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Mutations in genes encoding regulators of mTOR, the mammalian target of rapamycin, commonly provide survival
signals in cancer cells. Rapamycin and analogs of rapamycin have been used with limited success in clinical trials to
target mTOR-dependent survival signals in a variety of human cancers. Suppression of mTOR predominantly causes G1
cell cycle arrest, which likely contributes to the ineffectiveness of rapamycin-based therapeutic strategies. While
rapamycin causes the accumulation of cells in G1, its effect in other cell cycle phases remains largely unexplored. We
report here that when synchronized MDA-MB-231 breast cancer cells are allowed to progress into S-phase from
G1, rapamycin activates the apoptotic machinery with a concomitant increase in cell death. In Calu-1 lung cancer cells,
rapamycin induced a feedback increase in Akt phosphorylation at Ser473 in S-phase that mitigated rapamycin-induced
apoptosis. However, sensitivity to rapamycin in S-phase could be reestablished if Akt phosphorylation was suppressed.
We recently reported that glutamine (Gln) deprivation causes K-Ras mutant cancer cells to aberrantly arrest primarily in
S-phase. Consistent with observed sensitivity of S-phase cells to rapamycin, interfering with Gln utilization sensitized
both MDA-MB-231 and Calu-1 K-Ras mutant cancer cells to the apoptotic effect of rapamycin. Importantly, rapamycin
induced substantially higher levels of cell death upon Gln depletion than that observed in cancer cells that were
allowed to progress through S-phase after being synchronized in G1. We postulate that exploiting metabolic
vulnerabilities in cancer cells such as S-phase arrest observed with K-Ras-driven cancer cells deprived of Gln, could be of
great therapeutic potential.

Introduction

mTOR – the mammalian target of rapamycin, plays a key role
in the control of cell proliferation. mTOR is responsive to the
presence of both growth factors that instruct a cell to divide; and
nutrients that instruct as to whether there is sufficient raw mate-
rial for the cell to double its mass and divide. Hence, it has been
proposed that mTOR integrates growth factor and nutrient cues
to control cell cycle progression and proliferation.1,2 Given this
central role in cell proliferation, it is of no surprise that mTOR is
active in what may be most human cancers.3,4 In addition to its
role as an integrator of growth factor and nutrient signals,
mTOR suppresses apoptotic programs that represent what is
likely the first line of defense against cancer; and thusly, mTOR
signals have commonly been referred to as cancer cell survival sig-
nals.1,5 The role that mTOR plays in promoting cancer cell sur-
vival has generated strong interest in targeting mTOR in order to

reverse the survival effect of mTOR and induce apoptosis. There
have been a large number of clinical trials involving rapamycin or
more commonly rapamycin analogs (rapalogs). Although there
has been some modest improvement with renal cancers, the
impact of rapalogs has been largely disappointing.6

We reported previously that rapamycin at high doses induces
apoptosis in several human cancer cell lines in the absence, but
not in the presence of serum.7 The factor in serum that protected
the cells from the apoptotic effect of rapamycin was TGF-b.
Rapamycin treatment elevated TGF-b signals leading to G1

arrest, which in combination with suppression of Rb phosphory-
lation prevented apoptosis.7,8 Cancer cells with defective TGF-b
signals could be killed by rapamycin in the presence of serum/
TGF-b.7,9 This led us to speculate that if cells progressed past a
late G1 mTOR-dependent checkpoint,10 then once in S-phase,
the suppression of mTOR signals would trigger default apoptotic
programs.11
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An under-appreciated aspect of rapamycin treatment is the
different doses needed to suppress the phosphorylation of differ-
ent substrates of mTOR. mTOR exists in 2 complexes – mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2).
mTORC2 is largely resistant to rapamycin, however prolonged
rapamycin has been shown to suppress mTORC2 in some cancer
cell lines.12 mTORC2 can also be suppressed with short-term
treatment by suppressing the level of the co-activator phospha-
tidic acid,13 which binds mTOR in a manner that is competitive
with rapamycin.14,15 The effect of rapamycin on mTORC1 sub-
strates varies in that there are substantial differences in the doses
needed for different substrates. Phosphorylation of ribosomal
subunit S6 kinase (S6K) is suppressed in the nano-molar range;
whereas, suppression of phosphorylation of eukaryotic initiation
factor 4E (eIF4E)-binding protein 1 (4E-BP1) requires micro-
molar doses.16,17 This is an important point in that micro-molar
doses are required to induce apoptosis.7,16 When 4E-BP1 is
phosphorylated, it dissociates from eIF4E and eIF4E can then
initiate cap-dependent translation.18 The key factor for rapamy-
cin-induced apoptosis in MDA-MB-231 breast cancer cells is
eIF4E. Knockdown of 4E-BP1, which liberates eIF4E prevented
the apoptotic effect of rapamycin,16 and knockdown of eIF4E
was sufficient to induce apoptosis in MDA-MB-231 cells.17

In this report, we have investigated the apparent cell cycle spec-
ificity for the apoptotic effects of rapamycin. We have determined
that the apoptotic programs activated by rapamycin occur specifi-
cally after cells have passed through G1 into S-phase. The

apoptotic effect of rapamycin was substantially enhanced if the
cancer cells were arrested in S-phase. This could be especially
important for K-Ras driven cancer cells because they bypassed a
glutamine (Gln)-dependent G1 cell cycle checkpoint and arrested
in S-phase when Gln utilization was suppressed. Thus, K-Ras-
driven cancers may be susceptible to strategies that involve inter-
fering with Gln utilization in combination with suppression of
mTOR.

Results

G1 cell cycle progression into S-phase for MDA-MB-231
and Calu-1 cells

We previously reported that in the absence of TGF-b, many
human cancer lines are killed by rapamycin.7,9,16,17 In the presence
of TGF-b, rather than killing the cancer cells, rapamycin treatment
had a cytostatic effect and these cells arrested in late G1.

7,8,10 This
led us to propose that rapamycin preferentially killed cancer cells
that passed through G1 and entered S-phase.11 We reported
recently that Ras-driven cancer cells are more sensitive to treatments
that target cells that have entered S-phase.19We chose to investigate
2 K-Ras-driven cancer cells – MDA-MB-231 breast and Calu-1
lung cancer cells, which we have used previously to address the vul-
nerability of Ras-driven cancer cells that had entered S-phase.19,20

We wanted to establish a G1 or G0 cell cycle arrest that was
upstream from the late G1 site where rapamycin arrests cells.10

Using serum withdrawal to arrest cancer
cells in G0 is problematic because most
cancer cells have acquired a mutation –
such as Ras, which permits passage
through the growth factor-dependent
restriction point.21 We therefore arrested
the cancer cells with lovastatin, which
causes G1 cell cycle arrest in both normal
and cancer cells.22,23 Lovastatin arrests
cells relatively early in G1 and the arrest
can be overcome with mevalonic acid.
MDA-MB-231 and Calu-1 cells were
treated lovastatin for 36 or 48 hr respec-
tively. The G1 arrested cells were then
released from cell cycle arrest by placing
in fresh medium containing mevalonic
acid. Mevalonic acid is the product of
b-hydroxy-b-methylglutaryl-CoA (HM
G-CoA) reductase – the target of lova-
statin and the rate-limiting step in choles-
terol biosynthesis.24 As shown in
Figure 1A, treatment of asynchronous
MDA-MB-231 and Calu-1 cells with
lovastatin resulted in a shift to a predomi-
nantly G1 population of cells. Upon
changing to fresh medium containing
mevalonic acid to release from the lova-
statin-induced G1 arrest, there was a shift
to a predominantly S-phase population

Figure 1. Cell cycle progression from G1 into S-phase for MDA-MB-231 and Calu-1 cells. (A) MDA-MB-
231 breast cancer cells and Calu-1 lung cancer cells were plated at 30% confluence in medium con-
taining 10% serum. After 24 hours, cells were synchronized using lovastatin as described in Materials
and Methods. Upon release from G1 block, cells were collected at indicated time points and analyzed
for cell cycle distribution by measuring DNA content using flow cytometry. Error bars represent the
standard deviation for experiments repeated at least 3 times. (B) Western blot analysis performed to
determine the levels of cyclin A, and actin. These data shown are representative of experiments
repeated at least 3 times.
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of cells between 22 and 24 hr (Fig. 1A).
We also examined the level of cyclin A,
which is elevated as cells enter S-phase25

during the transition from lovastatin arrest
in G1 to S-phase. As shown in Figure 1B,
there was an increase in cyclin A levels that
correlated with an increased population of
S-phase cells. Thus, lovastatin induces G1

arrest in both MDA-MB-231 and Calu-1
cells, and upon restoring fresh medium
containing mevalonic acid, the cells pro-
ceed to S-phase. Given that the time course
was longer than the time required for pro-
gressing from mitosis to S, there is clearly a
recovery period needed to reprogram pro-
gression into S-phase.

mTOR inhibition by rapamycin
enhances apoptosis in S phase of the cell
cycle in MDA-MB-231 cells but not in
Calu-1 cells

Having established a time course for
progression from lovastatin-induced G1

arrest to S-phase, we next investigated the
ability of rapamycin to induce apoptosis
in G1 relative to S-phase. We previously
reported that high (20 mM) doses of
rapamycin that suppress phosphorylation
of 4E-BP1 were required for rapamycin-
induced apoptosis.16,17 MDA-MB-231
(Fig. 2A) and Calu-1 (Fig. 2B) cells were
arrested in G1 with lovastatin as in
Figure 1 and then released with fresh
medium containing mevalonic acid.
Upon release from lovastatin block, rapa-
mycin was added at the times indicated.
Twenty-four hr after addition of rapamy-
cin, cells were collected and the levels of
cleaved PARP were evaluated. At 22 hr
after release when the cells were entering
S-phase, there was an increase in PARP
cleavage with rapamycin in MDA-MB-
231 cells (Fig. 2A), but not in Calu-1
cells (Fig. 2B). Cell viability correlated with the levels of PARP
cleavage induced by rapamycin for both the MDA-MB-231 and
Calu-1 cells (Fig. 2C). The Calu-1 cells survived even though
phosphorylation of 4E-BP1 was inhibited by rapamycin
(Fig. 2B). Thus, rapamycin, at doses that suppress 4E-BP1 phos-
phorylation, induced PARP cleavage in MDA-MB-231 cells
when they entered S-phase, whereas Calu-1 cells were resistant to
the apoptotic effects of rapamycin.

Combined inhibition of mTORC1 and Akt phosphorylation
induces PARP cleavage in Calu-1 cells

The data in Figure 2 reveal that while rapamycin induced an
apoptotic program in MDA-MB-231 cells in S-phase, Calu-1

cells were resistant to this treatment. We reported previously that
elevated Akt phosphorylation at Ser473 can suppress rapamycin-
induced apoptosis in pancreatic cancer cells9. Previous reports
have indicated that inhibition of mTORC1 with rapamycin ele-
vates Akt phosphorylation in some cancer cells including Calu-
1.26,27 Since activation of Akt is well known to confer survival in
cancer cells,28,29 we investigated the effect of suppressing Akt
phosphorylation at Ser473, along with mTORC1 inhibition in
Calu-1 cells. To determine whether elevated Akt phosphorylation
was responsible for the lack of apoptosis seen in S-phase Calu-1
cells treated with rapamycin, we investigated the effect of rapa-
mycin in combination with the phosphatidylinositol-3-kinase
(PI3K) inhibitor LY294002, which suppresses AKt

Figure 2.mTOR inhibition by rapamycin enhances apoptosis in S-phase of the cell cycle in MDA-MB-
231 cells but not in Calu-1 cells. MDA-MB-231 (A) and Calu-1 (B) cells were synchronized in G1 phase
of the cell cycle using lovastatin as in Figure 1. Upon release from G1 block, rapamycin (20mM) was
added at indicated time points. After 24 hours, cells were collected and Western blot analysis was
performed for cleaved PARP (Cl¡PARP), P-4E-BP1T37/46, 4E-BP1, and actin. These data shown are rep-
resentative of experiments repeated at least 3 times. (C) MDA-MB-231 and Calu-1 cells were syn-
chronized using lovastatin as in A and B. Upon release from G1 block, the cells were treated with
rapamycin at 12 and 24 hr. Cells were collected 24 hr later and cell viability assays were performed
using trypan blue exclusion as described in Materials and Methods. Error bars represent the stan-
dard deviation for experiment at least repeated 3 times.
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phosphorylation.9 Calu-1 cells were arrested in G1 with lova-
statin and then released with fresh medium containing mevalonic
acid as in Figure 1. As shown in Figures. 3A and B, rapamycin
treatment led to elevated levels of Akt phosphorylation at Ser473
at both 12 and 24 hr post release from lovastatin block. There
was a more dramatic increase seen 24 hr post release with rapa-
mycin treatment, which is consistent with 2 recent reports indi-
cating that phosphorylation Akt at Ser473 is more prominent in
S-phase.30,31 LY294002 suppressed the rapamycin-induced
increase in Akt phosphorylation in both G1 and S-phase (Fig. 3A
and B). Along with the suppression of Akt phosphorylation,
there was a corresponding increase in PARP cleavage (Fig. 3B)
and cell death (Fig. 3C) in the S-phase Calu-1 cells. The elevated
PARP cleavage and cell death seen with LY294002 alone
(Figs. 3B and C) is likely because PI3K and mTOR are related
kinases and LY294002 partially inhibits mTOR as well as
PI3K.32 These data demonstrate that the feedback activation of
Akt via suppression of mTORC126,27 inhibits the apoptotic
machinery activated by rapamycin in Calu-1 cells. However, sup-
pression of Akt phosphorylation restores the sensitivity of S-phase
cells to rapamycin.

Arresting K-Ras-driven cancer cells in S-phase by
suppressing Gln utilization enhances rapamycin-induced
apoptosis

Treating MDA-MB-231 cells with rapamycin and Calu-1
cells with rapamycin plus LY294002 when these cells were pro-
gressing through S-phase resulted in elevated levels of cleaved
PARP and an increase in the percentage of non-viable cells
(Figs. 2 and 3). However, the level of PARP cleavage and cell
death was not as robust as was observed if cells were deprived of
serum or if they were arrested in S-phase with aphidicolin – an
inhibitor of DNA synthesis.7 We recently reported that K-Ras-
driven cancer cells bypass a late G1 Gln-dependent checkpoint10

and instead arrested in S-phase.19 We therefore examined
whether rapamycin, which apparently induces apoptosis specifi-
cally in S-phase cells, induces apoptosis in K-Ras-driven cancer
cells where Gln utilization is suppressed. Gln is an important
nutrient and both a nitrogen and carbon source, and although it
can be synthesized in mammalian cells, it is considered a
“conditionally essential” amino acid because it is required by
dividing cells.33 We used 2 means to suppress Gln utilization: 1)
using medium lacking Gln; and 2) blocking anaplerotic utiliza-
tion of Gln with aminooxyacetate (AOA), which interferes with
the transamination reaction whereby glutamate is deaminated to
a-ketoglutarate while oxaloacetate is aminated to aspartic acid by
the enzyme glutamate-oxaloacetate-transaminase (GOT).34

Whereas MCF7 breast cancer cells arrest in G1 in response to
Gln deprivation, the MDA-MB-231 and Calu-1 K-Ras-driven
cancer cells arrested largely in S-phase (Fig. 4A). AOA treatment
arrested the MDA-MB-231 and Calu-1 cells in either S-phase or
G2/M (Fig. 4A). We next examined the effect of rapamycin on
MCF7 and MDA-MB-231 cells that had been subjected to Gln
deprivation or AOA treatment. As shown in Figure 4B, treat-
ment of MCF7 cells, which were largely in G1 with rapamycin
under all conditions, did not result in significant cell death

Figure 3. Combined inhibition of mTORC1 and Akt phosphorylation indu-
ces PARP cleavage in Calu-1 cells. Calu-1 cells were synchronized using lova-
statin as in Figure 1. Upon release from G1 block, rapamycin and LY294002
(20 mM each) were added at 12 hours (G1 phase) (A) and at 24 hours (S
phase) (B). Twenty-four hours later, cells were collected and Western blot
analysis was performed for cleaved PARP (Cl¡PARP), P-AktS-473, Akt and
actin. The data shown are representative of experiments repeated at least
2 times. (C) Calu-1 cells were synchronized using Lovastatin as above.
Upon release from G1 block, the cells were treated with rapamycin and
LY294002 at indicated times for 24 hours. Cells were then collected and
cell viability assays were performed as in Figure 2C. Error bars represent
the standard deviation for experiment at least repeated 2 times.

2288 Volume 14 Issue 14Cell Cycle



although there was some PARP cleavage
upon rapamycin treatment by itself – a
phenomenon we have observed previ-
ously.35 This presumably reflects a sub-
population of S-phase cells in that both
Gln deprivation and AOA, which arrest
cells in G1, prevented the rapamycin-
induced PARP cleavage. However, in
the MDA-MB-231 cells, rapamycin
induced PARP cleavage in cells that had
either been deprived of Gln, or where
Gln utilization via GOT was blocked by
AOA (Fig. 4B). For the Calu-1 cells, we
employed LY294002 along with rapa-
mycin. What was observed was some-
what unexpected in that both Gln
deprivation and AOA elevated Akt
phosphorylation at Ser473 and surpris-
ingly rapamycin no longer stimulated
Akt phosphorylation and, in fact, sup-
pressed the phosphorylation stimulated
by Gln deprivation and AOA (Fig. 4C).
Importantly, rapamycin stimulated
PARP cleavage and loss of cell viability
in the absence of LY294002 (Fig. 4C).
The PARP cleavage and the loss of cell
viability were substantially stronger in
the cells that were arrested in S-phase
(Fig. 4) than those that were passing
through S-phase (Figs. 2 and 3). The
data in Figure 4 demonstrate that K-
Ras-driven cancer cells that are arrested
in S-phase and perhaps G2/M by inter-
fering with Gln utilization are highly
sensitive to the apoptotic effects of high
dose rapamycin.

Discussion

In this study, we have provided evi-
dence that the apoptotic effects of rapa-
mycin occur after transition from G1 into
S-phase of the cell cycle. Prior to this
transition, rapamycin causes a TGF-
b-dependent cell cycle arrest at a site late
in G1.

8,10 While the apoptotic machinery
was clearly activated by rapamycin when
cells synchronized in G1 were allowed to
progress synchronously to S-phase, cell
viability was reduced much more sub-
stantially if the cells were arrested in S-phase. Of significance, S-
phase arrest could be accomplished in cancer cells harboring K-Ras
mutations by interfering with Gln utilization. Thus, a synthetic
lethality for rapamycin can be created by exploiting the ability of
K-Ras-driven cancer cells to override a late G1 Gln checkpoint and

arrest in S-phase.19 Thus, the cell cycle specificity for the apoptotic
effects of rapamycin offers novel therapeutic options for the large
number of K-Ras-driven cancers.

There was a complication with the rapamycin strategy result-
ing from a feedback activation of mTORC2 and the

Figure 4. Glutamine starvation causes S phase arrest in K-Ras mutant cell lines and sensitizes them to
rapamycin. (A) MCF7, MDA-MB-231, and Calu-1 cells were plated at 30% confluence. After 24 hours,
cells were shifted to medium lacking Gln or complete medium containing AOA (0.5 mM) for 48 hours.
Cells were collected and analyzed for cell cycle distribution by measuring DNA content using FACS
analysis. Error bars represent the standard deviation for experiments repeated at least repeated
3 times. (B) MCF-7 and MDA-MB-231 cells were arrested in S phase as described in A. After 48 hours,
cells were additionally treated with Rapamycin for 24 hours. Cells were collected and Western blot
analysis was performed for cleaved PARP, P-Akt S473 phosphorylation and actin. Cell viability was
determined as in Figure 2C. Error bars represent the standard deviation for experiments repeated
3 times. (C) Calu-1 cells were arrested in S phase as in A. After 48 hours, cells were treated with Rapa-
mycin and LY294002 for 24 hours where indicated. Cells were then collected and Western blot analy-
sis and cell viability assays were performed as in B. Error bars represent the standard deviation for
experiments repeated 3 times.
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phosphorylation of Akt at Ser473. In response to suppressing the
phosphorylation of S6K by mTORC1, there is an IGF1 receptor-
dependent increase in phosphorylation of Akt at Ser473.26,27

This was observed in the Calu-1 cells used in this study where
the feedback stimulation of Akt phosphorylation suppressed acti-
vation of the S-phase apoptotic program. Rapamycin did not
cause the feedback stimulation of Akt phosphorylation in the
MDA-MB-231 cells. We have seen a similar resistance to rapa-
mycin-induced apoptosis created by stimulation of Akt phos-
phorylation in pancreatic cancer cells with defective TGF-b
signaling.9 In the previous study with pancreatic cancer cells, like
the Calu-1 cells, suppressing Akt phosphorylation restored the
apoptotic effect of rapamycin. Thus, activated Akt can overcome
the apoptotic effect of rapamycin on S-phase cells – consistent
with its known role as a survival kinase.28 It will therefore be
important to know whether the feedback is active in a given can-
cer or cancer cell line for a rapamycin-based therapeutic strategy.
However, a combination of suppressing both mTORC1 and
mTORC2 could work. We used a catalytic mTOR inhibitor to
achieve suppression both mTORC1 and mTORC2 and induce
apoptosis in pancreatic cancer cells.9 Torin1 could be used to
suppress both Akt and 4E-BP1 as has been reported previ-
ously,9,16,36 however the catalytic inhibitors do not provide the
same level of specificity provided by rapamycin, which even at
the high micro-molar doses is still highly specific for mTOR.13,16

It was also of interest that in Calu-1 cells deprived of Gln, rapa-
mycin inhibited, rather than stimulated Akt phosphorylation and
was able to induce the apoptotic effect in these cells that were
arrested in S-phase. Thus, the feedback stimulation of Akt phos-
phorylation may not be an issue if a strategy that employs Gln
deprivation is used. The different synthetic lethalities involving
Gln deprivation and Akt suppression that can be created for rapa-
mycin are summarized in Fig. 5.

It is not clear at this point how inhibition of mTORC1 leads
to apoptosis in cancer cells when they are arrested in S-phase, but
it is clear that micro-molar doses of rapamycin that suppress
phosphorylation of 4E-BP1 are required.16 Consistent with this
hypothesis, suppression of 4E-BP1 expression prevented the apo-
ptotic effect of rapamycin.16 Since suppression of 4E-BP1 phos-
phorylation leads to the sequestration of eIF4E and repressed
cap-dependent translation,18 the observations reported here
implicate eIF4E as being critical for progression through S-phase.
In this regard, it is of note that eIF4E can induce tumorigenesis
when dysregulated and overexpressed.37 eIF4E promotes the
translation of proteins critical for cell cycle progression and sur-
vival.38 Thus, when mTORC1 is suppressed in S-phase the cell is
getting a signal that nutrients are sparse and since the cell cycle
is not reversible, default apoptotic signals are activated. It appears
that if cells are traversing S-phase, the majority of cells are able to
survive rapamycin treatment and the activation of the apoptotic
machinery. However, if cells are arrested in S-phase, then there is
substantial cell death caused by rapamycin. The arrest of K-Ras-
driven cancer cells in S-phase caused by interfering with Gln uti-
lization creates synthetic lethal phenotype for rapamycin. Thus, a
therapeutic approach that blocks the anaplerotic utilization of
Gln along with rapamycin represents a plausible approach for

treating the large number of human cancers driven by K-Ras
mutation.

Methods

Cells and cell culture conditions
The human cancer cell lines MDA-MB-231, MCF-7 and

Calu-1 cells were obtained from the American Tissue Type Cul-
ture Collection (ATCC). All the cells were maintained in
Dulbecco’s modified Eagle medium (Sigma, Saint Louis, MO,
D6429) supplemented with 10% fetal bovine serum (Sigma
F4135).

Antibodies and reagents
Antibodies against cleaved poly-ADP-ribose polymerase

(PARP) (catalog #9541), Akt, phospho-Akt (S473) (9271),

Figure 5. Model for cell cycle-dependent sensitivity to rapamycin. (A)
Rapamycin resistance. In most cells, the apoptotic effect of rapamycin is
negated by a TGF-b-dependent late G1 cell cycle arrest.7,10 Additionally,
a feedback dependent increase in Akt phosphorylation at Ser473 miti-
gates S-phase cytotoxicity of rapamycin.9,16 (B) Synthetic lethality. A syn-
thetic lethality for rapamycin could be created via one of the 3
mechanisms: (a) in cells with defective TGF-b signaling, rapamycin treat-
ment fails to arrest the cells in G1, and instead the cells progress into S-
phase where rapamycin causes apoptosis;7 (b) feedback activation of
AktS473 phosphorylation in S-phase is suppressed with LY294002, and in
the absence of Akt-dependent survival signals, rapamycin induces apo-
ptotic cell death;9,16 and lastly (c) in K-Ras mutant cancer cells, blockade
of Gln utilization causes the cells to aberrantly arrest in S-phase.19 Impor-
tantly, in this case, S-phase arrest is not accompanied with an increase in
AktS473 phosphorylation upon rapamycin treatment, and as a conse-
quence, rapamycin induces apoptotic cell death in the absence of Akt
inhibition.
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4EBP1 (9452), phospho-4EBP1 (T37/46) (9459), cyclin A
(4656), and actin (8457) were obtained from Cell Signaling;
anti-mouse and anti-rabbit HRP conjugated secondary antibod-
ies were obtained from Promega. For Gln deprivation;
Dulbecco’s modified Eagle medium without Gln (D5546), dia-
lyzed fetal bovine serum (F0392), and L-Gln (G7513) were
obtained from Sigma. Rapamycin (R-5000) was obtained from
LC Laboratories; Torin1 (4247) and lovastatin (1530) were
obtained from Tocris Biosciences; mevalonate (M4667) was
from Sigma.

Cell cycle synchronization and flow cytometric analysis
Activated 10 mM lovastatin stock solution was prepared by

dissolving 10 mg lovastatin in 200 ml of 95% ethanol, 156 ml of
1N NaOH was then added, pH adjusted to 7.2 using 1M HCl,
and finally diluted to 2.5 ml with sterile-filtered water. After lov-
astatin treatment, cells were released from lovastatin block by
providing medium containing mevalonic acid.39 Cell cycle distri-
bution was determined by flow cytometry as described previ-
ously.10 Briefly, cells were fixed in 70% ethanol, stained using
propidium iodide, and passed through 70-mm meshes to remove
cell aggregates. Fluorescence intensity corresponding to DNA
content in different phase of cell cycle was measured by flow
cytometry (FACSCalibur; Becton Dickinson), and analyzed
using WinCycle software (Phoenix Flow Systems).

Western blot analysis
Proteins were extracted from cultured cells in M-PER

(Thermo Scientific 78501). Equal amounts of proteins were

subjected to SDS-PAGE on polyacrylamide separating gels. Elec-
trophoresed proteins were then transferred to nitrocellulose
membrane. After transfer, membranes were blocked in an iso-
tonic solution containing 5% non-fat dry milk in phosphate-
buffered saline. Membranes were then incubated with primary
antibodies as described in the text. Depending on the origin of
the primary antibody, either anti-mouse or anti-rabbit HRP con-
jugated IgG was used for detection using ECL system (Thermo
Scientific 34080).

Cell viability
Cell viability was determined by trypan blue exclusion. Cells

were harvested, washed, and treated with trypan blue (Sigma-
T8154) at a concentration of 0.4% v/v. After 5 min, trypan blue
uptake (dead cells) was scored using a hemocytometer.
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