Metformin and rapamycin have distinct effects on the AKT
pathway and proliferation in breast cancer cells
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Abstract Rapamycin and its analogues inhibit mTOR,
which leads to decreased protein synthesis and decreased
cancer cell proliferation in many experimental systems.
Adenosine 5’- monophosphate-activated protein kinase
(AMPK) activators such as metformin have similar actions,
in keeping with the TSC2/1 pathway linking activation of
AMPK to inhibition of mTOR. As mTOR inhibition by
rapamycin is associated with attenuation of negative
feedback to IRS-1, rapamycin is known to increase acti-
vation of AKT, which may reduce its anti-neoplastic
activity. We observed that metformin exposure decreases
AKT activation, an action opposite to that of rapamycin.
We show that metformin (but not rapamycin) exposure
leads to increased phosphorylation of IRS-1 at Ser’®”, a site
previously reported to inhibit downstream signaling and to
be an AMPK substrate phosphorylated under conditions of
cellular energy depletion. siRNA methods confirmed that
reduction of AMPK levels attenuates both the IRS-1 Ser’®
phosphorylation and the inhibition of AKT activation
associated with metformin exposure. Although both rapa-
mycin and metformin inhibit mTOR (the former directly
and the latter through AMPK signaling), our results dem-
onstrate previously unrecognized differences between these
agents. The data are consistent with the observation that
maximal induction of apoptosis and inhibition of prolifer-
ation are greater for metformin than rapamycin.
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Introduction

Rapamycin and its analogues have antineoplastic activity
in many experimental models, and are now used clinically
in the treatment of renal cancer cell carcinoma [1]. How-
ever, clinical benefit of rapamycin is limited, and one
molecular mechanism that may attenuate its antineoplastic
activity involves the initially unexpected finding that
exposure of tumor cells to rapamycin is associated with
increased levels of AKT activation at Ser*’> [2-6]. This is a
consequence of an mTOR-dependent feedback loop that
acts to inhibit PI3K/AKT activation by IRS-1. Inhibitory
sites of IRS-1 are substrates for mTOR and p70 ribosomal
S6 protein kinase 1 (S6K1) [7-10]. Rapamycin, by inhib-
iting mTOR, not only inhibits protein translation, but also
inhibits this feedback loop, leading to increased signaling
through IRS-1 resulting in increased AKT activation. This,
in turn, may limit some of the antiproliferative actions of
rapamycin [3, 11].

It is now recognized that in addition to pharmacologic
inhibition of mTOR by rapamycin, mTOR can also be
inhibited physiologically as a consequence of AMPK
activation through pathways involving raptor and TSC2/1
[12-14]. This is plausible, because activation of AMPK
occurs under conditions of cellular energy depletion, and
downstream effects of AMPK activation include inhibition
of energy-consuming process such as protein translation.

Observations that AMPK activators such as metformin
and adiponectin have antiproliferative activity (for example
[15-18], reviewed in [19]) have generated interest in pos-
sible clinical applications, but comparisons of the effects of
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metformin and rapamycin with respect to mTOR inhibition
and AKT activation have not been reported.

We confirm that metformin and rapamycin both reduce
activation of mTOR and its major substrate S6K1 as
expected. However, we show that while rapamycin
increases AKT activation as previously described [2-6],
metformin reduces AKT activation. We further show that
this is related to a direct AMPK-mediated phosphorylation
of IRS-1 at Ser’®, a site previously described to reduce
IRS-1 signaling [20, 21].

Materials and methods
Chemicals

Cell-culture materials were obtained from Invitrogen
(Burlington, ON, Canada). Anti-phospho AMPK« (Thr'"),
anti-AMPK, anti-phospho-p70S6K (S6K1) (Thr*®®), anti-
phospho-mTOR (Ser***®), anti-mTOR, anti-phospho IRS-1
(Ser™), anti-IRS-1, anti-IGF-1R B, anti-phospho 4E-BP1
(Ser65), anti-4E-BP1, anti-Poly (ADP-ribose) polymerase
(PARP) pAb, and anti-B-actin were purchased from Cell
Signaling Technology (Beverly, MA), and anti-phospho
IRS-1 (Tyrmz) from Millipore (Billerica, MA). Horseradish
peroxidase-conjugated anti-rabbit IgG, anti-mouse IgG, and
enhanced chemiluminescene (ECL) reagents were from
Pharmacia-Amersham (Baie d’Urfé, QC, Canada). Metfor-
min (1, 1-Dimethylbiguanide hydrchloride) was obtained
from Sigma-Aldrich (Oakville, ON, Canada). Rapamycin
was purchased from Calbiochem-EMD Biosciences, Inc (La
Jolla, CA). siRNA-AMP-activated protein Kinase (AMPK)
ol and negative control siRNA (Alexa Fluor 488) were
purchased from QIAGEN (Mississauga, ON, Canada).

Cell lines and culture conditions

Cell lines were purchased from ATCC (Manassas, VA).
Cells were cultured in RPM1 1640, supplemented with
10% fetal bovine serum (FBS) and 100 units/ml genta-
mycin at 37°C and 5% CO,. Cells were passaged by 0.25%
Trypsin-EDTA when they reached ~ 80% confluence.

Cell proliferation assay

The effect of metformin and/or rapamycin on cell lines was
evaluated by the indicator dye Alamar Blue (Biosource
International, Camarilo, CA). Cells were plated at
3-5 x 10% per well in triplicate in 96-well plates and
incubated in medium containing 10% FBS. After 24 h, the
complete medium was replaced with test medium
containing vehicle control or various doses of metformin
and/or rapamycin for 72 h at 37°C. Alamar Blue was then

added to plates which were incubated at 37°C and a col-
orimetric change was measured according to the methods
provided by the supplier.

Flow cytometry for apoptosis induction

After 72 h treatment; adherent cells were briefly trypsini-
zed, detached, and combined with floating cells from the
original growth medium, centrifuged, and washed twice
with phosphate-buffered saline (PBS). Approximately 10°
cells (for each condition) were stained for 30 min with
annexinV-FITC and propidium iodide using the Annexin
V-FITC kit (Invitrogen, Burlington, ON, Canada). Analysis
was conducted on a FACSCalibur flow cytometer (BD
Biosciences, Burlington, MA) with CellQuest software (BD
Biosciences Immunocytometry Systems, Franklin Lakes,
NJ). For quantification of caspase-3 activation, cells
(approximately 0.5 x 10°) were obtained as for testing with
annexinV and propidium iodide analyses, but were washed
in media, resuspended in 150 pl media containing 10% FBS
and 0.5 pl Red-DEVD-FMK (Caspase-3 detection Kkit,
Calbiochem-EMD Biosciences, La Jolla, CA), and incu-
bated for 30 min at 37°C in a cell-culture incubator with 5%
CO,. The stained cells were centrifuged, washed twice with
the wash buffer provided in the kit, resuspended in 500 pl of
the same buffer, and analyzed for fluorescence on a FAC-
SCalibur flow cytometer using CellQuest software. All
apoptosis tests were conducted in triplicate and results
shown are representative of three independent experiments.

Cell transfection

MCEF-7 cells were transfected with small interfering RNA
(siRNA) targeting the AMPKoal, or a negative control
siRNA using Pipette-type electroporator (MicroPorator
MP-100, Digital Bio Technology Co., Ltd., Seoul, Korea)
as described by the manufacturer’s instructions. Cell cul-
tures were incubated for 24 h with various concentrations
of siRNA prior to metformin treatment.

Protein extraction and western blot analysis

Cells were washed three times with ice-cold PBS and lysed
in 100-400 pl lysis buffer (20 mM Tris—HCI1 (pH 7.5)),
150 mM NaCl, 2.5 mM sodium pyrophosphate, 1 mM B-
glycerol phosphate, 1 mM Na;VO,, 1 mM EGTA, 1%
Triton, and complete protease inhibitor mixture inhibitors
from Roche Diagnostic (Laval, QC, Canada). Cellular
debris was removed by centrifugation at 14,000xg for
20 min at 4°C. Following assay for total protein (Bio-Rad,
Mississauga, ON, Canada), clarified protein lysates from
each experimental condition (40-50 pg) were boiled for
5 min and subjected to electrophoresis in denaturing 8%
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SDS-polyacrylamide gel for mTOR, 16% for 4E-BP1, or
10% SDS-PAGE for other proteins. Separated proteins
were transferred to a nitrocellulose membrane and after
blocking, the membranes were probed with antibodies of
interest. In some cases, developed blots were stripped in
stripping buffer (62 mM Tris—HCL (pH 6.8), 100 mM
B-mercaptoethanol, 2% SDS) to confirm equal protein
loading. Horseradish peroxidase-conjugated anti-rabbit IgG
and anti-mouse IgG were used as secondary antibodies.
The position of proteins was visualized using the enhanced
chemiluminescene reagent ECL.

Statistical analysis

Prior to statistical analysis, data were square-root trans-
formed to normalize the distribution and to obtain variance
homogeneity. Statistical significance was evaluated using
GLM Procedure, and least-squares means post-hoc for
multiple unpaired comparisons of means (LSMEANS
statement with Bonferroni correction) was applied. All

statistical analyses were performed using Statistical
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Fig. 1 Inhibition of MCF-7, T47D (ER-positive), Hs-578T and
MDA-231 (ER-negative) breast cancer cells growth by a metformin
and b rapamycin. Cells in exponential stages of growth (5000/well)
were seeded into 96-well plates with 10% FBS and after 24 h exposed
to increasing concentrations of metformin or rapamycin in RPMI
containing 1% FBS for 72 h. Cell proliferation in each well was
measured by Alamar Blue dye reduction. Data are presented as
mean £ S.E. from 3 independent experiments. Triplicates were used
for each dose combination for each experiment

Analysis System software, version 9.1.3 (SAS Institute,
Cary, NC). P values <0.05 were considered significant.

Results

Effects of metformin and/or rapamycin
on breast cancer cell growth

Results of dose-response studies are shown in Fig. 1. MCF-7
and T47D (ER-positive), and Hs-578T as well as MDA-231
(ER-negative) breast cancer cell growth were inhibited by
both metformin and rapamycin. However, for all cell lines,
while increasing concentrations of metformin led to
increased growth inhibition in a linear fashion, increasing
rapamycin concentration 500 fold had little effect on growth.

Metformin treatment increases levels
of apoptosis in MCF-7 cells

Results of flow cytometric analyses of MCF-7 cells treated
with metformin, rapamycin, or both for 3 days and then
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Fig. 2 Effects of metformin and/or rapamycin on apoptosis of MCF-
7 breast cancer cells. a Flow cytometric analysis of apoptosis in cells
stained with annexin V and propidium iodide was performed after 72-
h treatment of breast cancer cells with metformin (5 mM) and/or
rapamycin (10 nM) in RPMI containing 1% FBS. * indicates
significant differences between control and treated cells with metfor-
min and/or rapamycin (One-way ANOVA, P < 0.0001). b Western
blot analyses of MCF-7 cells using PARP antibody. The full length
116 kD product and the lower band represents the 89 kD cleaved
PARP which is associated with apoptosis. Experiments were repeated
3 times with similar results
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stained with annexinV and propidium iodide are shown in
Fig. 2a. Apoptotic cell death was also assessed by mea-
suring cleaved poly (ADP-ribose) polymerase (Fig. 2b).
Both methods showed induction of apoptosis by metformin
but not by rapamycin (Fig. 2).

Alterations in AKT and mTOR signaling

Phosphorylation of S6K1 by mTOR enhances its kinase
activity and phosphorylation of downstream targets.
Results in Fig. 3a and b demonstrate that metformin, like
rapamycin, decreased mTOR phosphorylation and pre-
vented the phosphorylation of S6K1. While the drugs had
similar effects on phospho-mTOR (Ser***®), rapamycin
was associated with a somewhat greater reduction in
phosphoS6K (Thr*®) than metformin. The major finding,
however, was that metformin exposure resulted in a
decrease in AKT Ser*”® phosphorylation, in contrast to the

increase in phosphorylation of this site on exposure of cells
to rapamycin (Fig. 3¢ and d). The AMPK activator AICAR
also decreased AKT Ser*’® phosphorylation (data not
shown). We confirmed our prior observation [15, 16] that
metformin exposure led to markedly increased AMPK
(Thr'”?) phosphorylation and also noted a smaller effect in
the same direction on rapamycin exposure (Fig. 3e).

Metformin induces dephosphorylation of 4E-BP1

4E-BP1 is a translational repressor whose action is atten-
uated when phosphorylated by mTOR. As expected, met-
formin (which inhibits more through AMPK-TSC2/1)
reduced phospho-4E-BP1 levels as shown in the Fig. 4,
consistent with repression of translation. Interestingly, at
the time point studied (72 h) we observed no effect of
rapamycin on phospho-4E-BP1 levels, even though clas-
sically in short time period experiments, rapamycin is
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Fig. 4 Effect of metformin and/or rapamycin on 4E-BP1. Cells were
exposed to the indicated concentrations of metformin and/or
rapamycin for 72 h in RPMI containing 1% FBS. After harvesting,
cells were lysed and prepared for immunoblot analyses using
antibodies against 4E-BP1, and phospho-4E-BP1 (Ser®). B-actin is
shown as a loading control. Experiments were repeated 3 times with
similar results

known to reduce phospho-4E-BP1 levels. Our data con-
cerning rapamycin in this respect are consistent with a prior
report by Choo et al. [22].

Metformin stimulates phosphorylation of IRS-1
at Ser’® and down-regulates IGF-I receptor
and IRS-1 levels

As shown in Fig. 5a and b, metformin reduced level of the
insulin-like growth factor (IGF)-I receptor as well as IRS-
1, actions which might be expected to reduce downstream
signaling and AKT activation. Furthermore, metformin
exposure increased IRS-1 phosphorylation at Ser’®
(despite the reduction in total IRS-1) (Fig. 5c). This is

Fig. 5 Metformin stimulates a b
phosphorylation of IRS-1 at s - p—
Ser’® in MCF-7 breast cancer - - - -
cells. Cells were exposed to the 100~
indicated concentrations of 2 1004 S,
metformin and/or rapamycin for % 'é 80
72 h in RPMI containing 1% T & 2
FBS. After harvesting, cells @ —  60-
were lysed and prepared for 95, 60 %)
immunoblot analyses using & 40 40
antibodies against a IGF-1R}, ° 2
b IRS-1, ¢ phospho-IRS-1 = 20 s &9
(Ser’®) d phospho-IRS-1 = ] x n'
(Ser®®) and e phospho-IRS- 0- " Control Met Ra
.. p Both
1(Tyr612). B-actin is shown as a Canirol Met Fap Bl
loading control. Relative levels c
of phosphorylated IRS-1, total S d S—
IRS-1, and IGF-1Rf were ~
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plausible because IRS-1 Ser’®® has previously been rec-
ognized [21, 23] as a substrate for AMPK. This phos-
phorylation event would be expected to further decrease
downstream signaling, as IRS-1 Ser’® phosphorylation
inhibits IRS-1 signal transduction [20, 24], and thereby
contributes to the reduction in AKT activation by metfor-
min exposure shown in Fig. 3c. Interestingly, rapamycin
exposure led to a substantial decrease in phosphorylation of
IRS-1 Ser789, which may contribute to the increased AKT
Ser*”? phosphorylation shown in Fig. 3c and in prior
reports [2, 3].

In keeping with the fact that both metformin (indirectly
via AMPK) and rapamycin (directly) reduce mTOR and
S6K activity and the fact that the inhibitory Ser®® site of
IRS-1 is a substrate for S6K, we observed reduced IRS-1
Ser®? phosphorylation in the presence of either metformin
or rapamycin (Fig. 5d). While metformin decreases phos-
phorylation of the inhibitory Ser®? site in a manner similar
to rapamycin, in keeping with inhibition of mTOR, its
separate action to increase phosphorylation of the inhibi-
tory Ser’® site appears to be dominant, given the obser-
vation of reduced AKT activation on metformin exposure.

In contrast to the findings for IRS-1 Ser’®, no important
changes in the phosphorylation of IRS-1 at Tyr®'? were
Fig. 6 Suppression of -
AMPKul by siRNA blocks the r . p—
inhibitory effect of metformin
on AKT activation. MCF-7 cells 2 300
were transfected with 50 nM §
AMPKo1-siRNA or with 1=
control siRNA. Twenty-four g 200
hours after transfection under 3__
10% FBS, cells were treated %)
with metformin (5 mM) or ;EL 1004
rapamycin (10 nM) and o
incubated for 72 h in RPMI £
containing 1% FBS. After E o
harvesting, cells were lysed and
prepared for immunoblot
analyses using antibodies [ — — —
against a phospho-IRS-1
(Ser’®), b AMPKua, ¢ phospho- 100+
AKT (Ser*”) and d phospho- = |
AMPK (Thr'”?). B-actin is 3 go
shown as a loading control. ,;E 1
Relative levels of I 60
phosphorylated IRS-1, AKT, "& 1
AMPK and total AMPK were < 404
quantified by scanning % 1
densitometry and normalized by £ 204
B-actin. Experiments were o 1
repeated 3 times with similar 0-
results
Control +
Control-siRNA - +
SIRMA-AMPK: - - +
Metformin[Sm] - > - +

seen on exposure to either metformin or rapamycin
(Fig. Se).

Suppression of AMPKal by siRNA blocks the
inhibitory effect of metformin on AKT activation

In order to determine if activation of AMP kinase by
metformin is required for the effects on AKT Ser*’? acti-
vation, we carried out experiments with siRNA against
AMP kinase. As shown in Fig. 6, suppression of AMPK
led to a decrease in IRS-1 phosphorylation on Ser’® and an
attenuation of the metformin-induced decrease in AKT

phosphorylation on Ser 47>

Discussion

The antiproliferative effects of rapamycin are significant
but limited in magnitude. In our experimental system, this
agent did not induce apoptosis and, as previously proposed
by others [2—-6], this may relate at least in part to the fact
that rapamycin exposure results in increased AKT activa-
tion, which is known to stimulate cell survival pathways
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and to inhibit apoptosis [25, 26]. Prior reports [20, 21]
provide strong evidence that IRS-1 Ser’® is an AMPK
substrate. Our results suggest that an explanation for the
difference between the effect of rapamycin and metformin
on AKT activation in MCF-7 cells concerns IRS-1 (Fig. 7).
While both compounds reduce mTOR activation and thus
reduce phosphorylation of the IRS-1 Ser®**®* inhibitory
sites, only metformin, through AMPK activation, phos-
phorylates the Ser’®® inhibitory site of IRS-1. Thus, in the
presence of insulin or IGF-I receptor activation, IRS-1
mediated signal transduction to PI3K/AKT would be
exaggerated in the presence of rapamycin due to reduced
inhibitory site (Ser’®®, Ser®**®*®) phosphorylation by
mTOR and S6K, but in the case of metformin, AMPK-
mediated phosphorylation of IRS-1 at Ser’® acts to limit
downstream signaling. However, other mechanisms,
including the dephosphorylation of S6K and 4E-BP1 in
MCF-7 by metformin and the observed reduction of level
of IGF-IR that occurs on exposure of cells to metformin,
may also contribute to inhibitory effect of this drug on
AKT activation and the anti-proliferative and pro-apoptotic
activity of metformin.

The basis for reduced phosphorylation of the inhibitory
IRS-1 Ser™ site by rapamycin remains unclear. This site
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Fig. 7 Similarities and differences in effects of metformin and
rapamycin on AKT activation in MCF-7 cells. A simplified model of
the relevant signaling network including the previously described [8,
9] negative feedback loop by which mTOR activation leads to
phosphorylation of the inhibitory Ser®*® site of IRS-1 and thereby
limits activation of AKT, is shown in blue. a Rapamycin, by blocking
mTOR [1], deactivates this feedback inhibition [2], leading to
decreased phosphorylation of the inhibitory IRS-1 Ser®® site and
increased AKT activation, which favors cell survival [25, 26], despite
antiproliferative effects related to inhibition of protein synthesis.
Rapamycin exposure also leads to decreased activation of the

does not have the characteristics of a S6K substrate,
although it clearly is an AMPK substrate. Rapamycin
exposure did not decrease AMPK activation (Fig. 3e), so a
pathway linking rapamycin exposure to AMPK activity and
thereby to decrease IRS-1 Ser’®? phosphorylation seems
unlikely. There is a precedent for rapamycin-induced
upregulation of protein phosphatase 2 (PP2A) activity [27],
and a mechanistic role for serine phosphatase actions [28,
29] on IRS-1 is a possibility under study.

AKT activation is well recognized as an important cell
survival signal [25, 26]. The observed differences between
rapamycin and metformin with respect to AKT activation
correlate with the observed differences in the slope of dose
response curves in proliferation assays and with observed
differences in apoptosis induction. Each compound was
studied at concentrations achieving ~50% growth inhibi-
tion; while metformin exhibited a linear antiproliferative
effect and induced apoptosis, rapamycin did not induce
apoptosis and increasing the dose 500 fold beyond that
which achieved ~50% growth inhibition induced no fur-
ther antiproliferative effect.

Our results justify further in vitro and in vivo evaluation
of similarities and differences of the consequences of
exposure to rapalogs, metformin (or other AMPK
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inhibitory Ser’® site of IRS-1 [3] which would be expected to
further increase AKT activation. b Metformin, via AMPK activation,
phosphorylates the inhibitory Ser’®® site of IRS-1 [4], and this is
associated with decreased AKT activation (despite the fact that
metformin also has actions [5] which lead to reduced mTOR
activation (and reduced protein synthesis [15, 16], and reduced
feedback inhibition via IRS Ser®” [6]. The opposite effects of
rapamycin and metformin on AKT activation are compatible with the
observation that metformin, but not rapamycin, induces apoptosis in
our experimental system (Fig. 2)
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activators), or combinations of these classes of drugs. It is
important to recognize that it is unknown if the concen-
tration of metformin used (5 mM) would be found in
neoplastic tissue of patients receiving tolerable dose of the
drug (typically ~1.5 g/day). This issue cannot be defi-
nitely resolved by measuring serum drug concentrations, as
metformin is actively transported into cells via an organic
cation transporter 1 (OCT1) [30] which is present in MCF-
7 cells (data not shown). However, the metformin con-
centration associated with inhibition of AKT activation in
our experiments was considerably lower than those used in
other in vitro studies [31, 32].

While metformin and rapamycin exposure led to similar
degrees of inhibition of mTOR activation in our model, the
consequences in terms of effects on AKT activation, 4E-
BP1 dephosphorylation, proliferation, and apoptosis dif-
fered markedly; this suggests these may be advantages to
inhibition of mTOR in the context of AMPK activation, as
compared to direct inhibition with agents that act only at
mTOR. In view of insights into the complexity of the
mTOR signaling network [11, 33], further studies to
compare consequences of mTOR inhibition and AMPK
activation strategies will be of interest.
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