Fetal Bovine Serum (Sigma). Cell via-
bility was determined by trypan blue exclusion or by counting
viable attached cells. For trypan blue exclusion, cells were har-
vested, washed and treated with trypan blue at a concentration
of 0.4% v/v. After 5 min, trypan blue uptake (dead cells) was
scored using a hemocytometer. Cell viability was also determined
by counting adherent cells 24 h after treatment using a hemacy-
tometer or Coulter counter.

Antibodies and reagents. The following antibodies were
used: PARP, cleaved PARP, p-S6 kinase T389, S6 kinase,
p-4E-BP1 T37/46, p-4E-BP1 SG5, p-4E-BP1 T70, 4E-BPI,
p-Ake S473, Akt (Cell Signaling); a-actin (Sigma); eIF4E (Santa
Cruz Biotechnology). Negative control siRNA (Dharmacon),
siRNAs targeted against S6 kinase, 4E-BP1 and eIF4E (Santa
Cruz Biotechnology) were purchased. Lipofectamine RNAiMax
(Invitrogen) was used for transient transfections. Rapamycin and
wortmannin were obtained from Calbiochem, and insulin was
purchased from Sigma. [PH]-thymidine was from Perkin Elmer
and the catalytic mTOR inhibitor AZD8055 was from Axon
Medchem.

Protein gel blot analysis. Extraction of proteins from cultured
cells and protein gel blot analysis of extracted proteins was per-
formed using the ECL system (Amersham) as described previ-
ously in reference 6.

Transient transfections. Cells were plated in 6-well plates
in medium containing 10% FBS. The next day (50% conflu-
ence), transfections with siRNAs (75 nM) in Lipofectamine
RNAIMAX were performed. After 6 h, reagents were replaced
with fresh 10% FBS, and cells were allowed to incubate for an

additional 48 h.

Cross-linking assay and immunoprecipitation. The cross-
linking of mTOR with Raptor dithiobis(succinimidyl) propio-
nate (DSP) (Sigma) and co-immunoprecipitation was performed
as described previously in reference 6. Quantitative changes
in protein levels were analyzed by densitometry using Image-J
software.

Cell cycle synchronization and progression. Cell cycle pro-
gression under different concentrations of rapamycin was stud-
ied using thymidine incorporation assay. Cells were plated,
synchronized in M phase using nocodazole (Sigma) and then
treated with the indicated concentration of rapamycin along with
[PH]-thymidine (1 mCi/ml, 20 Ci/mMole) (Perkin Elmer) label
as described in the figure legend. Twenty-four hours later, the
cells were washed twice with PBS and then precipitated twice
with 10% trichloroacetic acid. The precipitates were solubilized
in 0.5 ml of 0.5% SDS/0.5 M NaOH solution. The extent of
thymidine incorporation was quantified using 75 pl of sample
and 3 ml of scintillation fluid.
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