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Abstract

Metformin is an oral biguanide commonly used for the treatment of type Il diabetes and has
recently been demonstrated to possess anti-proliferative properties that can be exploited for the
prevention and treatment of a variety of cancers. The mechanisms underlying this effect have not
been fully elucidated. Using both in vitro and in vivo models, we examined the effects of
metformin on endometrial tumors with defined aberrations in the PI3K/PTEN/mTOR and MAPK
signaling pathways to understand metformin mechanism of action and identify clinically useful
predictors of response to this agent. In vitro assays of proliferation, cytotoxicity, and apoptosis
were used to quantify the effects of metformin on endometrial cancer cell lines with mutations in
the PI3BK/PTEN/mTOR and MAPK signaling pathways. The in vivo effects of oral metformin on
tumor progression were further examined using xenograft mouse models of endometrial cancer.
K-Ras localization was analyzed by confocal microscopy using GFP-labeled oncogenic K-Ras and
by immunoblot following subcellular fractionation. Metformin inhibited cell proliferation, induced
apoptosis, and decreased tumor growth in preclinical endometrial cancer models, with the greatest
response observed in cells harboring activating mutations in K-Ras. Furthermore, metformin
displaces constitutively active K-Ras from the cell membrane, causing uncoupling of the MAPK
signaling pathway. These studies provide a rationale for clinical trials using metformin in
combination with PI3K targeted agents for tumors harboring activating K-Ras mutations, and
reveal a novel mechanism of action for metformin.
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Introduction

Endometrial cancer (EC) is the most common gynecologic malignancy in the United States.
An estimated 47,130 women were diagnosed with uterine cancer in 2012, and an estimated
8,010 of these women will die of the disease (1). Type | ECs account for approximately 80%
of cases, are classically of endometrioid histology, and are associated with obesity in up to
90% of cases. Additionally, type Il diabetes is associated with an increased risk for the
development of EC (2, 3).

The oral biguanide, metformin, is one of the most commonly used hypoglycemic agents in
the management of type Il diabetes. Epidemiological studies have demonstrated that diabetic
patients being treated with metformin have a reduced cancer incidence or improved response
to chemotherapy when compared to patients receiving other oral hypoglycemic agents or
insulin (4-6). A meta-analysis of five observational studies of all cancer types found that
metformin was associated with a 31% decrease in cancer risk (6). A study of 2,529 patients
who received neoadjuvant chemotherapy for early-stage breast cancer, showed that the rate
of pathologic complete responses was 24% among diabetic patients using metformin versus
8% for diabetic patients not using metformin (p<0.007) (4). Rodent models have provided
additional support for the cancer preventive effects of metformin (7-9).

The mechanisms through which metformin decreases circulating glucose and insulin levels
are well known, but recent studies have suggested that metformin also has direct anti-cancer
effects. In fact, the direct effects of metformin are hypothesized to parallel mechanisms
involved in the management of diabetes. Specifically, metformin inhibits mitochondrial
adenosine-5’-triphosphate (ATP) production, resulting in activation of the cellular energy-
sensing LKB1/AMPK pathway (10-12). (LKB1 is also known as serine/threonine kinase 11,
STK11). AMPK activation inhibits cellular proliferation and mRNA translation via
mammalian target of rapamycin (mTOR) signaling, which may contribute to the direct anti-
neoplastic effects of metformin. Interestingly, anti-tumor and cancer preventive effects were
reported for other biguanides decades ago (13-16), but little mechanistic follow-up has been
conducted.

Aberrations in mTOR signaling have been implicated in the development of EC. The most
frequent genetic aberration seen in Type | ECs is loss of function of the tumor suppressor
phosphatase and tensin homolog (PTEN), which occurs in up to 83% of lesions and is
thought to be an early event in tumorigenesis (17). PTEN most notably plays a role in the
regulation of the PI3K/AKT/mTOR pathway by inhibiting the downstream phosphorylation
of AKT. Loss of functional PTEN results in increased mTOR signaling and promotes
cellular proliferation. Given the prevalence of PI3K/AKT/mTOR pathway alterations
associated with EC and its frequent association with obesity and diabetes, EC is an ideal site
in which to evaluate the role of metformin as a cancer therapeutic. However, to date, studies
on the effects of metformin on EC are limited.

In addition to alterations in PTEN, K-Ras mutations represent another common genetic
defect found in endometrial cancers. Activating mutations in K-Ras are observed in 15-26%
of endometrioid carcinomas (18, 19) and have been shown in a mouse model to synergize
with PTEN inactivation to accelerate tumorigenesis in endometrial and lung cancer (20, 21).
Crosstalk between PI3K/AKT and K-Ras signaling pathways is clinically significant,
particularly in endometrial cancer where these pathways are both frequently mutated,
because it suggests the need to target more than one pathway to inhibit cancer cell
proliferation and tumor growth. For this reason, we sought to characterize the effects of
metformin on endometrial tumors in which K-Ras is activated, either in isolation or
accompanied by loss of PTEN.
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The identification of differential responses to metformin based on the genetic fingerprint of
individual endometrial tumors may have important implications in defining a subset of
patients that will benefit from metformin therapy either alone or in combination with other
targeted agents. Furthermore, an understanding of molecular mechanisms underlying
metformin’s anti-proliferative effect may lead to the development of novel combination
therapies for more effective treatment of a variety of cancers.

Cell Culture and Reagents

HeclA, a well-differentiated human endometrial carcinoma cell line that expresses PTEN
and harbors an activating K-Ras mutation (K-RasG12D) was purchased in 2012 from the
American Type Culture Collection (ATCC, Manassas, VA). Ishikawa, a well-differentiated
human endometrial carcinoma cell line with loss of PTEN expression and wild-type K-Ras
was purchased from the European Collection of Cell Cultures in 2012 (ECACC, Porton
Down, United Kingdom). MecPK, a mouse endometrial carcinoma cell line were derived in
our laboratory in 2012 from the endometrial tumor of a transgenic mouse with homozygous
PTEN deletion and an activating K-Ras mutation (PTEN~/~K-Ras®12D) (21) and were
validated for both K-Ras mutation and PTEN status.. All endometrial cancer cell lines
included in this study express OCT1, an transporter required for metformin uptake and
response (22). Original stock of Madin-Darby Canine Kidney (MDCK) cells were purchased
from ATCC in 2007. All experiments were conducted with low passage cells from recently
resuscitated frozen stocks. Cell lines obtained from ATCC and ECACC were subjected to
comprehensive quality control and authentication procedures, including short tandem repeat
profiling for human cell lines, species verification by DNA barcoding, verification of
morphology, and testing for fungi, mycoplasma, and other bacteria. Metformin (1,1-
Dimethylbiguanide hydrochloride) was purchased from Sigma (St. Louis, MO).
Aminoimidazole-4-Carboxamide Riboside (AICAR) was obtained from Cell Signaling
(Beverly, MA).

Metformin Treatment Cell Proliferation Assays

EC cells were seeded in 96-well plates at a density of 4 x 103 cells/well 24 hours prior to
drug treatment. The medium was then replaced with antibiotic-free medium containing
metformin. After treatment for 48 hours, cells were incubated for 3.5 hours with MTT (3-(5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye at 37°C under 5% CO,.
Following the incubation, the MTT reaction was halted with the addition of solvent
containing 2-propanol, 0.1% NP40, and 4 mM HCL. The absorbance was measured at a
wavelength of 590nm with 620nm as a background. Three independent assays were
performed in triplicate.

Western Blot

EC cells were treated for 48 hours and whole cell lysates were collected with Mammalian
Protein Extraction Reagent (ThermoScientific, Rockford, IL). Lysates were separated by
SDS-PAGE and transferred onto a nitrocellulose membrane, which was incubated overnight
at 4°C with 1:1000-2000 dilution of primary antibody. Antibodies against phospho-AMPKa
(Thr172), total AMPK, phospho-Akt (Ser473), total Akt, phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204), phospho-S6 ribosomal protein (Ser235/236), and PTEN were purchased
from Cell Signaling. Antibodies against $-actin and organic cation transporter-1 (OCT1)
were purchased from Sigma. Incubation with horseradish peroxidase-conjugated secondary
antibody was performed for 1 hour. SuperSignal® West Dura Extended Duration Substrate
(ThermoScientific) was used to enhance signal.
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Cell Cycle Analysis

After treatment, cells were fixed in 70% ethanol for a minimum of 24 hours at 4°C. Cells
were stained at room temperature for 30 minutes using a solution of 40 pug/mL propidium
iodide, 80 pg/mL RNase A in PBS supplemented with 0.1% Triton X-100 and 0.1 mM
EDTA. Cells were incubated in staining solution at room temperature for 30 minutes before
cell cycle analysis was performed using the Gallios Flow Cytometer (Beckman Coulter,
Indianapolis, IN) according to manufacturer’s protocol. Kaluza Flow Cytometry Analysis
v1.1 software (Beckman Coulter) was used to calculate cell cycle distribution. Apoptotic
cells were determined as the percentage of cells in the sub-G1 peak.

Animal Studies

Female nude mice (athymic NCr-nu/nu) were purchased from the National Institutes of
Health (Bethesda, MD) and maintained in accordance with Institutional Animal Care and
Use Committee guidelines. At 6 weeks of age, intraperitoneal injections were performed
with 5 x 10° early-passage endometrial cancer cells (20 mice injected with Hec1A cells, 20
injected with Ishikawa cells, and 20 injected with MecPK cells). Tumors were allowed to
progress for 7 days prior to initiating either control or metformin treatment. Each group of
20 mice per cell line was divided into two subgroups of 10 mice each. Ten mice were treated
with metformin dissolved in drinking water (5 mg/mL) and the remaining ten mice were
provided untreated sterile drinking water. Both metformin-treated water and control
untreated water were changed twice weekly. Treatment continued until at least one mouse
became moribund, at which time all animals in the same endometrial cancer cell line group
were euthanized. At necropsy, mice were weighed and serum was collected for liver enzyme
analysis. All tumor was dissected from peritoneal surfaces and weighed, a representative
portion of tumor was fixed in formalin, and the remainder was flash frozen and stored at
-80°C.

Immunohistochemistry

Slides were cut from formalin-fixed, paraffin-embedded tissue blocks for
immunohistochemical analysis of phosphorylated S6 ribosomal protein (pS6rp) expression
as a downstream marker of PI3BK/AKT pathway signaling in tumor xenografts. Incubation
with primary antibody for phosphorylated S6 ribosomal protein (S235/236) rabbit
monoclonal antibody (Cell Signaling Technology) was performed overnight at 4°C (1:50
dilution). Phosphorylated Sérp expression was scored as the product of the percentage of
cells staining positive (0 = <10%; 1 = 10-25%; 2 = 26-50%, 3 = 51-75%, and 4 = >75%) and
the intensity of the staining (1 = weak; 2 = moderate; 3 = strong).

Stable Expression of PTEN

MecPK cells were transfected with either pIRES2-EGFP-PTEN, pIRES2-EGFP control
(Clontech Laboratories, Mountain View, CA) or Lipofectamine 2000 alone (mock
transfection). After 24 hours, G418-sulfate 750 ug/mL (Cellgro, Manassas, VA) was applied
and replaced every 3 days until resistant colonies were identified. Colonies were selected
and expanded. Whole cell lysates were analyzed for PTEN expression by western blot.
MecPK cells stably expressing PTEN and negative controls transfected with pIRES2-EGFP
vector alone were treated with metformin and MTT assays were performed 48 hours later.

Silencing of Mutant K-Ras

MecPK cells were transfected with either iGENOME SMARTpool K-Ras siRNA or
SiIGENOME non-targeting siRNA (Dharmacon, Lafayette, CO) using RNAiMax
(Invitrogen, Carlsbad, CA) per manufacturer’s protocol. Media was replaced after 6 hours
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with media containing metformin. After treatment for 48 hours, MTT assays were
performed.

Imaging Analysis of K-Ras Localization

K-Ras localization was analyzed by confocal microscopy using Madin-Darby Canine
Kidney (MDCK) cells expressing GFP-labeled oncogenic K-RasG12V or GFP-K-RasG12V/
S181A (a mutant K-Ras protein that is resistant to Protein Kinase C (PKC)-dependent
phosphorylation). MDCK cells were cultured on coverslips and treated with PBS or
metformin for 48 hours to allow new protein synthesis and trafficking. Cells were fixed with
4% paraformaldehyde at room temperature for 30 minutes and quenched with 50mM
ammonium chloride for 10 minutes. Coverslips were mounted onto slides in Mowiol and
imaged by confocal microscopy using a Nikon A1R Confocal Laser Microscope (Nikon,
Tokyo, Japan). Three independent experiments were performed in which three
representative fields from each slide were imaged and analyzed using ImageJ software. The
ratio of membrane-bound GFP-labeled K-Ras to total (membrane + cytoplasmic) K-Ras was
calculated.

Subcellular Fractionation

HeclA cells were treated with PBS, metformin, or Aminoimidazole-4-Carboxamide
Riboside (AICAR, an AMP analog that promotes activation of AMPK by increasing the
ratio of intracellular AMP to ATP) for 48 hours and then subjected to subcellular
fractionation (Subcellular Protein Fractionation Kit, ThermoScientific). Protein was
separated by SDS-PAGE and transferred onto a nitrocellulose membrane. Rabbit
monoclonal Na+/K+ ATPase alpha antibody (Epitomics, Burlingame, CA) and total AKT
(Cell Signaling) were used as loading controls and to confirm purity of membrane and
cytoplasmic fractions, respectively.

Western blot was performed using anti-c-K-Ras, clone 234-4.2 (Sigma). Densitometry was
analyzed using ImageJ software and ratio of membrane-bound K-Ras to total (membrane +
cytoplasmic) K-Ras was calculated. Three independent experiments were performed in
triplicate.

Statistical Analyses

Results

The values presented are the mean + SEM and analyzed using the Student’s t-test or the
Mann-Whitney U test. IC50 values were calculated using GraphPad Prism. For all results,
significance was set as p < 0.05.

Metformin Inhibits Proliferation in Cells Harboring K-Ras Mutation

Metformin significantly inhibited proliferation of MecPK (PTEN-null with activating K-Ras
mutation) and Hec1A (PTEN wild-type with activating K-Ras mutation) cells in a
concentration-dependent manner (Figure 1A). A significant decrease in cell proliferation
was achieved at 0.5 mM (p=0.008) and 5 mM (p<0.001), respectively. The mean 1C50 was
1.39 mM for MecPK and 5.03 mM for HeclA. In contrast, proliferation of Ishikawa cells
(PTEN-null with wild-type K-Ras) was significantly inhibited only at 20 mM (p=0.015) and
the 1C50 was 141.12 mM.

Metformin Effects on Cell Signaling

Effects on AMPK activation and downstream mTOR and MAPK pathways were evaluated
by treating EC cells with metformin (1-10 mM) for 48 hours (Figure 1B). Metformin
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induced concentration-dependent phosphorylation of AMPK in all cell lines. Metformin
treatment altered downstream mTOR signaling as shown by a concentration-dependent
decrease in phosphorylation of S6 ribosomal protein (S6rp) in Hec1A and MecPK cells.
However, metformin did not alter S6rp phosphorylation in Ishikawa cells. Extracellular-
signal-regulated kinase 1 and 2 (ERK1/2) are downstream targets of the MAPK pathway.
Similar to the effect seen on S6rp, metformin induced a concentration-dependent decrease in
phosphorylation of ERK1/2 in Hec1A and MecPK cells, but not in Ishikawa cells,
suggesting that metformin may alter MAPK signaling. Although AKT is upstream of TSC-2
(the direct target of AMPK), metformin induced a decrease in phosphorylation of AKT in
both Hecl1A and MecPK cells, suggesting that metformin may have effects upstream in the
PI3K pathway independent of effects on AMPK. This effect was not seen in Ishikawa cells.
Immunoblotting confirmed that Hec1A cells expressed PTEN while Ishikawa and MecPK
cells did not. All cell lines expressed OCT-1, the transporter that is essential for metformin
entry into cells (22) (Supplementary Figure S1).

Metformin Induces Apoptosis in K-Ras Mutated Cells

Metformin is a potent inducer of apoptosis in Hec1A and MecPK cells with significant
increases in the fraction of apoptotic cells seen at concentrations of 5 mM (p<0.001) and 1
mM (p=0.048), respectively (Figure 1C). However, metformin did not induce apoptosis in
Ishikawa cells.

Metformin Preferentially Inhibits Tumor Growth in Cells with K-Ras Mutations

Athymic nude mice received metformin in drinking water at an average daily dose of
approximately 1 g/kg/day. Water intake was not altered due to addition of metformin in
drinking water (data not shown). The time to development of moribund symptoms following
intraperitoneal tumor cell injection was 50 days for the Hec1A group, 64 days for the
Ishikawa group, and 29 days for the MecPK group. All 20 (100%) mice injected with
HeclA, all 20 (100%) mice injected with Ishikawa, and 17 of 20 mice (85%) injected with
MecPK developed tumors. As shown in Table 1, metformin caused a significant decrease in
mean tumor weight compared to untreated mice (0.22 g vs. 0.40 g, p=0.002) in the Hec1lA
group and MecPK group (0.72 g vs. 1.37 g, p=0.024). In contrast, there was no difference in
tumor weights between metformin-treated and untreated mice (0.87 g vs. 1.12 g, p=0.337) in
the Ishikawa group. Immunohistochemical staining for pS6rp was performed to confirm
modulation of the PI3K/AKT pathway in tumor xenografts. Consistent with in vitro results,
expression of pS6rp was significantly decreased in metformin-treated Hec1A tumors
compared to vehicle-treated mice (mean IHC score 4.9 vs. 7.8, p=0.009) — (Supplementary
Figure S2). In contrast, there was no significant difference in the expression of pS6rp in
metformin-treated Ishikawa tumor tissue compared to control. MecPK xenografts showed
substantial infiltration by normal cells, making IHC scoring difficult (data not shown).

As markers for toxicity, we compared total body weight at the time of necropsy and serum
liver enzyme levels. Mean mouse weights were not significantly different between groups
(Table 1). Also, metformin treatment did not adversely affect serum liver ALT enzyme
levels (Table 1).

PTEN Status Does Not Alter the Effect of Metformin on Proliferation

In order to confirm the influence of individual mutations on metformin response, MecPK
cells were transfected with pIRES2-PTEN, resulting in stable expression of PTEN.
However, expression of PTEN did not alter response to metformin (as measured by changes
in relative cell proliferation) compared to control MecPK cells, which are PTEN null (Figure
2A). The mean 1C50 for control MecPK cells was 3.31 mM and for MecPK cells expressing
PTEN it was 3.0 mM.
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Mutant K-Ras Silencing Decreases the Effect of Metformin on Cell Proliferation

To further confirm the influence of individual mutations on metformin response, transient
silencing of K-Ras was performed in MecPK cells using targeted siRNA to decrease
expression of total K-Ras (Figure 2B). In both groups, metformin decreased relative cell
proliferation compared to controls (Figure 2B), indicating that K-Ras silencing alone is not
sufficient to completely abrogate metformin’s effect on proliferation. However, cells with
silenced K-Ras demonstrated decreased sensitivity to metformin treatment compared to
MecPK cells transfected with non-targeted siRNA (Figure 2B), confirming the importance
of K-Ras status for metformin response in MecPK cells.

Metformin Induces Mislocalization of K-Ras to the Cytoplasm

K-Ras signaling is silenced if K-Ras is displaced from the plasma membrane. To explore
this possible mechanism for metformin action, we used MDCK cells expressing GFP-K
RasG12V (a model for quantitatively analyzing K-Ras localization) to evaluate metformin-
induced changes to K-Ras localization. Metformin caused a concentration-dependent
translocation of K-Ras from the plasma membrane to endomembranes and the cytoplasm
(Figure 3A), yielding an 1C50 of 261.03 uM (Figure 3B). Imaging analysis of K-Ras
localization was not feasible in Hec1A or MecPK cell lines because of a tendency to grow in
multiple layers when confluent, in contrast to the MDCK cells, which grow in a confluent
monolayer allowing for clear image analysis. For this reason, the effect of metformin on K-
Ras localization was further examined in EC cells using subcellular fractionation and
immunoblot. In HeclA cells, metformin treatment caused a small, but significant,
concentration-dependent mislocalization of K-Ras from the membrane fraction to the
cytosolic fraction at 1 and 5 mM of metformin (p=0.006 and p<0.001) (Figure 3C and D).
Taken together with the more extensive K-Ras mislocalization evident in the imaging assay
this result suggests that K-Ras displaced from the plasma membrane by metformin treatment
is predominantly associated with endomembranes. Importantly, treatment with AICAR (an
AMP analog that promotes activation of AMPK) also resulted in a concentration-dependent
mislocalization of K-Ras from the membrane to the cytosolic fraction at 0.1 mM (p=0.0002)
and 1 mM (p<0.0001) (Figure 3C and D).

Metformin Induces Mislocalization of K-Ras via Protein Kinase C (PKC)

To further probe the mechanism of metformin-induced K-Ras mislocalization, we used
MDCK cells expressing GFP-K-RasG12V/S181A, a mutant protein that is resistant to PKC-
dependent phosphorylation. MDCK cells expressing the resistant mutant K-RasS181A
showed significantly less K-Ras mislocalization following metformin treatment compared to
MDCK cells expressing K-Ras that is sensitive to PKC-dependent phosphorylation (Figure
4), suggesting that metformin acts on K-Ras localization through a PKC-dependent
mechanism.

Discussion

The chemopreventive and antineoplastic effects of metformin are currently being evaluated
for the treatment of several cancers. Although its mechanism of action is not fully
understood, metformin is thought to inhibit cell proliferation locally via activation of the
AMPK signaling pathway, which counteracts the growth-promoting effects of the PI3K/
AKT/mTOR pathway. PI3K pathway activation, due to inactivating mutation of the PTEN
tumor suppressor gene, is commonly observed in type | endometrial cancer. In our study,
metformin caused concentration-dependent activation of AMPK in all three endometrial
cancer cell lines tested; however, differential effects on other pathways were dependent on
mutational status. Our in vitro findings show that endometrial cancer cells expressing
constitutively active K-Ras are more responsive to metformin (as shown by downregulation
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of AKT and ERK signaling and increased apoptosis) compared to cells that lack PTEN. A
xenograft mouse model provided in vivo confirmation, showing growth of Hec1A and
MecPK tumors was inhibited by metformin therapy, while Ishikawa tumors were resistant.
This demonstrates that mutational status of K-Ras may be more predictive of tumor response
to metformin than PTEN status.

While mutations in the K-Ras and PI3K pathway components are mutually exclusive in
some tumor types, they frequently coexist in endometrial and colon cancer (23-26).
However, our results strongly suggest that metformin is a more potent inhibitor of cellular
proliferation and in vivo tumor growth in endometrial cancer cells expressing activated K-
Ras regardless of PTEN expression status. We next investigated the molecular basis for the
increased toxicity of metformin against endometrial cancer cells expressing activated K-Ras.
K-Ras undergoes a series of post-translational modifications of the C-terminal CAAX motif
to generate a farnesyl-cysteine carboxymethyl ester lipid anchor that operates in conjunction
with an adjacent polylysine domain to attach K-Ras to the inner leaflet of the plasma
membrane (27). Correct localization to the plasma membrane is essential for K-Ras
biological activity, since Ras effectors must be recruited to the plasma membrane for
activation (28). Our imaging and cell fractionation studies provide compelling evidence that
metformin and AICAR displace oncogenic mutant K-Ras from the plasma membrane to
cytosol and endomembranes. This change in sub-cellular localization can fully account for
the abrogation of K-Ras dependent MAPK activation observed in metformin-treated cells.
K-Ras has been shown to translocate to endomembranes due to phosphorylation of a critical
serine residue (S181) in the membrane-anchoring polybasic domain. Phosphorylation
reduces the positive charge of the K-Ras polybasic basic domain compromising electrostatic
interactions with the negatively charged plasma membrane, the so-called “farnesyl-
electrostatic switch” (29). Phosphorylation in turn promotes the association between
oncogenic K-Ras and Bcl-XL on the mitochondrial outer membrane, inducing apoptosis
(29). In this context, recent studies have shown that metformin and AICAR potently activate
atypical PKCC (30, 31). Combined with our findings, this suggests that PKC{-mediated
phosphorylation of K-Ras is the likely mechanism by which metformin uncouples K-Ras
signaling from membrane bound growth factor receptors and promotes apoptosis of tumor
cells (Figure 5). Earlier work implicated ionophore-sensitive “typical” PKC isoforms in
operating the K-Ras farnesyl-electrostatic switch, our new data here now suggest that the
switch can also be triggered by atypical PKC. Other drugs that have been shown to displace
K-Ras from the plasma membrane include: chlorpromazine, a weak amphiphilic base that
neutralizes the inner plasma membrane negative (—potential to interfere with K-Ras
electrostatic interactions (32); fendiline, via an as yet uncharacterized mechanism (33); and
staurosporines that deplete the inner leaflet of phosphatidylserine (34). These drugs,
however, are equally active on K-RasS181A, a mutant that cannot undergo PKC-dependent
phosphorylation, whereas K-RasS181A was resistant to mislocalization by metformin,
providing further evidence for the PKC-dependent mechanism of action depicted in Figure
5.

Our observations have important clinical implications for endometrial cancer treatment,
particularly endometrioid-type, as up to 26% harbor activating K-Ras mutations and up to
83% have PTEN loss with subsequent PI3K pathway hyperactivation. Several targeted
strategies have been evaluated for treatment of endometrial carcinoma (35). Unfortunately,
some combination therapies involving PI3K pathway inhibitors with MEK inhibitors have
proven to be toxic in Phase | studies making their development into feasible treatment
strategies uncertain. Using metformin to target the Ras-MAPK signaling pathway may be
useful when combined with other agents targeting the PI3K pathway and may reduce
toxicity. Furthermore, our observations provide a rationale for use of metformin in other
cancer types with high incidence of K-Ras mutations, such as pancreatic and colorectal
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cancer. Indeed, retrospective studies show metformin to be associated with a survival
advantage in patients with pancreatic and colorectal cancer (36, 37). Prospective studies are
needed to validate these findings.

In conclusion, metformin significantly inhibits cell proliferation, induces apoptosis, and
decreases tumor growth in preclinical models of endometrial cancer. Metformin is most
effective against endometrial tumors with activating mutations in K-Ras. Metformin inhibits
K-Ras signaling through mislocalization of K-Ras from the plasma membrane to the
cytoplasm. Metformin’s effects on K-Ras may provide added benefit when combined with
other targeted agents, notably mTOR inhibitors, to improve responses. These studies reveal
a novel mechanism of action for metformin, and provide a rationale for clinical trials using
metformin in combination with PI13K-targeted agents for tumors harboring activating K-Ras
mutations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AICAR Aminoimidazole-4-Carboxamide Riboside
EC endometrial cancer
MDCK Madin-Darby Canine Kidney cells
mTOR mammalian target of rapamycin
MTT 3-(5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
OCT1 organic cation transporter-1
pS6rp phosphorylated S6 ribosomal protein
PKC Protein Kinase C
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Figure 1.

A) Dose-response curves for cell proliferation following metformin treatment in HeclA,
Ishikawa, and MecPK endometrial cancer cell lines. Cells were treated with metformin for
48 hours and cell proliferation was determined using MTT assay. Values were normalized to
PBS vehicle (V) controls. Error bars indicate +/— SEM. * p<0.05. B) Western immunoblots
for protein expression following metformin treatment after 48h. C) Effect of metformin on
apoptosis (proportion of cells in the sub-G1 phase). Cells were treated with metformin or
vehicle (PBS) for 48 hours and cell cycle was analyzed using flow cytometry. Apoptotic
cells were determined on the histogram as the percentage of cells in the sub-G1 peak. Data
represent three independent experiments. Error bars indicate +/— SEM. *p<0.05 indicating
increased apoptosis.
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Figure2.
A) MecPK cells were transfected for stable expression of PTEN. PTEN-expressing MecPK
cells were treated with metformin for 48 hours and cell proliferation was measured and
normalized to PBS controls. B) Mutant K-Ras was transiently silenced in MecPK cells using
SiRNA. MecPK cells with transiently silenced K-Ras were treated with metformin for 48
hours, resulting in decreased sensitivity to metformin compared to MecPK cells treated with
non-target siRNA (negative control). Error bars indicate +/— SEM.
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Figure 3.

Metformin induces mislocalization of K-Ras. A) K-Ras localization following metformin
treatment analyzed by confocal microscopy in Madin-Darby Canine Kidney (MDCK) cells
expressing GFP-labeled oncogenic K-RasG12V mutant. B) Quantitative image analysis was
performed to determine ratio of K-Ras at the plasma membrane versus total K-Ras
(normalized to PBS-treated controls). Representative experiments shown, three independent
experiments were performed. C) Immunoblot of Hec1A subcellular fractionation following
48 hours of metformin or AICAR treatment. D) Quantitation of fractionation immunoblot
shows a concentration-dependent translocation of K-Ras from the membrane to the
cytoplasm compared to PBS treatment. Error bars indicate +/- SEM. *p<0.05
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Figure 4.

Mislocalization of K-Ras occurs via Protein Kinase C. A) K-Ras localization following
metformin treatment analyzed by confocal microscopy in Madin-Darby Canine Kidney
(MDCK) cells expressing GFP-labeled oncogenic K-RasG12V or the mutant K-RasG12V/
S181A that is resistant to Protein Kinase C (PKC)-dependent phosphorylation. B)
Quantitative image analysis of the ratio of K-Ras at the plasma membrane versus total K-
Ras shows that metformin-induced K-Ras mislocalization is blunted in the PKC-resistant
mutant. Representative images shown, three independent experiments were performed. Error
bars indicate +/- SEM. *p<0.05
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Figure5.

Proposed mechanism by which metformin causes translocation of activated K-Ras from the
plasma membrane and promotes cell death. Previous studies have shown that metformin
activates atypical PKC (PKCY) through an AMPK-, ERK-, and PDK1-dependent
mechanism. PKCC then phosphorylates the lysine rich tail of activated K-Ras, acting as an
electrostatic switch that causes K-Ras to be repelled from the membrane. This
phosphorylation also promotes association between oncogenic K-Ras and Bcl-XL on the
mitochondrial outer membrane, inducing apoptosis.
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Table 1

Effect of Metformin on Tumor Weight in Mouse Xenografts

Timeto

Cell Mice D%i:)gred Moribund | Mean Tumor Mean Mouse Mean Serum
Line Q) n (%) (days) | weidht @) Weight (g) ALT3(UIL)
Control: 0.40 Control: 27.01 Control: 17.5
HeclA 20 20 (100%) 50 Metformin: 0.22 | Metformin: 25.97 | Metformin: 22.0
*p=0.002 p=0.281 p=0.228
Control: 1.12 Control: 26.28 Control: 30.0
Ishikawa 20 20 (100%) 64 Metformin: 0.87 | Metformin: 26.24 | Metformin: 37.7
p=0.337 p=0.971 p=0.616
Control: 1.37 Control: 26.41 Control: 13.7
MecPK 20 17 (85%) 29 Metformin: 0.72 | Metformin: 24.95 | Metformin: 17.0
*p=0.024 p=0.420 p=0.059

aAlanine aminotransferase (ALT), a marker of liver toxicity.
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