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DIRECT EFFECTS OF METFORMIN ON PI3K AND RAS SIGNALING IN
ENDOMETRIAL CANCER

David A. Iglesias, M.D.

Thesis Advisor: Karen H. Lu, M.D.

Metformin has antiproliferative effects through the activation of AMPK and has
gained interest as an antineoplastic agent in several cancer types, although studies
in endometrial cancer (EC) are limited. The aims of this project were to evaluate
pathways targeted by metformin in EC, investigate mechanisms by which metformin
exerts its antiproliferative effects, and explore rational combination therapies with

other targeted agents.

Three EC cell lines were used to evaluate metformin’s effect on cell proliferation,
PI3K and Ras-MAPK signaling, and apoptosis. A xenograft mouse model was also
used to evaluate the effects of metformin treatment on in vivo tumor growth. These
preliminary studies demonstrated that K-Ras mutant cell lines exhibited a decreased
proliferative rate, reduced tumor growth, and increased apoptosis in response to

metformin compared to K-Ras wild-type cells.

To test the hypothesis that mutant K-Ras may predict response to metformin,
murine EC cells with loss of PTEN and expressing mutant K-RasG12D were
transfected to re-express PTEN or have K-Ras silenced using siRNA. While PTEN
expression did not alter response to metformin, cells in which K-Ras was silenced

displayed reduced sensitivity to metformin.
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Mislocalization of K-Ras to the cytoplasm is associated with decreased signaling
and induction of apoptosis. Metformin’s effect on K-Ras localization was analyzed
by confocal microscopy in cells expressing oncogenic GFP-K-RasG12V. Metformin
demonstrated concentration-dependent mislocalization of K-Ras to the cytoplasm.
Mislocalization of K-Ras to the cytoplasm was confirmed in K-Ras mutant EC cells
(HeclA) by cell fractionation in response to metformin 1 and 5 mM (p=0.008 and
p=0.004). This effect appears to be AMPK-independent as combined treatment with
Compound C, an AMPK inhibitor, did not alter K-Ras localization. Furthermore,
treatment of EC cells with metformin in combination with PI3K inhibitors resulted in a

significant decrease in proliferation than either agent or metformin alone.

While metformin exerts antineoplastic effects by activation of AMPK and
decreased PI3K signaling, our data suggest that metformin may also disrupt
localization of K-Ras and hence its signaling in an AMPK-independent manner. This
has important implications in defining patients who may benefit from metformin in

combination with other targeted agents, such as mTOR inhibitors.

Copyright © 2012 — David A. Iglesias, MD. All rights reserved.
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1. Introduction

1.1.0Overview

Metformin is one of the most widely prescribed oral hypoglycemic agents in the
treatment of type Il diabetes mellitus. The American Diabetes Association and the
European Association for the Study of Diabetes both recommend metformin as the
initial pharmacologic therapy for type Il diabetes when lifestyle modifications fail (1).
Benefits to its use include that it is generally well tolerated with minimal or rare
adverse effects, cost is low, it is widely available, and is rarely associated with
hypoglycemia. Recently, the use of metformin has gained interest in cancer
research by demonstrating antineoplastic effects that are independent of its
hypoglycemic effects (2). Furthermore, several clinical studies have demonstrated
the association between metformin and an improvement in cancer incidence and
survival (3-12). However, there has been limited data on the role of metformin
specifically on endometrial cancer and the studies that have been performed have
been limited to cell culture. As such, we sought to evaluate the effect of metformin
on endometrial cancer in vitro and in vivo and to identify specific genetic alterations

that may make cancer cells more susceptible to metformin treatment.

1.2.History of Metformin

Metformin and other biguanides were derived from guanidine found in Galega
officinalis, otherwise known as goat’s rue or French lilac. This plant was used as a
treatment for polyuria related to diabetes in medieval Europe (13). It was not until
the early 20" century that guanidine was described as the active compound and was

synthesized for widespread use as an oral hypoglycemic agent. Metformin was first



described in 1922 by Emil Werner and James Bell as a product of the synthesis of
N,N-dimethylguanidine (14).  Previously, in 1918, guanidine was found to
demonstrate hypoglycemic activity in animals (15). Unfortunately, guanidines were
determined to be too toxic and attention shifted to a less toxic extract of G. officinalis
called galegine (isoamylene guanidine) (16). Galegine and its analogs, the
synthalins, were used sporadically in the 1920s as antidiabetic agents. However, as
a result of the increasing availability of insulin in the 1920s and a better
understanding of the pathophysiology of diabetes, interest in the oral agents waned.
It wasn’t until the 1940s and 50s that guanidines resurfaced primarily as agents to
combat infections. Chloroguanidine hydrochloride was being used in the 1940s as
an antimalarial agent when it was shown to also have a glucose-lowering effect (17).
Around the same time, a prominent Philippine physician named Eusebio Garcia
used a preparation of dimethyl biguanide, which he termed Flumamine, to treat
influenza. He published his report in 1950 and noted that Flumamine was non-toxic
and was associated with a lowering of serum glucose levels (18). Meanwhile, Jean
Sterne, a French physician interested in diabetology, was conducting studies using
galegine in Paris. Based partially on the observations by Eusebio Garcia, Sterne
began exploring the antidiabetic properties of dimethyl biguanide, a compound he
later called “Glucophage” (16). Sterne went on to publish his findings in 1957 (19).
Shortly following this, others published trials with the biguanides phenformin and
buformin (16). Although, both phenformin and buformin were initially considered
more potent than metformin, they quickly fell out of favor due to their higher

association with lactic acidosis and were ultimately discontinued in the 1970s. In



contrast, metformin became available in the United Kingdom in 1958 and was
approved for use in Canada in 1972. Metformin was not approved by the U.S. Food
and Drug Administration for Type |l diabetes mellitus until 1994. Glucophage was
later produced under license by Bristol-Myers Squibb in the U.S. beginning in March

1995. Several generic formulations currently exist.

1.3.Proposed Mechanisms of Metformin Action in Normal and Neoplastic

Tissues

The principle mechanisms of action of metformin in the management of diabetes
mellitus include reducing hepatic gluconeogenesis, increasing insulin sensitivity in
target tissues, and improving glucose uptake by skeletal muscle and adipocytes
(20). These actions ultimately lead to decreased circulating glucose and insulin
levels. Specifically, metformin has been shown to inhibit mitochondrial respiratory
chain complex | resulting in decreased adenosine-5'-triphosphate (ATP) generation
(21), an increase in the AMP to ATP ratio, and subsequent activation of the cellular
energy-sensing liver kinase B-1 (LKB1) and AMP-activated protein kinase (AMPK)
pathway. AMPK activation results in the downregulation of energy-consuming
processes such as lipid and protein synthesis in response to energy depletion. In
the case of hepatocytes, this results in a decrease in gluconeogenesis and promotes
glucose uptake. Glucose can be utilized by cells to generate ATP through oxidative
phophorylation or glycolysis. However, following the observations that insulin acts
as a mitogen in a subset of cancer cells (22) and that AMPK activation also inhibits

mammalian target of rapamycin (MTOR) signaling, a pathway involved in cellular



proliferation and mRNA translation, there has been increasing interest in evaluating

the potential direct antineoplastic effects of metformin.

It has been proposed that metformin exerts its antineoplastic effects through one
or more of three mechanisms, some of which overlap with the mechanisms of action
of metformin in normal tissues (23). In the “indirect” model, the action of metformin
on hepatocytes results in decreased hepatic glucose secretion and increased
glucose uptake. This ultimately leads to decreased circulating glucose and insulin
levels. As insulin acts as a mitogen in a subset of cancers, a reduction in serum
insulin levels may lead to a reduced growth rate of these tumors. However, it has
been proposed that this mechanism would primarily benefit patients with baseline
hyperinsulinemia, tumors that are insulin sensitive, and/or tumors lacking an
activating mutation downstream of the insulin receptor (24). While metformin’s
activation of the LKB1/AMPK pathway in hepatocytes results in decreased
gluconeogenesis, several early studies also demonstrated that metformin had a
similar “direct” effect on the LKB1/AMPK pathway in cancer cells, including breast,
prostate, colon, and endometrial cancer cell lines. The end product of activation of
LKB1/AMPK in these cells is inhibition of mMTOR signaling resulting in decreased
protein synthesis and reduced tumor growth (25-27). Evidence also indicates that
metformin may inhibit growth of certain tumors by causing a cellular “energy crisis.”
In this proposed model, tumors with loss of LKB1 or p53 are unable to sense, and
therefore compensate for, a metformin-induced reduction in ATP resulting in a

continuation of energy-consuming processes that ultimately leads to an energy crisis



and necrotic cell death (23, 28). Despite ongoing research, the precise

mechanism(s) of metformin’s antineoplastic activity has yet to be fully defined.

Metformin has also been shown to exhibit cardioprotective effects both in vitro
and in vivo through increasing expression of AMPK and endothelial nitric oxide
synthase (eNOS) and decreasing expression of transforming growth factor (TGF)-£31
in cardiomycotes leading to improved left ventricular function and modeling (29, 30).
Furthermore, metformin use is also associated with a reduction in fatty acid levels
and consequently an improvement in lipid profiles. These actions have translated to
an improvement in survival in a murine model of heart failure (31). In humans, the
United Kingdom Prospective Diabetes Study Group demonstrated that patients with
type Il diabetes who used metformin had a 36% decrease in all-cause mortality and
a 39% lower risk of myocardial infarction when compared to other standard
treatments (32). As a result of these findings, there are several ongoing clinical
studies evaluating the role of metformin as a cardioprotective agent (33). These
potential cardioprotective effects may contribute to the improvement in survival seen

in epidemiological studies involving cancer patients.

1.4.Pharmacokinetics of Metformin

The ability of metformin to exert its antidiabetic and antineoplastic effects
depends greatly on the ability of the drug to access and be taken up by the target
tissue. Metformin exists primarily as a hydrophilic cationic molecule at physiologic
pH levels resulting in low lipid solubility and very limited passive diffusion through
cell membranes (34). As a result, uptake of metformin is largely mediated by

organic cation transporters (OCTs), which are briefly reviewed below. Metformin is



predominantly absorbed from the small intestine through the activity of several
transporters, notably the plasma membrane monoamine transporter (PMAT) which
is found on the luminal surface of enterocytes (35). Peak plasma concentrations of
metformin occur approximately 3 hours after a single oral dose of an immediate-
release tablet (36). After multiple doses of 1000 mg twice daily, mean plasma
concentrations of metformin range between 0.4 and 1.3 mg/L (37). The mean half-
life is 5.1 hours in healthy patients with adequate renal function (37). The mean
bioavailability of metformin has been estimated as 55+/-16% (34); however, there
appears to be some inter-subject variability which may be a result of differences in
expression levels of transporters.  Once in the circulation, metformin remains
unbound to plasma proteins and has a large volume of distribution (estimated at
approximately 300 L following 2000 mg daily dosing) likely attributable to
considerable tissue uptake of the drug. Of note, in animal models, metformin
concentrations several-fold higher than serum concentrations have been found in
various tissue types (38, 39). The primary mode of elimination of metformin is
through renal excretion of unchanged drug. As a result, the elimination of metformin
decreases with worsening renal function. The estimated mean renal clearance is
507+/-129 mL/min in healthy subjects with adequate renal function (34). Although
approximately 20-30% of metformin is recovered in the feces following oral
administration, this appears to be drug that was unabsorbed. Gastrointestinal
elimination appears to be negligible as no drug has been found in feces following

intravenous administration (36).



Transport of metformin from the plasma into target tissues is mediated by the
activity of several OCTs, most notably OCT1 and OCT3. Both of these OCTs are
found in many tissues and expressed at varying levels. As a major site of metformin
activity, hepatocytes express high levels of both OCT1 and OCT3 (40). Supporting
the importance of these transporters for metformin action, OCT1-knockout mice
demonstrate decreased hepatic uptake of drug (41). Furthermore, transient
silencing of OCT1 using siRNA decreased the sensitivity of epithelial ovarian cancer
cells to metformin treatment (42). Animal studies have demonstrated that while
OCTL1 is primarily expressed in the liver, kidney, and small intestine it may also be
expressed in other tissues to a lesser degree (40). In contrast, OCT3 appears to be
strongly expressed in tissues of the female reproductive tract, notably the ovaries,
placenta, and uterus (43). The high expression of OCTs in the kidneys likely
explains their role in the elimination of metformin. Importantly, other basic drugs,
such as cimetidine and certain antihistamines that are substrates for cation

transporters, may decrease the renal clearance of metformin and vice versa.

1.5.Toxicities and Adverse Effects of Metformin

The most frequently reported adverse effects associated with metformin use are
gastrointestinal and include bloating, flatus, and diarrhea. It is recommended that
metformin be taken with food and initially administered at a low dose and titrated up
to minimize these adverse effects. The most severe and life-threatening adverse
effect associated with metformin is lactic acidosis. Prevention and early diagnosis
and intervention of this condition is essential as it carries a mortality rate of up to

50% (34). While lactic acidosis was most frequently associated with the older



generation of biguanides (phenformin and buformin) resulting in their removal from
the market in the 1970s, this warning has remained for metformin. Fortunately, this
complication is rare with an incidence estimated at 3.3 cases per 100,000 patient-
years of treatment (44). Interestingly, to put this into perspective, the estimated
incidence of lactic acidosis in sulfonylurea-users is 4.8 cases per 100,000 patient-
years (44). However, despite this low risk, it is recommended that therapeutic serum
concentration of metformin not exceed 2.5 mg/L and that metformin doses be

adjusted for renal impairment (34).

1.6.Metformin and the Phosphatidylinositol 3-Kinase (PI3K) Pathway

To better understand the role that metformin may play as an inhibitor of tumor
cell proliferation, we must first understand the pathways involved in its mechanism of
action. Disruption of the PI3K-AKT pathway is considered central to the role of
metformin in both normal and neoplastic tissues. The PI3K pathway is a signal
transduction pathway critical to a variety of cellular functions including cell
proliferation and protein synthesis, cell survival, cell cycle progression, cellular
metabolism, and angiogenesis. PI3Ks are a family of lipid kinases that function by
phosphorylating the 3-hydroxyl group of phosphoinositides. There are three distinct
classes of PI3Ks that are differentiated by their substrate specificity and regulation
(45). Here we will focus on Class IA PI3Ks as these are the best described and

most commonly implicated in human cancers (46).

Class IA PI3Ks are heterodimers consisting of a p110 catalytic subunit (of which
there are three — p110qa, p110B, and p110d) and a p85 regulatory subunit. While

both p110a and p110B are ubiquitously expressed and are involved in cellular



proliferation and insulin signaling, p110d is primarily expressed on leukocytes and
plays a role in immune function. At baseline, p85 binds to the N-terminus of the
p110 subunit inhibiting its catalytic activity (47). Activation of Class IA PI3Ks can
occur through one of several mechanisms. The typical initiating event in the
activation is the binding of a growth factor ligand (e.g., epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), insulin-like growth factor-1 (IGF-1),
insulin, etc.) to its receptor tyrosine kinase (RTK). This promotes dimerization of the
receptor and autophosphorylation of tyrosine residues. Following this, p85 is
recruited to the plasma membrane and binds either directly or indirectly, through
adaptor proteins such as insulin receptor substrate-1 (IRS1) or GRB2-associated
binder (GAB), with the RTK releasing its inhibition of the p110 catalytic subunit.
PI3K can also be activated via Ras, which directly activates the pl110 subunit
independently of p85 (48). Of note, the PI3K pathway is one of the best
characterized downstream effectors of Ras and plays an important role in Ras-
mediated cell survival. The interplay between the Ras-Mitogen Activated Protein
Kinase (Ras-MAPK) and PI3K pathways is reviewed in further detail below.
Activation of PI3K generates phosphatidylinositol 3,4,5-triphosphate (PIP3) from
phosphatidylinositol 4,5-biphosphate (PIP;), a process that is negatively regulated
by the tumor suppressor phosphatase and tensin homolog (PTEN) through its lipid
phosphatase activity, converting PIP3 back to PIP,. Loss of PTEN function, either by
mutation or epigenetic silencing, results in uncontrolled PI3K activity which may
ultimately lead to cancer. As we will see later, this is clinically important in

endometrial cancer, which has a high frequency of cases with PTEN loss. PIP3
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recruits the serine-threonine kinase, AKT, to the plasma membrane. Docking of the
pleckstrin homology (PH) domain of AKT to PIP3 induces a conformational change in
AKT exposing two amino-acid residues (T308 and S473) that must be
phosphorylated for full activation of AKT. Phosphorylation of these residues is
accomplished by 3-phosphoinositide-dependent protein kinase 1 (PDPK1) and the
MTOR-rictor (rapamycin insensitive companion of mTOR) complex (MTORC2),
respectively (49-51). Once AKT is fully activated it acts as a central node in the
PI3K pathway, regulating a wide variety of cellular processes involved with cell
survival, protein synthesis and proliferation, and cellular metabolism (52). One of
the key downstream effectors by which AKT regulates protein synthesis is through
the tuberous sclerosis 1/2 (TSC1/2) complex. AKT inactivates TSC1/2 which
releases its inhibition on the mTOR-regulatory-associated protein of mTOR (Raptor)
(MTORC1) complex. The mTORC1 complex propagates the growth signal by
phosphorylating eukaryotic initiation factor 4E-binding protein (4E-BP) and p70
ribosomal S6 kinase (p70S6K) which promote ribosome biogenesis and protein
synthesis. At baseline, this process is also regulated by another variable — the
energy status of the cell. That is, at times of energy deprivation, there is an increase
in the intracellular concentration of AMP relative to ATP. This increase in the ratio of
AMP to ATP activates the cellular energy sensor AMPK. Activated AMPK, in an
attempt to maintain cellular energy homeostasis, then phosphorylates TSC2
resulting in inhibition of MTORC1 signaling which down-regulates energy consuming
processes such as protein synthesis. This is where metformin is believed to have its

predominant direct effect on inhibition of cellular proliferation. As described above,
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metformin inhibits mitochondrial respiratory chain complex | resulting in decreased
ATP production, leading to an increase in the ratio of intracellular AMP to ATP,
activation of AMPK, and ultimately to decreased mTORC1 signaling and decreased

cellular proliferation.

1.7.Ras Activation and the MAPK Pathway

The Ras-MAPK and PI3K-AKT pathways are two of the best characterized
intracellular signaling pathways. When first discovered, both of these pathways
were thought to be linear pathways that existed in parallel and were even activated
by different stimuli. However, as they have been further investigated and
characterized, it is clear now that there is a high degree of cross-talk between both
pathways. Ras has been shown to interact with the different isoforms of class IA
PI3Ks (53-55). As such, to understand the role of Ras on PI3K signaling, we must
first understand how Ras is regulated and activated. Ras proteins are GTPase
binary molecular switches that regulate cell proliferation, differentiation, and survival.
Four distinct Ras isoforms exist — H-Ras, N-Ras, K-Ras4A, and K-Ras4B - which
exhibit a high degree of sequence homology in approximately the first 169 amino
acids (56). The final 23-24 amino acids comprise what is termed the hypervariable
region (HVR) that defines the isoform and contains the membrane interacting and
targeting sequences (56). All Ras isoforms contain a carboxy terminal —-CAAX motif,
where C represents cysteine, A is usually an aliphatic amino acid, and X is any
amino acid. This —CAAX motif directs a series of post-translational modifications
that are necessary for activation and trafficking of the Ras protein to the inner leaflet

of the plasma membrane which is required for signaling.
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Newly synthesized Ras proteins immediately undergo a series of post-
translational modifications, some of which are constitutive and irreversible and
others that are conditional and reversible (57). First, -CAAX is constitutively
processed and modified by three enzymes that appear to work in series resulting in
polyisoprenylation, endoproteolysis, and carboxyl methylation (58). The end result is
that the otherwise hydrophilic Ras proteins become hydrophobic at their C termini
allowing them to associate with intracellular membranes. Indeed, endoproteolysis
and carboxyl methylation are both accomplished on the cytoplasmic surface of the
endoplasmic reticulum and Golgi apparatus (58). Once there, a “second signal” is
required for trafficking of Ras proteins to the plasma membrane from
endomembranes (56, 59). In the case of H-Ras, N-Ras, and K-Ras4A,
palmitoylation of the HVR facilitates this translocation (60, 61). This process is
dynamic in which depalmitoylation of H-Ras, N-Ras, and K-Ras4A mediates
retrograde transport to the Golgi (62). For K-Ras4B (which will be referred to as
simply K-Ras), the “second signal” has not yet been clearly defined, but is believed
to involve diffusion down an electrostatic gradient involving the polybasic domain of
the HVR (57, 59). That is, the net negative charge of the plasma membrane attracts
the positively-charged polybasic domain of K-Ras. While K-Ras is predominantly
distributed at the plasma membrane, studies have demonstrated that its association

with the plasma membrane is also reversible and dynamic (63).

At the plasma membrane, in the basal state, GDP-bound Ras is inactive. Upon
binding of growth factor ligands to their RTKs, guanine nucleotide exchange factors

(GEFs), such as Son of Sevenless (SOS), are recruited to the plasma membrane by
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GRB2 which activate Ras by promoting the release of GDP and allowing GTP
binding. Activated Ras can then interact with Ras-binding domains (RBDs) on
effector molecules, including PI3K among others. As is apparent, this process is
similar to, and indeed involves the same growth factors as, that involved in activation
of PI3K. The principal effector pathway of Ras is the MAPK pathway. This kinase
cascade consists of a GTPase-regulated Ras that phosphorylates and activates
RAF kinase which, in turn, phosphorylates and activates MEK which then
phosphorylates and activates the effector kinase, extracellular-signal-related kinase-
1/2 (ERK1/2). ERK1/2 is involved in promoting cell survival and proliferation and cell
motility (52). However, constitutive activation of Ras as a result of oncogenic
mutations may also lead to uncontrolled activation of the PI3K pathway which results
in persistent pro-proliferative and pro-survival signaling regardless of the presence of
growth factors. Ras activation is negatively regulated by GTPase-activating proteins
(GAPs) which catalyze GTP hydrolysis to return Ras to the GDP-bound inactive
state (57). Loss of GAPs is another mechanism by which Ras proteins may be
constitutively activated. In the next section we will review the importance of RAS-

PI3K interactions as it pertains to oncogenic signaling.

1.8.The Interaction Between Ras and PI3K in Tumorigenesis

Several authors have commented and provided preclinical evidence
demonstrating the importance of PI3K in Ras-dependent oncogenic transformation
(64-66). An overview of the key players in these pathways is demonstrated in Figure

1.
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Figure 1. Overview of the PI3K and Ras-MAPK Pathways

It is also well accepted that Ras plays a critical role in both tumor initiation and
maintenance. However, given the presence of multiple Ras effector pathways, it is
important to identify what role each plays in Ras-dependent tumorigenesis. What is
now known is that multiple effector pathways (MAPK, PI3K, and RalGEF) play
critical roles in Ras-dependent tumor initiation. However, as tumorigenesis
progresses, maintenance of Ras-dependent tumor growth seems to specifically
require PI3K pathway activation (67). Both pathways appear to be highly integrated
with mechanisms of cross-talk including cross-inhibition and cross-activation (52).
The Ras-MAPK and PI3K-AKT pathways can negatively regulate each other. As a

result, inhibition of one pathway may lead to activation of the other such as seen
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evaluated and compared mean mouse weights 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

enzyme levels (Table 1).

Control: 27.01 Control: 0.395 Control: 17.5
HeclA 20 20 (100%) 50 Metformin: 25.97 Metformin: 0.216 Metformin: 22.0
p=0.281 p=0.002 p=0.228
Control: 26.28 Control: 1.119 Control: 30.0
Ishikawa 20 20 (100%) 64 Metformin: 26.24  Metformin: 0.868 Metformin: 37.7
p=0.971 p=0.337 p=0.616
Control: 26.41 Control: 1.372 Control: 13.7
MecPK 20 17 (85%) 29 Metformin: 24.95  Metformin: 0.722 Metformin: 17.0
p=0.420 p=0.024 p=0.059

Table 2. In Vivo effect of metformin on mean tumor weight in nude mouse
xenografts. Metformin treatment resulted in significant reductions in mean tumor
weights in Hec1A- and MecPK-inoculated mice.

3.5. Effect of Metformin on Tissue Expression of pSé6rp and Ki-67
Immunohistochemical analysis of tumor pS6rp expression as a downstream
marker of PI3K/AKT pathway signaling and Ki-67 staining as a marker for
proliferation was carried out. The mean percentage of cells staining positive for Ki-
67 was not significantly different between metformin-treated and vehicle control-
treated groups for either HeclA or Ishikawa tumor tissues (Figure 5A).

However,

consistent with the in vitro results, expression of pS6rp was significantly decreased
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in metformin-treated HeclA tumor tissue compared to vehicle control-treated tissue
(mean IHC score 4.9 vs. 7.8, p=0.009) — (Figure 5B). In contrast, there was no
significant difference in the expression of pS6rp in metformin-treated Ishikawa tumor
tissue compared to vehicle control-treated tissue (mean IHC score 5.8 vs. 5.3,

p=0.642) — (Figure 5B).
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Figure 5. Immunohistochemical analysis of xenograft tumors - A) There
were no differences in the percentage of cells staining positive for Ki-67
between metformin-treated and vehicle control-treated groups for either Hec1A
or Ishikawa tumor tissues. B) Expression of pS6rp was significantly decreased
in metformin-treated Hec1A tumor tissue compared to vehicle control-treated
tissue

3.6.Expression of PTEN Does Not Alter Response to Metformin
Transfection of MecPK cells with plasmid pIRES2 containing PTEN gene insert

resulted in stable expression of PTEN. The functionality of PTEN was confirmed by

evaluating the activation of downstream signaling pathways; pS6rp expression was
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down-regulated in PTEN expressing cells as compared to MecPK cells transfected
with plasmid alone (Figure 6A). Following metformin treatment for 48 hours at
varying concentrations, there was no difference in relative cell viability when
comparing parental MecPK transfected with pIRES2-vector alone to MecPK cells
transfected with pIRES2-EGFP-PTEN stably expressing PTEN (Figure 6B). The
mean IC50 value for control MecPK cells was 3.31 mM and for MecPK cells

expressing PTEN it was 3.00 mM.
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Figure 6. Re-expression of PTEN in MecPK cells and dose-response to metformin
treatment - A) Transfection of MecPK cells with plasmid pIRES2-EGFP-PTEN insert
demonstrated expression of PTEN which resulted in down-regulation of downstream
read-out pS6rp compared to MecPK cells transfected with pIRES2-EGFP-vector alone.
B) Following metformin treatment for 48 h, there were no significant differences relative
cell viability between parental MecPK and cells expressing PTEN. These data represent
three independent experiments performed in triplicate. Error bars indicate +/- SEM.
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3.7.Transient Silencing of Mutant K-Ras Decreases Sensitivity to Metformin
Treatment
Transient silencing of K-Ras in MecPK cells using targeted siRNA results in a
significantly decreased expression of total K-Ras when compared to cells treated
with non-target siRNA (control) (Figure 7A). In both groups, metformin treatment at
5 — 20 mM resulted in significant decreases in relative cell survival compared to
PBS-treated controls indicating that K-Ras silencing alone is not sufficient to
abrogate metformin’s effect on proliferation. However, cells with transiently silenced
K-Ras demonstrated significantly decreased sensitivity to metformin treatment (5 —

20 mM) compared to parental MecPK cells transfected with non-targeted siRNA

(Figure 7B).
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Figure 7. Transient silencing of K-Ras in MecPK cells and dose-response to
metformin treatment - A) Transient silencing of K-Ras in MecPK cells using targeted
siRNA results in decreased total K-Ras expression. B) Following treatment for 48 h,
MecPK cells with transiently silenced K-Ras displayed decreased sensitivity to metformin
at 5 — 20 mM compared to parental MecPK cells transfected with non-targeted siRNA
(negative control). These data represent three independent experiments performed in
triplicate. Error bars indicate +/- SEM.
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3.8.Expression of Mutant K-Ras Increases Sensitivity to Metformin
Treatment

Transfection of Ishikawa cells with plasmid pMEV containing an oncogenic
mutant K-RasG12D insert resulted in a 4-fold increased expression of K-Ras at the
MRNA level when compared to Ishikawa cells transfected with pMEV vector alone
(Figure 8A). Following metformin treatment for 48 hours at varying concentrations,
cells expressing the mutant K-Ras had slightly increased sensitivity to metformin
compared to controls expressing wild-type K-Ras. 1C50 values for the controls could
not be calculated based on concentrations used and the dose-response curve.
However, a metformin IC50 of 57.7 mM was calculated in Ishikawa cells expressing

mutant K-Ras (Figure 8B).
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Figure 8. Expression of mutant K-RasG12D in Ishikawa cells and dose-
response to metformin treatment - A) Transfection of Ishikawa cells with
plasmid pMEV containing an oncogenic mutant K-RasG12D insert resulted in
a 4-fold increased expression of K-Ras at the mRNA level. B) Cells
expressing the mutant K-Ras had slightly increased sensitivity to metformin
compared to controls expressing wild-type K-Ras following 48h of treatment.
These data represent three independent experiments performed in triplicate.
Error bars indicate +/- SEM.
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3.9.Metformin Treatment Causes Mislocalization of K-Ras to the Cytoplasm
Confocal microscopy analysis was used to evaluate the localization of GFP-K-
RasG12V (Figure 9A) and GFP-H-RasG12V (Figure 9B) in MDCK cells in response

to increasing concentrations of metformin over 48 hours.

A

Figure 9. Effect of metformin (0.001 — 2 mM) on K-Ras localization analyzed by
confocal microscopy in Madin-Darby Canine Kidney (MDCK) cells - Expressing A)
GFP-labeled oncogenic K-RasG12V mutant and B) GFP-labeled oncogenic H-RasG12V

mutant.
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MDCK cells expressing GFP-K-RasG12V treated with metformin showed a
concentration-dependent translocation of K-Ras from the plasma membrane to the
cytoplasm, with an IC50 of 357 uM (Figure 10). In contrast, in MDCK cells
expressing GFP-H-RasG12V, translocation of H-Ras from the plasma membrane to
the cytoplasm was less sensitive to metformin treatment, with an IC50 of 2.76 mM
(Figure 10). The advantage to using MDCK cells for this screening assay is that

they grow in confluent monolayers allowing for clear imaging and analysis.

1.2+

1.14

P100/Total
(normalized to 1M samples)

4 K-RasG12v
> H-RasG12Vv

0.7

0 1 2 3
Log [Metformin] (..M)

Figure 10. Quantitative analysis of K-Ras and H-Ras localization following
metformin treatment using confocal microscopy. Treatment with metformin
resulted in a concentration-dependent translocation of K-Ras from the plasma
membrane to the cytoplasm, with a mean IC50 of 357 uM. These data
represent three independent experiments performed in triplicate. Error bars
indicate +/- SEM.
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We attempted to validate the results observed above in human endometrial
cancer (HeclA) cells transfected with GFP-K-RasG12V (Figure 11). However, as
HeclA cells have a tendency to grow in multiple layers when confluent, this made

guantification of intracellular localization using confocal microscopy unreliable.

HeclA
GFP-K-RasG12V

Figure 11. Effect of metformin (0.1 — 5 mM) on K-Ras localization
analyzed by confocal microscopy in Hec1A cells expressing GFP-
labeled oncogenic K-RasG12V mutant.

As a result, metformin’s effect on K-Ras localization was validated using in
HeclA cells by subcellular fractionation studies and western immunoblot analysis.
To confirm purity of cellular fractions and equal loading of proteins, membranes were
incubated with antibodies directed against Na+/K+ ATPase (membrane-specific) and
total AKT (cytoplasm-specific) — (Figure 12A). Metformin treatment caused a

concentration-dependent mislocalization of K-Ras from the plasma membrane to the
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cytoplasm with significance achieved at 1 and 5 mM of metformin (p=0.006 and

p<0.001) compared to PBS treatment (Figure 12B).

A

Membrane Cytoplasm

s SRR

Total AKT —— — — —

Total K-Ras h S— S—

PBS 0.1 05 1 S PBS 0.1 05 1 5

B Metformin Concentration (mM)
1.0
— p=0.0292
g 0.9
¥ p<0.0001
© 0.8+ -1
°
|: %
o
c
© 0.7
0
E
@
=
0.6
0.5— = 4 T
PBS 0.1 0.5 1 5

Metformin [mM]

Figure 12. Hec1A subcellular fractionation following metformin
treatment - A) Na/K ATPase served as the membrane-specific
antibody and Total AKT served as the cytoplasm-specific antibody to
confirm purity of fractions. B) Metformin treatment induced a
concentration-dependent translocation of K-Ras from the plasma
membrane to the cytoplasm with significance achieved at 1 and 5
mM (p=0.029 and p<0.0001) compared to PBS treatment. These
data represent three independent experiments performed in triplicate.
Error bars indicate +/- SEM.
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3.10. The Effect of Metformin on K-Ras Localization is AMPK-Independent

Treatment of HeclA cells with AICAR resulted in a concentration-dependent
mislocalization of K-Ras from the plasma membrane to the cytoplasm with
significance at 0.1 mM (p=0.0002) and 1 mM (p<0.0001) — Figure 13A and 13B. To
evaluate whether this effect is AMPK-dependent, we pretreated cells with
Compound C 10 uM for 1 hour prior to and during treatment with metformin or
AICAR. The addition of Compound C did not result in a significant difference in K-
Ras mislocalization following treatment with metformin 5 mM (p=0.257) or with

AICAR 1 mM (p=0.946) — Figure 14B.
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Figure 13. A) Hec1A subcellular fractionation following 48 h of
metformin or AICAR treatment. B) AICAR also induced a
concentration-dependent translocation of K-Ras from the plasma
membrane to the cytoplasm compared to PBS treatment. These
data represent two independent experiments performed in
triplicate. Error bars indicate +/- SEM.
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To confirm whether compound C had an effect on AMPK activation over this
extended course of treatment, western immunoblotting was performed during which
membranes were incubated with antibody directed against phosphorylated AMPKa
(Thrl72) (pPAMPKa). Cells treated with Compound C exhibited decreased
expression of pAMPKa at both the membrane and in the cytoplasm when compared
to cells that were not treated with Compound C (Figure 14A). This indicates that the

effects of metformin and AICAR on K-Ras mislocalization are AMPK independent.
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Figure 14. Hec1A subcellular fractionation following 48 h of metformin or
AICAR treatment with and without Compound C — A) Treatment with
Compound C resulted in decreased expression of pAMPKa. B) Pre-treatment
with Compound C 10 uM for 1 hour followed by co-treatment with either
Metformin 5 mM or AICAR 1 mM did not alter the effect of these drugs on K-Ras
localization. These data represent two independent experiments performed in
triplicate. Error bars indicate +/- SEM. D — DMSO; M — Metformin 5 mM; A —
AICAR 1 mM; C — Compound C 10 uM
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3.11. The Combination of Metformin with PI3K Pathway Inhibitors Results
in an Additive Decrease in Cell Viability

The relative cell viability of MecPK cells was determined by MTT assays after 48
hours of the following treatments: RAD0OO1 10 nM, BEZ235 100 nM, metformin 5
mM, AZD6244 10uM, and the combinations of RADO01 10 nM plus metformin 5
mM, BEZ235 100 nM plus metformin 5 mM, and AZD6244 10 uM plus metformin 5
mM. The combination of RADOO01 with metformin produced a significant decrease in
relative cell viability than that achieved with either RADOO1 alone (p=0.008) or
metformin alone (p=0.035) — Figure 15A. Similarly, the combination of BEZ235 with
metformin produced a significant decrease in relative cell viability than that achieved
with either BEZ235 alone (p=0.003) or metformin alone (p=0.029) — Figure 15B. In
contrast, the combination of AZD6244 with metformin did result in a significant
decrease in relative cell viability than that achieved with AZD6244 alone (p=0.201) or

metformin alone (p=0.661) — Figure 15C.
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Figure 15. MTT assays representing treatment of MecPK cells with either: A)
RADO0O1 10nM or metformin 5mM alone or in combination; B) BEZ235 100nM or
metformin 5mM alone or in combination; and C) AZD6244 10uM or metformin
5mM alone or in combination. For both RAD001 and BEZ235, combination
treatment with metformin resulted in decreased relative cell viability than with
either agent alone. In contrast, combination treatment with the MEK inhibitor
AZD6244 and metformin did not result in a greater decrease in relative cell
viability than with either agent alone. These data represent three independent
experiments performed in triplicate. Error bars indicate +/- SEM.
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The expression of downstream proteins in the PI3K and Ras-MAPK pathways
were evaluated by western immunoblots following treatment with DMSO, metformin
5 mM, RADOO1 10 nM, AZD6244 6 uM, or the combinations of RAD0O01 10 nM plus
metformin 5 mM or RADOO1 10 nM plus AZD6244 6 uM. Treatments and
immunoblots were performed on MecPK cells and expressed in Figure 16.
Metformin treatment increased the expression of pAMPKa and decreased the
expression of pAKT, pS6rp, and pERK1/2. These effects were more prominent in
cells treated with the combination of RADOO1 and metformin. Treatment with
AZD6244 increased the expression of pAKT and pS6rp. Following the addition of
RADOO1 to AZD6244, pS6rp expression decreased, but pAKT remained

overexpressed compared to DMSO treated cells.
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Figure 16. MecPK cells treated for 48h with metformin 5
mM alone, RAD001 10 nM alone, AZD6244 6 uM alone, or
combinations of RAD0O1 with either metformin or
AZD6244. Metformin treatment increased the expression of
pAMPKa and decreased the expression of pAKT, pS6rp,
and pERK1/2. These effects were more prominent in cells
treated with the combination of RAD001 and metformin.
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4. Discussion

The chemopreventive and antineoplastic effects of metformin are currently being
evaluated for the treatment of a variety of 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 PI3K pathway hyperactivity. Activation of the PI3K pathway, as
a consequence of the inactivating mutation of the PTEN tumor suppressor gene, is a
commonly observed mutation in type | endometrial cancer. With this in mind, we
set out to evaluate the in vitro and in vivo effects of metformin on endometrial cancer
growth based on PTEN mutational status. While we demonstrated that metformin is
a potent inhibitor of cell proliferation and inducer of apoptosis in vitro and of tumor
growth in vivo; surprisingly its activity appears to be more robust in endometrial
cancer cell lines that possess an activating K-Ras mutation as compared to those
lacking PTEN. These preliminary findings led us to further evaluate the effect of

metformin on Ras signaling and intracellular localization.

First, we confirmed metformin activates AMPK in a concentration-dependent
manner in all endometrial cancer cell lines used. A decrease in PI3K pathway
signaling was observed in HeclA and MecPK cells, both of which harbor activating
mutations in K-Ras, but not in Ishikawa cells which express wild-type K-Ras.
Furthermore, we demonstrated that pERK1/2 expression was decreased in a
concentration-dependent manner only in HeclA and MecPK cells and observed that
metformin is a potent inducer of apoptosis in both of these cell lines. These in vitro

findings were further supported by our xenograft model which demonstrated reduced
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endometrial cancer cell lines harboring activating K-Ras mutations regardless of
PTEN expression status; we hypothesized that metformin may have a direct effect
on K-Ras localization and trafficking to the plasma membrane, leading to decreased
activation and subsequent decreased signaling through effector pathways.
Following a series of experiments evaluating the subcellular localization of Ras in
response to metformin treatment, we demonstrated that metformin causes
mislocalization of Ras from the plasma membrane to the cytoplasmic compartment.
This effect appears to be specific to the K-Ras isoform as mislocalization of H-Ras to
the cytoplasm required much higher metformin concentrations. This indicates that
metformin acts to disrupt transport of Ras proteins, in other words the “second
signal,” rather than altering or inhibiting the series of post-translational modifications

required for all newly synthesized Ras proteins to localize to the Golgi.

The interaction between metformin and the Ras-MAPK signaling pathway have
gained increasing attention recently. Metformin has been shown to inhibit Ras-
induced reactive oxygen species production and DNA damage; a mechanism that
may contribute to its effects as a cancer preventive agent (102). In breast cancer,
metformin has been demonstrated to induce cancer cell apoptosis by targeting ERK
signaling (103). However, what has yet to be reported is the mechanism by which
metformin disrupts Ras signaling. Our data suggests that metformin may disrupt
plasma membrane localization of K-Ras and hence its signaling. As K-Ras and H-
Ras are transported to the plasma membrane through different mechanisms,
metformin, through an unclear mechanism, interferes specifically with K-Ras

transport. This may possibly occur through disruption of electrostatic interactions
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between K-Ras and the plasma membrane or through activation of a farnesyl-
electrostatic switch. In the latter, phosphorylation of the polybasic domain of K-Ras
by protein kinase C (PKC), or potentially by AMPK, reduces the net positive charge,
causing K-Ras to lose affinity to the plasma membrane and to accumulate in
endomembranes (57). Interestingly, it has been demonstrated that when K-Ras has
an activating mutation, translocation to endomembranes is associated with
apoptosis (104). This may further explain our findings that metformin potently
induces apoptosis in endometrial cancer cell lines harboring an activating K-Ras
mutation. To determine if these effects are related to metformin’s ability to activate
AMPK, we performed a series of experiments using AICAR, an AMP analog that
potently activates AMPK, and Compound C, an inhibitor of AMPK. We
demonstrated that similar to metformin, AICAR causes concentration-dependent
mislocalization of K-Ras to the cytoplasm. However, treatment with Compound C
and subsequent inhibition of AMPK did not abrogate the effects of either metformin
or AICAR on K-Ras intracellular localization. This indicates that metformin’s effects
on K-Ras localization are AMPK-independent. Further studies are necessary to
investigate the precise mechanism by which metformin causes mislocalization of K-
Ras. It has been demonstrated that interference of electrostatic interactions by a
cationic amphiphilic drug (chlorpromazine) reduces the association of K-RasG12V
(but not H-Ras) with the plasma membrane, leading to accumulation in endosomal
or mitochondrial membranes resulting in growth inhibition and apoptosis (105). As
metformin exists primarily as a hydrophilic cationic molecule at physiological pH

values and has previously been demonstrated to increase the activity of atypical
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PKC (34, 106), this may be a possible explanation for its effects on K-Ras

mislocalization.

It is also intriguing to speculate on the role of metformin on cancer cell
metabolism. Since the 1920s, it has been observed that cancer cells shift from
mitochondrial oxidative phosphorylation and rely on glycolysis to generate energy
needed for maintenance of cellular processes and growth, a phenomenon known as
the “Warburg effect” (107). Most cells in a multicellular organism under normal
physiologic conditions rely on mitochondrial oxidative phosphorylation as the energy
yield in the form of ATP (36 mol per glucose molecule) is significantly greater than
with glycolysis (2 mol of ATP per glucose molecule). As such, these cells reserve
glycolysis for conditions of oxygen deprivation allowing cells to continue ATP
production. Why is it then that cancer cells preferentially utilize a less efficient
metabolic pathway? For one, many cancer cells in solid tumors are in a chronic
hypoxic environment demanding that they use anaerobic glycolysis as a means to
generate energy. However, even when oxygen is plentiful, cancer cells still
preferentially utilize aerobic glycolysis. The reason for this is a shift in their priorities.
Cancer cells want to divide rapidly which requires that they replicate all of their
cellular contents, a process that requires significantly more resources (such as
NADPH and acetyl-coenzyme A) than just ATP alone (107). As such, cancer cells
preferentially metabolize glucose and glutamine to generate the precursors needed
for fatty acid and amino acid synthesis. Recent work has demonstrated that Ras-
dependent transformation results in an early switch to aerobic glycolysis (108, 109).

Despite the switch to glycolysis, some cancer cells retain the capacity for oxidative
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phosphorylation, particularly when nutrients are low (110). Metformin is known to
inhibit oxygen consumption and mitochondrial complex | (111, 112). This inhibition
of oxidative phosphorylation may lead to ATP depletion and an energy crisis with the
end result of apoptosis. This may provide another explanation for the induction of
apoptosis that we demonstrated following metformin treatment in K-Ras mutant cell

lines.

Our observations have important clinical implications in endometrial cancer,
particularly endometrioid-type, as up to 26% harbor activating K-ras mutations and
up to 83% of cases have PTEN loss with subsequent PI3K hyperactivation. With the
recent interest in personalizing cancer care, several targeted strategies have been
developed and evaluated for the treatment of endometrial carcinoma (113).
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. To evaluate the role of metformin, as a
possible Ras-MAPK pathway inhibitor, we combined it with either RADOO1 (an
MTORCL1 inhibitor) or BEZ235 (a pan-PI3K/mTOR inhibitor) and demonstrated
decreased relative cell viability on proliferation assays with the combinations than
with either of the agents alone. In contrast, when metformin was combined with a
MEK inhibitor, AZD6244, there was no additive benefit over either agent alone. This
indicates that metformin may have therapeutic utility when combined with inhibitors
of the PI3K pathway. In an on-going single-arm, open-label phase Il trial at M.D.
Anderson Cancer Center of RADOO1 (10 mg daily) in combination with letrozole (2.5

mg daily), 9 of the 35 evaluable patients on trial were also using metformin (4 were
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on metformin prior to study entry for diabetes, 5 started metformin while on trial for
RADOO1-induced hyperglycemia). Interestingly, metformin users had a substantially
improved clinical benefit rate (CBR) and objective response rate (ORR) (78% and
44%) compared to the 26 metformin non-users on the study, with a CBR and ORR
of 39% and 12% in that group. Of the four complete responders on trial, three
occurred in the metformin group. Toxicities in patients taking metformin were not

significantly different to those not taking metformin.

Metformin may also be combined with cytotoxic agents as a potential
chemosensitizer. It was recently demonstrated that metformin potentiates the
effects of paclitaxel in endometrial cancer cells through modulation of the mTOR
pathway and cell cycle progression (96). These effects may be due in part to
metformin’s ability to down-regulate glyoxalase | (Glol) expression, an enzyme
involved in glycometabolism that is abundant in tumor tissues and has been

associated with chemoresistance (114).

Furthermore, our observations may also provide a rationale for use of metformin
in several other cancer types that have a high incidence of K-Ras mutations such as
pancreatic and colorectal cancer. Indeed, in several retrospective studies,
metformin use has been associated with a survival advantage in patients with
pancreatic cancer (115) and colorectal cancer (116). However, prospective studies

are needed to validate these findings.
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5. Conclusions

In conclusion, metformin significantly inhibits cell proliferation, induces apoptosis,
and decreases tumor growth in preclinical models of endometrial cancer. Metformin
appears to be most effective against mutant K-Ras endometrial cancer cells.
Metformin inhibits K-Ras signaling by inducing mislocalization of K-Ras from the
plasma membrane to the cytoplasm through a process that appears to be AMPK-
independent. Metformin’s effects on K-Ras may provide added benefit when
combined with other targeted agents, notably mTOR inhibitors, to improve
responses. This data provides preclinical support for clinical trials using metformin
in combination with PI3K targeted agents, specifically in tumors harboring activating

K-Ras mutations.
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