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ABSTRACT OF THE DISSERTATION

Targeting mTOR in Pancreatic Cancer
by

Heloisa Prado Soares

Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2015

Professor Juan Enrique Rozengurt, Chair

Pancreatic ductal adenocarcinoma (PDAC), which comprises 90% of all human pancreatic
cancers, is a devastating disease with overall 5-year survival rate of only 5%. A major
challenge is to identify novel targets and develop strategies for its treatment. New approaches
will most likely arise from a detailed understanding of the molecular signaling pathways that
stimulate the unrestrained proliferation of these cells. The PI3K/AKT/mTOR pathway plays a
pivotal role in pancreatic cancer. Several drugs, including mTOR kinase inhibitors, are in
development to target this pathway. In addition to growth-promoting signaling, the
mTORC1/S6K axis also mediates negative feedback loops that restrict signaling via
insulin/IGF receptor and other tyrosine kinase receptors and can lead to drug resistance. In
this dissertation, I describe studies performed in PDAC cell lines using different inhibitors of
the mTOR pathway, including: a) rapamycyn, an allosteric mTOR inhibitor; b) PP242 and
KU63794, active-site mTOR inhibitors; ¢) NVP-BEZ235, GDC-0980 and PKI-587, dual

PI3K/mTOR inhibitors, d) metformin and berberine, two anti-diabetics drugs with emerging
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promising anti-cancer properties. We show that active-site mTOR and dual PI3K/mTOR
inhibitors induce an unexpected increase in the activity of the ERK pathway in PDAC cells.
Additionally, we demonstrate that ERK over-activation can be abrogated by the use of MEK
inhibitors. We also show that metformin and berberine are capable of inhibiting mTOR
signaling without ERK over-activation. Our mechanistic studies demonstrate that dual
PI3K/mTOR inhibitors suppress a novel PI3K-independent negative feedback loop mediated
by mTORC?2 thereby leading to enhancement of MEK/ERK pathway activity in pancreatic
cancer cells. Finally, we review negative feedback mechanisms that restrain signaling via
upstream elements of the PI3K/AKT/mTOR pathway as well as mechanisms leading to the
compensatory activation of other pro-oncogenic pathways, including MEK/ERK. Taken
together, the data presented in this dissertation have important translational applications and

provide a rationale for the study of combinatory target therapy in pancreatic cancer.
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Chapter |I.

INTRODUCTION



Epidemiology of pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) is a neoplasm of the cells of the exocrine
pancreas that represent 90% of all pancreas cancer. According to the American Cancer
Society, adenocarcinoma of the pancreas (simply called pancreatic cancer) is expected to
affect more than 48,000 thousand people in the United States of America during the year of
2015 and more than around 40,000 are expected to die of this disease annually. In fact, it the
fourth leading cause of cancer death in this country. (1) (2) The overall 5-year survival rate is
a dismal 5%. Patients with advanced disease have a median survival of less than 1 year
despite the use of the best available standard chemotherapy regimens. (3) Even when patients
are diagnosed with early stage disease and undergo primary tumor resection, their 5 years
overall survival is less than 25% as the tumor typically relapses.

The median age of pancreatic cancer patients at the time of the diagnosis is 71 years,
typically ranging from 40 to 80 years old. As the population in the US ages, we expect more
cases. By 2030, this malignancy is expected to be the second leading cause of cancer-death in

US just behind lung cancer. (4)

Predisposition factors

In addition to age, several other risk factors are known to contribute to the
development of pancreatic cancer including smoking, obesity, chronic pancreatitis and race.
Additionally, family history plays an important role in the development of this disease. In
fact, 5 to 10% of patients are thought to have a known genetic syndrome or family history. (5,

6) Unfortunately, an individual with a first-degree relative with this disease has a 7-9 fold



increase chance in developing it as well in the future. (7). The main known germlime
mutations associated with increased risk are BRCA 1, BRCA 2, pl16, PALB2 among others.
Despite these known predisposition factors, we still do not have established guidelines for
screening for several reasons including the fact that we do not have appropriate screening

tools. (8)

Diagnosis of pancreatic cancer

Usually pancreatic cancer does not manifest symptoms until its more advanced stages.
The typical signs and symptoms are weight loss, abdominal pain, bloating and diarrhea. If the
tumor is localized in the head of the pancreas, patient will often present with painless
jaundice. The work-up for a suspected tumor routinely includes high resolution abdominal
computed tomography (CT) scans. But tissue sample is required for confirmatory pathological
diagnosis. The tissue can be obtained via surgery in the case of small, resectable and
suspicious masses. In other cases, a CT or ultrasonography (US) guided biopsy can be done
from the primary mass or site of suspected metastatic disease, particularly when removal of

the primary tumor is not possible or indicated.

Staging and Management:

Although the classical TNM stage exists for pancreatic cancer, in practical terms
physicians approach the disease as a) resectable; b) borderline resectable/locally advanced or
c¢) metastatic disease.

Unfortunately only 15 to 20% of the patients have resectable disease at the time of the

diagnosis. In cases where the tumor is localized in the head of the pancreas, eligible patient



will undergo the so-called Whipple procedure that consists in of removal of the distal half of
the stomach (antrectomy), the gall bladder and its cystic duct (cholecystectomy), the common
bile duct (choledochectomy), the head of the pancreas, duodenum, proximal jejunum and
regional lymph nodes. On the other hand, patient with disease localized in the tail of the
pancreas will undergo a distal pancreatectomy.

Patients with borderline or locally advanced disease frequently are initially treated
with chemotherapy regimens that are used in the metastatic setting for lack of better options.
Radiation therapy is often used as well, in the attempt to reduce tumor size facilitating a
complete resection of the primary tumor.

For patients with metastatic disease, the traditional treatment is chemotherapy. For
many years the only standard of care was the use of a chemotherapy drug called gemcitabine,
which was approved in 1997 by the Food and Drug Agency (FDA). This FDA approval was
based in the data from a randomized phase III clinical trial showed that gemcitabine-treated
patients had increased median overall survival compared to 5-fluorouracil (5-FU) treated
patients of 5.65 and 4.41 months respectively (P =0.0025). (9) The survival rate for
gemcitabine at one year was 18% compared to 2% for 5-FU. Since then, several other drugs
have been tested in the setting of metastatic pancreatic cancer with little success. However, in
the last few years, different combinations of chemotherapy have emerged as options for the
initial treatment of metastatic pancreatic cancer. The most significant survival benefit has
been reported with the FOLFIRINOX (oxaliplatin, irinotecan, leucovorin and 5-fluorouracil)
regimen in patients with metastatic disease. This combination when compared with
gemcitabine showed a median overall survival of 11.1 versus 6.8 months. (3) However

FOLFIRINOX is associated with significant toxicity. In 2013, Von Hoff and colleagues



reported that the combination of gemcitabine and nab-paclitaxel achieved a median overall
survival of 8.5 months as compared with 6.7 months in the gemcitabine alone group of
patients that were randomized in a phase III trial. (10) The survival rate was 35% in the nab-
paclitaxel-gemcitabine group versus 22% in the gemcitabine group at 1 year. With all these
options, the decision of using single agent gemcitabine versus folinic acid, fluorouracil,
irinotecan, oxaliplatin (FOLFIRINOX) or gemcitabine-nab Paclitaxel routinely dependents on
the patient’s fitness, performance status, clinician judgment and patient’s personal
preferences.

In other tumor histologies target therapy had made dramatically progress.
Nevertheless, target therapy so far has failed to delivery significant improvement in the war
against pancreatic cancer. (11) (12) (13) Even Erlotinib, the FDA-approved target therapy for
pancreatic cancer has little impact in patient survival. (14) Clearly, a more detailed
understanding of the signaling mechanisms that promote survival, proliferations and
invasiveness and the complex feedback mechanisms that mediate dug resistant are key to the

development novel and effective targets and strategies.

Precursors lesions and genetic basis

Pancreatic intraepithelial neoplasia (PanIN), mucinous cystic neoplasm (MCN), and
intraductal papillary mucinous neoplasm (IPMN) (15) (16) are associated with pancreatic
cancer. The most common lesions are the pancreatic intraepithelial neoplasias (PanINs). (16,
17) Progression from these noninvasive ductal lesions to infiltrating adenocarcinoma is
associated with the accumulation of genetic alterations (18, 19), including activating

mutations in KRAS which appear in more than 90% of PDACs and represent an initiating



event, as well as inactivating mutations in tumor suppressors genes, including p53, pl6 and
SMAD4 (19-22). It is generally accepted that progression of pancreatic carcinogenesis
requires activation of signaling pathways leading to sustained cell proliferation. See more

details below.

Molecular characterization of pancreatic cancer and activated pathways

Pancreatic cancer carcinogenesis involves a series of somatic alterations. Four genes
are commonly altered in pancreatic cancer. The oncogene KRAs is mutated in more than 90%
of the tumors. (23) The suppressors genes TP53, pl6/CDKN2A and SDMAD4 are mutated in
90, 75 and 55% of tumors respectively. It is increasingly clear that mutations in KRAS,
SMAD4, TP53 and CDKN2A/pl16 are “driver” mutations of PDAC, i.e., mutations that confer
a selective growth advantage to the tumor cell. (24) Additionally, such mutated genes are key

players within a complex network of core pathways. (25) (26)

RAS activation and MAPK pathway

The KRAS or more specifically KRAS2 gene is located on chromosome arm 12p and
encodes a membrane-bound guanosine triphosphate (GTP)-binding protein, which is
activated by point mutations, most often in codon 12. (27)

RAS activation is the first step in activation of the canonical MAPK cascade (see
figure 1). Following RAS activation, RAF (A-RAF, B-RAF, or RAF-1 also known as C-RAF)
is recruited to the cell membrane through binding to RAS and activated in a complex process
involving phosphorylation and multiple cofactors that is not completely understood. RAF

proteins directly activate MEK1 and MEK?2 via phosphorylation of serine residues. MEK1



and MEK2 are themselves tyrosine and threonine/serine dual-specificity kinases that
subsequently phosphorylate threonine and tyrosine residues in ERK1 and ERK?2 resulting in
activation. The cellular functions of ERK are diverse and include regulation of cell
proliferation, survival, mitosis, and migration. (28). The second best-characterized RAS
effector family is phosphoinositide 3-kinases (PI3Ks), which play important roles as
mediators of RAS-mediated cell survival and proliferation. (29) (30)

Targeting KRAS directly has proven to be challenging (31) and additional signaling
pathways downstream from KRAS, including BRAF-MAPK and PI3K-AKT which
themselves have activated mutations, became attractive alternatives. In fact, several
generations of MEK inhibitors are currently under development and being tested in clinical
trials. (32) However, interfering with elements of the MAPK pathway is also associated with
several negative feedback loops. (30, 33) For example, MEK inhibition leads to AKT over-
activation via PI3K/AKT activation in several tumor types. (34) (35) It is tempting to
hypothesize that this failure is due to unleashing negative feedbacks related to MEK
inhibition. Indeed, a recent phase 2 clinical trial using Trametimib (the first FDA-approved
MEK inhibitor) and gemcitabine in patients with pancreatic cancer showed disappointing
results. (35) This trial results reinforce the notion that understanding the effects of interfering

with the downstream effectors of KRAS needs to be better understood and study.

Overview of PI3K/AKT/mTOR pathway

Multicellular organisms have developed highly efficient mechanisms of receptor-
mediated cell communication to integrate and coordinate the function and proliferation of

individual cell types. In this context, the phosphoinositide 3-kinase (PI3K)/Akt/ mammalian



target of rapamycin (mTOR) pathway plays a critical role in regulating multiple normal and
abnormal biological processes, including metabolism, migration, survival, autophagy,
lysosome biogenesis and growth (36). This pathway is another signaling pathway highly
involved in pancreatic cancer. (37, 38)

In response to different stimuli, including ligands of G protein-coupled receptors
(GPCRs) and tyrosine kinase receptors (TRKs), PI3K catalyzes the formation of
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), a membrane lipid second messenger that
coordinates the localization and activation of a variety of downstream effectors the most
prominent of which are the isoforms of the Akt family (39). The isoforms of the Akt family
(Aktl, Akt2, and Akt3) possess a lipid-binding PH domain and conserved residues (Thr-308
and Ser-473 in Aktl, the most commonly expressed isoform in normal cells), which are
critical for Akt activation. Specifically, Akt, translocated to the plasma membrane in response
to products of PI 3-kinase, is activated by phosphorylation at Thr-308 in the activation loop
by PDK1 and by phosphorylation within the carboxy-terminus at Ser-473 by mTORC2 (40).
Akt has been shown to phosphorylate multiple substrates, including the product of the
tuberous sclerosis complex (TSC) 2 gene, also termed tuberin, at Ser-939 and Thr-1462 (41,
42). TSC2 forms a heterodimer with TSC1 (hamartin) that represses mTOR activity (43, 44).
It 1s important to emphasize that mTOR functions as a catalytic subunit in two structurally
distinct multiprotein complexes, mMTORC1 and mTORC2 (36, 45). mTORCI, a complex of
mTOR, the substrate binding subunit Raptor, GBL, and PRAS40, senses nutrients and growth
factors. The TSC1/TSC2 heterodimer represses mTOR activity by acting as the GTPase-
activator protein (GAP) for Rheb (Ras homolog enriched in brain). Rheb is a potent activator

of mTORCI1 signaling in its GTP-bound state (46, 47). Phosphorylation of TSC2 by Akt



suppresses its GTPase activity towards Rheb, leading to mTORCI activation (48) (see figure
1). More recently, a novel mechanism of mTORCI activation involving the ERK/p90RSK
pathway but separate from Akt has been elucidated (49, 50). Specifically, ERK and p90RSK
phosphorylate TSC2/tuberin at Ser-664 and Ser-1798, i.e. sites different from those targeted
by Akt (Ser-939 and Thr-1462). The phosphorylation of TSC2/tuberin by ERK and p90RSK
leads to the dissociation and inactivation of the TSC1/TSC2 complex and to the activation of
mTORCI1 (49, 50). Furthermore, ERK directly phosphorylates Raptor leading to mTORCI1
activation (51). The Rag GTPases activate mTORCI1 in response to amino acids, by
promoting mTORCI translocation to lysosomal membrane that contains Rheb-GTP (45). Ras-
like (Ral) small GTPases, in their GTP-bound state, also promote mTORCI1 activation
through a pathway parallel to Rheb (52). Phosphatase and tensin homologue (PTEN) opposes
PI3K by degrading PIP; to PIP, thereby inactivating Akt and mTOR signaling (53).

The second mTOR complex (mMTORC?2) is assembled by binding of mTOR/GPL to
rapamycin-insensitive companion of mTOR (rictor) and mammalian SAPK interacting protein
1 (SINI). (54, 55) These two unique components SINI1 and rictor most likely carry the
regulatory functions of this kinase complex. SIN1 contains N-terminal Conserved Region In
the Middle (CRIM) domain, the Raf-like Ras binding domain (RBD) and a C-terminal PH
domain. (56) CRIM domain is a highly conserved region in the SINI family. SIN1 RBD
domain suggests that Ras is a potential regulator of mTORC2. SIN1 PH domain implies the
mTORC2 localization at the plasma membrane. However, the functional roles of these
domains are yet to be characterized.

Rictor is a more conserved and larger protein than SIN1. The human rictor protein

contains 1,708 amino acids and its sequence analysis did not reveal any homology to known



functional domains or proteins. (54) In spite of this, rictor is a phospho-protein and the
functional characterization of this post-translational modification might provide insights in
regulation of mMTORC2. In recent reports, some phosphorylation sites of rictor were identified,
and the Thr-1135 phosphorylation is the growth factor dependent. The main downstream
effectors of mTORC2 are AKT (57) and AGC kinases members including SGK1 (serum and

glucocorticoid induced protein kinase 1) (58) and PKCa (protein kinase Ca) (59, 60)

PI3K/AKT/mTOR pathway in pancreatic cancer

The PI3K/AKT/mTOR pathway plays a pivotal role in the pancreas, mediating acinar-
to-ductal metaplasia and PDAC formation (61, 62) and is active in premalignant pancreatic
lesions and pancreatic cancer tissues. (62-64) Additionally, the PI3K/mTOR pathway, like the
mitogen-activated protein kinase (MAPK) pathway, functions downstream of Ras (30) and
plays a key role in insulin/IGF receptor signaling.

Pancreatic ductal adenocarcinoma (PDAC) cells express insulin and IGF-1 receptors
and over-express IRS-1 and IRS-2 (65-67). Differently from normal tissue, PDAC display
activated (phosphorylated) IGF-1R (68). Gene variations in the IGF-1 signaling system have
been associated to worse survival in patients with PDAC (69). Inactivation of p53, as seen
during the progression of 50-70% of PDAC, up-regulates the insulin/IGF-1/mTORCI1
pathway (70). Crosstalk between insulin/IGF-1 receptors and G protein-coupled receptor
(GPCR) signaling systems potently stimulate mMTORC1, DNA synthesis and cell proliferation
in a panel of PDAC cells (63, 64, 71, 72). Therefore, blocking mTORCI signaling has

emerged as an attractive therapeutic target in PDAC.
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Feedback loops between MAPK and PISK/AKT/mTOR pathways and strategies to
block mTOR signaling

In addition to growth-promoting signaling, mTORC1/S6K also mediates negative
feedback loops that restrain signaling through insulin/IGF receptor and other tyrosine kinase
receptors via phosphorylation and transcriptional repression of IRS-1 (73-78) and
phosphorylation of Grb10 (79). Suppression of mTORCI activity by allosteric mTORCI1
inhibitors such as rapamycin prevents inhibitory IRS-1 phosphorylation and degradation,
thereby augmenting PI3K/Akt activation in several cancer cell types (78, 80-82). These
studies imply that the potential anti-cancer activity of rapamycin or analogs can be
counterbalanced by release of feedback inhibition of PI3K/Akt activation (73, 78, 80-82).

In an effort to target the mTOR pathway more effectively, a second generation of
inhibitors that act at the catalytic active site (active-site mTOR inhibitors) have been
developed, including PP242 (83), Torin (84) and KU63794 (85). These compounds inhibit
4E-BP-1 phosphorylation at rapamycin-resistant sites (e.g. Thr’”*®) and block Akt
phosphorylation at Ser*” through inhibition of mTORC2. As drug development evolves,
several pharmaceutical companies are investing in the so-called PI3K/ mTOR dual inhibitors
(86) in the attempt to make target therapy more effective. Many of these inhibitors are already
being tested in clinical trials alone or in combinations (87), however, far less is known about
the effects of such drugs in pancreatic cancer and even less in regards to their mechanistic
effects in PDAC cells.

Metformin, the most widely used drug in the treatment of type 2 diabetes mellitus
(T2DM), has emerged as a potential novel agent in cancer therapeutics. It is known that

mTORCI1 is also negatively regulated by metformin. At the cellular level, metformin
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indirectly stimulates AMP-activated protein kinase (AMPK) activation (88), AMPK inhibits
mTORCI activation through stimulation of TSC2 function (89-91), leading to accumulation
of Rheb-GDP (the inactive form) and by direct phosphorylation of Raptor, which disrupts its
association with mTOR, leading to dissociation of the mTORCI1 complex (92). Finally,
Insulin/IGF-1-induced mTORCI1 activation is attenuated by AMPK by direct phosphorylation
of IRS-1 on Ser’”*, a site that interferes with PI3K activation (77, 93). Interestingly, recent
epidemiological studies linked administration of metformin to reduced incidence, recurrence
and mortality of a variety of cancers in T2DM patients (72, 94-103), including PDAC (101,
103).

The isoquinoline alkaloid berberine, a phytochemical extracted from a variety of
medicinal plants, including plants of the Berberis species induces multiple biological effects,
including anti-obesity, anti-diabetic, anti-cancer and calorie-restriction effects (104-107).
Although the exact mechanisms by which berberine could have anti-cancer effects remain
incompletely understood, it is possible that is linked to AMPK activity and AMPK-mediated
inhibition of mTORCI. (108)

Emerging evidence shows that pancreatic cancer is a very heterogeneous and complex
disease, divided into sub-types that tend to respond differently to interventions.(109) (110)
The effects of blocking the mTOR pathway in pancreatic cancer cells using different class of
compounds/strategies are not fully understood. This thesis dissertation will characterize the
effects of blocking mTOR using different compounds.

In chapter 2, we studied the effects of rapamycin, active-site mTOR inhibitors and
metformin in pancreatic adenocarcinoma cell lines. We show that active-site inhibitors of

mTOR cause a marked increase in ERK activation whereas rapamycin did not have any
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stimulatory effect on ERK activation. The results imply that first and second generation of
mTOR inhibitors promote over-activation of different pro-oncogenic pathways in PDAC
cells, suggesting that suppression of feed-back loops should be a major consideration in the
use of these inhibitors for PDAC therapy. In contrast, metformin abolished mTORCI
activation without over-stimulating Akt phosphorylation on Ser*” and prevented mitogen-
stimulated ERK activation in PDAC cells.

In chapter 3, we show that dual PI3K/mTOR inhibitors, including NVP-BEZ235,
suppress a novel negative feedback loop mediated by mTORC2 thereby leading to
enhancement of the MEK/ERK pathway activity in pancreatic cancer cells. We also show that
MEK inhibitors (U126 or PD0325901) prevented ERK over-activation induced by dual
PI3K/mTOR inhibition. The combination of NVP-BEZ235 and PD0325901 caused a more
pronounced inhibition of cell growth than that produced by each inhibitor individually.

In chapter 4, we show that berberine inhibits DNA synthesis, cell cycle progression
and proliferation in PANC-1 and MiaPaca-2 pancreatic cancer cells. It also inhibits the
growth of PDAC tumor xenografts in vivo as effectively as metformin. Furthermore,
berberine dose-dependently inhibited mTORC1 (phosphorylation of S6K at Thr**” and S6 at
Ser*****) and ERK activation in PDAC cells stimulated by insulin and neurotensin or fetal
bovine serum. Knockdown of a; and a, catalytic subunit expression of AMPK reversed the
inhibitory effect produced by treatment with low concentrations of berberine on mTORCI,
ERK and DNA synthesis in PDAC cells. However, at higher concentrations, berberine
inhibited mitogenic signaling (mMTORCI1 and ERK) and DNA synthesis through an AMPK-
independent mechanism.

Finally in chapter 5, we review negative feedback mechanisms that restrain signaling

13



via upstream elements of the PI3K/Akt/mTOR pathway as well as mechanisms leading to the
compensatory activation of other pro-oncogenic pathways, including MEK/ERK. The studies
discussed in this chapter underscore the importance of unintended pathway activation in the
development of drug resistance to clinically relevant inhibitors of mTOR, Akt, PI3K or

PI3K/mTOR.
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Figure 1. PIBK/AKT/mTOR and MAPK pathways
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Abstract

The mTOR pathway is aberrantly stimulated in many cancer cells, including pancreatic ductal adenocarcinoma (PDAC), and
thus it is a potential target for therapy. However, the mTORC1/56K axis also mediates negative feedback loops that
attenuate signaling via insulin/IGF receptor and other tyrosine kinase receptors. Suppression of these feed-back loops
unleashes over-activation of upstream pathways that potentially counterbalance the antiproliferative effects of mTOR
inhibitors. Here, we demonstrate that treatment of PANC-1 or MiaPaCa-2 pancreatic cancer cells with either rapamycin or
active-site mTOR inhibitors suppressed S6K and S6 phosphorylation induced by insulin and the GPCR agonist neurotensin.
Rapamycin caused a striking increase in Akt phosphorylation at Ser*”® while the active-site inhibitors of mTOR (KU63794 and
PP242) completely abrogated Akt phosphorylation at this site. Conversely, active-site inhibitors of mTOR cause a marked
increase in ERK activation whereas rapamycin did not have any stimulatory effect on ERK activation. The results imply that
first and second generation of mTOR inhibitors promote over-activation of different pro-oncogenic pathways in PDAC cells,
suggesting that suppression of feed-back loops should be a major consideration in the use of these inhibitors for PDAC
therapy. In contrast, metformin abolished mTORC1 activation without over-stimulating Akt phosphorylation on Ser'” and
prevented mitogen-stimulated ERK activation in PDAC cells. Metformin induced a more pronounced inhibition of
proliferation than either KU63794 or rapamycin while, the active-site mTOR inhibitor was more effective than rapamycin.
Thus, the effects of metformin on Akt and ERK activation are strikingly different from allosteric or active-site mTOR inhibitors
in PDAC cells, though all these agents potently inhibited the mTORC1/S6K axis.
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[5]. mTORC] s al.'uu:l)-' and a.llcsslcriually inhibited by mpmuyuin
through binding to FKBP12. mTORC?2, characterized by Rictor,
5 not inhibited Lry short-term  treatment with this agent and
phosphorylates several AGC protein kinases, including Akt at

Introduction

The mammalian target of rapamycin (mTOR]) is a highly
i:volulit;llmri.ly congerved pl‘(JLi:':u kinase that plays a k.(:}-' role in the

integration of growth factor, nutrient and energy status of the cells
[1]. mTOR functions as a catalytic subunit in two distinct
multiprotein complexes, mTOR complex | (mTORCI) and
mTORC2. mTORCI, characterized by the regulatory subunit
Raptor, controls at least two regulators of protein synthesis, the
405 ribosomal protein subunit 56 kinase (S6K) and the enkaryotic
translation initiation factor 4E (elF4E)-binding protein 1, referred
as 4E-BP1 [1,2]. The heterodimer of the tumor suppressor TSC2
{tuberin} and TSCI (hamartin) represses mTORCI signaling by
acting as the GTPase-activator protein for the small G protein
Rheb (Ras homolog enriched in brain), a potent activator of
mTORC] signaling in its GTP-bound state [3,4]. Phosphorylation
of TSCZ by Akt and/or ERK/p90RSK suppresses its GTPase
activating activity towards Rheb, leading to mTORC] activation

Sert™ [6,7]. The mTORC] pathway plays a key role in insulin/
IGF receptor signaling [3,9] and is aberra ntly activated in many
cancers, including pancreatic ductal adenocarcinoma (PDAC), one
of the most lethal human diseases. Accordingly, PDAC cells
express insulin and IGF-1 receptors and over-express IRS-1 and
IRS-2 [10 12] and PDAC {but not normal) tissue display activated
(phosphorylated) IGF-1R [13]. Gene variations in the IGF-1
signaling systemn have been associated to worse survival in patients
with PDAC [14]. Inactivation of p53, as seen during the
pmgmssion of 50 70% of PD!\C, llp—rr‘gnlah“.s the insulin/IGF-
I/mTORC] pathway [15]. Crosstalk berween insulin/IGF-1
receptors and G protein-coupled receptor (GPCR) signaling
systems potently stimulate mTORCL, DNA synthesis and cell
proliferation in a panel of PDAC cells [16 20]. mTORCI
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Sigrmling pl.-ays a ]liva] role in the prolii‘nmli()u and survival of
PDAC cells [21] and is activated in pancreatic cancer tissnes
[20,22 24]. Consequently, mTORC] has emerged as an attrac-
tive therapeutic target in PDAC and other common malignancies.

In addition to growth-promoting signaling, mTORCI1/S6K
also mediates m‘:ga.liw‘. feedback Icr)ps that restrain Signa]iug
through insulin/1GF receptor and other tyrosine kinase receptors
via phoSpho;ylatiou and T.mIlSl.‘l‘ipliLJIuﬂ rtpressiou of IRS-1 [25
30] and phosphorylation of Grh10 [31,32]. Consequently,
Supprﬂ:SSiOu of mTORC! al:l.'wily b)«' rapamyciu prevents inhibi-
tory 1R5-1 phosphorylations and degradation, thereby augment-
ing PISK/Akt activation in several cancer cell types [30,33 35].
These studies imply that the potential anti-cancer activity of
rapamycin (or analogs) can be counterbalanced by release of
feedback inhibition of PI3K/Akt activation [25,30,33 35]. Fur-
thermore, rapamycin incompletely inhibits 4E-BP-1 phosphoryla-
tion [36 40]. Accordingly, the clinical antitumor activity of
rapamycin and its analogs (rapalogs) has been rather limited in
many types of cancer [41,42], including PDAC [43,44]. In an
effort to target the mTOR pathway more eftectively, novel
inhibitors of mTOR that act at the catalytic active site (active-site
mTOR inhibitors) have been identified, including PP242 [37],
Torin [45], KUG63794 [38] and its analogue AZD8055 [46]. These
compounds inhibit 4E-BP-1 phosphorylation at rapamycin-resis-
tant sites ((‘:.g. -[1”_3?:‘46} and hlock Akt phoslrhory]al ion at Sf‘.rﬂ3
thrmigh inhibition of mTORC2. I]awcvr‘.r, active-site mTOR
inhibitors also eliminate feedback loops that restrain PI3K
activation [25] and consequently, their therapentic effectiveness
can also be diminished b)r activation of upstream patllways that
oppose their anti-proliferative effects.

mTORC] is also negatively regulated by metformin, the most
widely used drug in the treatment of type 2 diabetes mellitus
(T2DM). Metformin is emerging as a potential novel agent in
cancer CllC[qul‘CVL"IlliOIl. Recent epidcmiological studies linked
administration of metformin to reduced incidence, recurrence and
mortality of a variety of cancers in T2DM patients [20,47 56],
including PDAC [54,56]. At the cellular level, metformin
indirectly stimulates AMP activated protein kinase (AMPK)
activation [57], though other mechanisms of action have heen
proposed at very high concentrations of this biguanide. AMPK
inhibits mTORC!] activation T.hrough stimulation of TSC2
function [58 60|, leading to accumulation of Rheb-GDP (the
inactive form) and by direct phosphorylation of Raptor, which
disrupts its association with mTOR, leading to dissociation of the
mTORC] complex [61]. The precise consequence of suppression
of negative feedback loops mediated by the mTORC /86K axis
in response to metformin remains poorly defined and, in
particular, it is not known whether rapamycin, active-site mTOR
inhibitors and metformin lead to over-activation of similar
upstream pathways in PDAC cells.

Here, we demonstrate that treatment of PANC-1 or MiaPaCa-2
paut:rr_‘aL'u: cancer cells with either Iapamy(.'i.u or active-site mTOR
inhibitors suppressed S6K and 56 phosphorylation induced by
iusuliu, a combination of insulin and the GPCR agouist
neurotensin or serum. Rzpamycin caused a str;k'ing aug'mcntali:_‘m
of Akt phosphorylation at Ser*”® while the active-site mTOR
inhibitors KU63794 and PP242 completely abrogated Akt
pllOSphOlylal.'lOu at this site. A salient feature of the results
presented here is that active-site inhibitors of mTOR, in contrast
to rapamycin, cause a marked increase in ERK activation in
PDAC cells. The results ilnp]y that first and second g!‘.n(‘:mli:jm
mTOR inhibitors promote over-activation of different pro-
Oncogr‘.nir_. pathways in PDAC cclis, namr‘ly Akt and ERK.
Metformin also abolished mTORC! activation but without over-

Akt and ERK Feedback Control by mROR Inhibitors

Slimulaliug Akt phosl:horyh.ri()n on Smﬁ-‘?ﬁ_ Fur‘t|1f‘.rnl(}n‘., metfor-
min prevented ERK activation in response to cross-talking
agonists in PDAC cells. Our results demonstrate that the effects
of metformin on Akt and ERK activation are sl.rikiugly different
from those elicited by allosteric or active-site mTOR inhibitors,
though all these agents potently inhibited the mTORCI1/S6K
axis.

Materials and Methods

Cell culture

The human pancreatic cancer cell ines PANC-1 and MiaPaCa-
2 were obtained from the American T}u‘pr‘. Culture Collection
(ATCC, Manassas, VA). These cell lines harbor activating
mutations in the KRAS ONCogendse. Cells were Erowil in Dulbecco’s
modified Eagle Medium (DMEM) with 2 mM glutamine, 1 mM
Na-pyruvate, 100 units/mL penicillin, and 100 pg/mL strepto-
mycin and 10% fetal bovine serum (FBS) at 37°C in a humidified
atmosphere containing 10% CO,.

Western blot analysis

Confluent cultures of PANC-1 or MIA PaCa-2 cells grown on
3 em dishes were washed and then incubated for 24 hr with
DMEM containing 5 mM glucose and 1% FBS. The cells were
washed twice with DMEM containing 5 mM glucose and
incubated in serum-free medium for 4 b and then treated as
described in individual cxpr‘.rimcnts. The cultures were then
directly lysed in 2 x SDS-PAGE sample buffer [200 mM Tris-HCI
(pH 6.8), 2 mM EDTA, 0.1 M NazVOy,, 6% SDS, 10% glycerol,
and 4% 2-mercaptoethanol], followed by SDS-PAGE on 10% gels
and transfer to Immobilon-P membranes (Millipore, Billerica,
I\{A} Western  blots were then pcrfouned on  membranes
incubated overnight with the specified antibodies in phosphate-
buffered saline (PBS) containing 0.1% Tween-20. The immuno-
reactive bands were detected with ECL (enhanced chemilumines-
cence) reagents (GE Healthcare Bio-Sciences Corp, Piscataway,
N]J). The antibodies used detected the phosphorylated state of S6K
at Thr™®, $6 at Ser”*?%® 4E-BP1 at Thr®/*® and Thr'”, Akt at
Ser*™ and The®® and ERK1/2 at The™? and Tyr®™ or the total
levels of these proteins.

Anchorage-dependent cell proliferation. PANC-1 cells
(]US} were plated on 35 mm tissue culture dishes in DMEM
containing 10% FBS. After 24 h of incubation at 37°C, groups of
cultures were incubated with neurotensin and insulin with or
without metformin in DMEM containing 0.25% FBS or
Rapamycin, KU63794 or Metformin in DMEM containing
2.5% FBS. The cultures were then incubated for 4 d, and the
total cell count was determined from a minimum of six wells per
condition using a Coulter counter, after cell clumps were
disaggmga.lml by passiug the cell Sllspl‘usiou 10 times llll'cugh a
19-gange, and subsequently, a 21-gange needle.

Materials

DMEM was obtained from Invitrogen (Carlsbad, CA). Neuro-
tensin and insulin were obtained from Sigl.ua Chemical (SL Lc-uis,
MO). Rapamycin, KU63794 and PP242 were from R&D
Systems, Inc. Minneapolis. All antibodies were purchased from
Cell Sigua.liug Tet:}ulology (Dauvevs, h‘iA} Horseradish ptroxi-
dase conjugated anti-rabbit IgG and anti-mouse IgG were from
GE Healthcare Bio-Sciences Corp (Piscataway, NJ). All other
reagents were of the highest grade available.
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Results

Stimulation of p70S6K and Sé phosphorylation in
response to insulin and neurotensin in PDAC cells is
completely abolished by rapamycin or KU63794

Initially, we determined the influence of rapamycin and
KU63794 on mTORCI-mediated phosphorylation of S6K in
PDAC cells. Rapmuyt:iu is an allosteric inhibitor of mTORC] that
acts via FKBP-12 whereas KU63794 is a highly specific ATP-
L‘Dlllp(‘.liliw‘. inhibitor of mTOR that inhibits both mTORC] and
mTORCZ. Cultures of PANC-1 (Fig. 1) or MiaPaCa-2 (Fig. 2)
cells were incubated for 2 h in the absence or presence of
rapamycin (at 10 or 100 nM) or KU63794 (at | or 5 uM}. Then,
the cultures were stimulated with a combination of insulin (10 ng/
ml} and the GPCR agonist neurotensin (5 nM) for 2 h to elicit
positive crosstalk [18,20]. Phosphorylation of S6K on Thr*™, a
direct target of mTORC]I, and phosphorylation of S6 (Ser“bmﬁﬁ},
a substrate of SGK, was monitored |13ing spm_:il'tc antibodies that
detect the phosphorylated state of those residues. Stimulation of
either PANC-1 or MiaPaCa-2 cells with insulin and neurotensin
induced robust phosphorylation of S6K on Thr**® and $6 (Figs. 1
and 2). Exposure to either rapamycin or KU63794 completely
prevented the increase in the phosphorylation of these proteins in
response (o stimulation by insulin and neurotensin in either
PANC-1 (Fig. 1) or MiaPaCa-2 cells (Fig. 2}. We verified that the
total levels of S6K and 56 did not change in response to the
treatments. The results indicate that allosteric or active-site
inhibitors of mTOR ].n;hll_‘u'r.l)-r blocked the mTORC1/S6K axis
at the concentrations used in PDAC cells.

Differential regulation of 4EBP1 phosphorylation sites in
response to mitogenic stimulation, rapamycin and
KU63794 in PDAC cells
The phosphorylation of 4EBP] was also monitored by usin

site-specific 4E-BP] antibodies that detect p-Thr*’"*® or p-Thr’
in lysayes of PANC-1 (Fig. 1) or MiaPaCa-2 (Fig. 2) cells. These
cells dis‘l;llayr:d a high bagal level of 4E-BP] phosphorylation at
Thr*”"* that was not further increased by stimulation with insulin
and neurotensin. Howl‘.w‘.r, cell stimulation reduced the Im}bi]ily
of 4E-BP! in SDS/PAGE, a response suggestive of increased
phosphorylation at other sites. Indeed, treatment of PANC-1 or
MiaPaCa-2 cells with neurotensin and insulin markedly stimulated
4E-BP| phosphorylation on Thr™®. The constituve phosphoryla-
tion of 4E-BP1 on Thr*’"* was abolished by treatment with
KU63794 but was not affected by rapamycin at either 10 or
100 nM, in agreement with reports that rapamycin and its analogs
do not inhibit 4E-BP1 phosphorylation at these sites in other cell
types. In contrast, the signal responsive phosphorylation of 4E-BP]
on Thr'® was prevented by treatment with either KUG3794 or
rapamycin at 100 nM. We verified that the total levels of 4E-BP1
did not t:hmlgc' in response Lo the treatments. These  results
revealed an unappreciated regulation of 4E-BP] phosphorylation
on different  residues in response Lo external signa]s and
demonstrate that rapamycin inhibits inducible but not constitutive
4E-BP! phosphorylation in PDAC cells whereas activessite
mTOR inhibitors suppress phosphorylation of 4E-BP] at all sites.

Rapamycin and KU63794 induce over-stimulation of
different upstream pathways in PDAC cells stimulated
with insulin and neurotensin or insulin alone

In order to determine whether allosteric and active-site mTOR
inhibitors eliminate feedback loops that restrain the activity of
upstream signaling pathways in PDAC cells, we examined the

Akt and ERK Feedback Control by mROR Inhibitors

effect of these inhibitors on the phl)sphm'y]al ion of Akt in FESPONSse
to mitogenic signaling in PANC-1 and Mia PaCa-2 cells.
Stimulation of these cells with insulin and neurotensin induced a
marked increase in Akt phosphorylation on Sert?? (Figs. 1 and
Fig. 2. Treatment with either 10 nM or 100 nM rapamycin
promoted over-stimulation of Akt phosphorylation on Ser*”?,
consistent with suppression of mTORCI/S6K axis feedback
]G(Ips. In contrast, ]lri[)r exposure (o the active-site mTOR
inhibitor KUG3794, which inhibits both mTORC] and
mTOR_CZ, blocked Akt }JhOSpllDI}flaliD[l oI 561'4?3 in PANC-1
(Fig. 1) and MiaPaCa-2 cells (Fig. 2), in line with the notion that
mTORC2 is the major protein kinase that phosphorylates Akt on
Ser'™ in PDAG cells. KU63794 did not prevent Akt phosphor-
ylation at Thr*%,

The ERK/RSK pathway, which plays a pivotal role in PDAC
cell proliferation alo leads to mTORCI activation [5,62]. In
breast and bladder cancer cells, inhibition of the mTORC1/S6K
axis by rapamycin induced feedback activation of ERK [63].
Consequently, we examined the effects of rapamycin and
KU63794 on ERK activation in PDAC cells. In agreement with
previous studies [16,64,65], stimulation of either PANC-1 or
MiaPaCa-2 cells with insulin and neurotensin markedly activated
ERK (ERK p|l03p|1ljuy]ﬁ.lf‘:l| on ']—'hr-202 and Tyrzoq}, as illustrated
in Figs. 1 and 2. In contrast to the results obtained in other cell
types [63], treatment with either 10 or 100 oM rapamycin for 2 h
did not alter the basal or the stimulated level of ERK
phosphorylation in PANC-1 and MiaPaCa-2 cells. Similar results
were obtained when these PDAC cells were treated with
rapamycin for 4 or 24 h (results not shown). In contrast, exposure
to KU63794 (1 5 pM) increased the basal level of ERK
phosphorylation and strikingly enhanced the stimulation of ERK
phOSphOry]ar;On induced by insulin and neurotensin in either
PANC-1 or MiaPaCa-2 cells. Quantification of the results with
ERK is illustrated in the lower panels of Figs. 1 and 2 (bars).
These results demonstrate that mpa.myciu, an allosteric inhibitor
of mTORCI, and KUG3794, an active-site inhibitor of mTOR,
lead to over-activation of different upstream pl‘Q'Out:Ogtnil.'
pathways in PDAC cells.

Stimulation of PANC-1 cells or MiaPaCa-2 with insulin alone
induced robust increase in PI3K/Akt/mTORC] but does not
induce siguiﬁl:aut increase in ERK pllosplu)rylal.cd o nll'm and
Tyrzm (Fig. 3}. n:jmsmlunnlly, we determined whether the
differential effects of rapamycin and KUG3794 depicted in PDAC
stimulated with the combination of insulin and neurotensin (Figs. 1
and 2} can also be produced when PANC-1 and MiaPaCa-2 cells
are challenged with insulin alone. Cultures of these cells were
incubated for 2 h in the absence or presence of rapamycin (10
100 nM) or KUG3794 (1 5 uM} and then stimulated with insulin
(10 ng/ml). We monitored phosphorylation of S6K on Thr®™, $6
on Ser”bﬂ%, Akt on Ser*™ and Thr®® and ERK on Thr"™ and
Tyr™™. Prior exposure to either rapamycin or KU63794 abolished
the increase in the phosphorylation of 36K and 56 in response to
insulin in either PANC-1 or MiaPaCa-2 cells (Fig. 3). Exposure to
rapamycin over-activated whereas treatment with KUG3794
abolished Akt phosphorylation on Ser*™ in the insulin-stimulated
PDAC cells. Rapamycin did not produce any detectable effect on
ERK activation in un-stimulated or insulin-treated cells. A salient
feature of the results shown in Fig. 3 is that exposure to KU63794
induced a marked increase in the pllOSpllUI')flaliDIl of ERK on
The™™* and Tyrzm. These results corroborated that the allosteric
inhibitor of mTORC] and the active-site site inhibitor of mTOR
promote over-activation of different upstream pathways in PDAC
cells t:ll:!]lcugcd with insulin or insulin and ucurol.cusiu, a
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Figure 1. Differential feedback activation of Akt and ERK phosphorylation by rapamycin and KU63794 in PANC-1 cells. Cultures of
PANC-1 cells were incubated in the absence (=) or in the presence of KU63794 (Ku) at 1 pM or 5 pM or rapamycin (Rap) at 10 or 100 nM for 2 hin
DMEM containing 5 mM glucose, as indicated. Then, the cells were stimulated for 2 h with 5 nM neurotensin {NT) and 10 ng/ml insulin (Ins) and lysed
with 2x5D5-PAGE sample buffer. The samples were analyzed by SDS-PAGE and immunoblotting with antibodies that detect the phosphorylated
state of S6K at Thr*®, S6 at Ser’**™%, 4E-BP1 at Thr* /™ and Thr”, Akt at Ser’” and Thr*®® and ERK at Thr'®? and Tyr"®'. Immunoblotting with
antibodies that recognize total S6K, 56, 4E-BP1, Akt and ERK was used to verify that the cell treatments did not change the total level of these
proteins and confirm equal gel loading. Fold increase in ERK phosphorylation was guantified using Multi Gauge V3.0 and plotted as bars. Similar

results were obtained in 3 independent experiments.
doi1 0.1371/journal pone.0057289.g001

combination that elicits crosstalk between insulin/ IGF and GPCR
sigua].ing systems.

PP242, like KU63794, enhances ERK activation in PANC-1
cells stimulated with insulin and neurotensin
Subsequently, we determined whether the striking over-activa-
tion of ERK by the active-site mTOR inhibitor KUG3794 could
be also produced by a structurally unrelated active-site mTOR
inhibitor. Cultures of PANC-1 were incubated for 2 h in the
absence or presence of PP242 (1 5 uM), a recently identified
active-site mTOR inhibitor [37], and stimulated for 2 h with
insulin and neurotensin. We monitored pl).OSphOr)rlatiOu of S6K
on Thr*®®, 86 on Ser™™ ™% 4EBP] on The*/*®, Akt on Ser'™®
and ERK on Thr*™ and Tyr*™* As shown in Fig. 4 A, prior
exposure to PP242 abolished the phosphorylation of S6K, 56,

AEBP1 and Akt in PANC-1 cells. The key feature of the results is
that PP242, like KUG3794, induced a marked increase in the
phosphorylation of ERK on Thr*®? and 'l'yrm“ (Fig. 4A and
quantification in Fig. 4B). Because PP242 5 a less selective
mTOR inhibitor [66], we determined whether the concentrations
of PP242 that promoted ERK activation coincide with those that
inhibit mTORC activity. As shown in Fig. 4C, PP242 enhanced
ERK activation and inhibited 56 phosphorylaton at almost
identical concentrations.

We verified that the active-site mTOR inhibitors KU63794 and
PP242, at concentrations that markedly enhanced ERK activation
and inhibited Akt pllo.‘:’phmylaliou on St’_"rﬂ3 did not prevent Akt
phosphorylation at Thr*®¥ in PDAC cells (Fig. 4D). In fact, the
speciic mTOR inhibitor KU63794 slightly enhanced Akt
phosphorylation at Thr*®®, consistent with suppression of feedback
loops that restrain PI3K activity (Fig. 4D). PP242 was less
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Figure 2. Differential feedback activation of Akt and ERK phosphorylation by rapamycin and KU63794 in MiaPaCa-2 cells. Cultures
of MiaPaCa-2 cells were incubated in the absence {—) or in the presence of KU63794 (Ku) at 1 uM or 5 uM or rapamycin {Rap) at 10 or 100 nM for 2 h
in DMEM containing 5 mM glucose, as indicated. Then, the cells were stimulated for 2 h with 5 nM neurotensin {(NT) and 10 ng/ml insulin {Ins) and
lysed with 2x5D5-PAGE sample buffer. The samples were analyzed by SDS-PAGE and immunoblotting with antibodies that detect the
phosphorylated state of 56K at Thr*®? {pSeK), 56 at Ser”¥™*® (pSe), 4E-BP1 at Thr'’"® and Thr'™®, Akt at Ser®” and ERK at Thr'™* and Tyr'™%.
Immunoblotting with antibodies that recognize total 56K, 56, 4E-BP1, Akt and ERK was used to verify that the cell treatments did not change the total
level of these proteins and confirm equal gel loading. Fold increase in ERK phosphorylation was quantified using Multi Gauge V3.0 and plotted as

bars. Similar results were obtained in 3 independent experiments.
doi:10.137 1 journal.pone.0057289.9002

effective than KU63794 in enhancing Akt phosphorylation at
The™™, most likely reflecting off-target inhibition of PI3K [66].
Thus, the specific active-site site mTOR inhibitors KU63794 and
PP242 suppressed Akt phosphorylation on Ser'”®, did not decrease
Akt pllOS]JhOrylatiOu o1 Thrs':'B and stimulated over-activation of
ERK ph:jrslrhljuylm ion at Thrmn and ']—\yr-204 in PDAC cells.

The mechanism by which active-site inhibitors enhance ERK
activation is not well understood. Our results do not support the
existence in PDAC cells of a putative mTORC1/S6K/PI3K/
ERK feedback loop, proposed in other cell types [63], since potent
inhibition of the mTORCI/S6K axis by either rapamycin or
everolimus did not produce overstimulation of ERK in PDAC
cells. To substantiate this (:Onclusi(}n‘, PANC-1 cells were treated
with KU63794 or FP242 and stimulated with insulin and
neurotensin in the absence or presence of A66 [67], a selective
inhibitor of the 1104 catalytic subunit of PI3K. As shown in

Fig. 4D, exposure to AG6 did not prevent enhancement of ERK
activation in response to exposure to either KU63794 or PP242.
We corroborated that f\ﬁﬁ, at the concentration IISI‘.II, IJGI(‘:uIly
inhibited PI3K within PANC-1 cells since it prevented insulin-
induced Akt pllDSpllUr)’ialiUu at Tl“}US? the lu:y residue in the Akt
activation Ioﬂp p}lljrsp}l(}ry]:atud ]_:y PI3K—|10111‘.|1:1(‘::|I FDK1.

In order to obtain further insighr of the mechanism by which
treatment with KUG3794 induces over-activation of ERK we also
determined the effect of this active-site mTOR inhibitor on the
activation of MEK, the upstream kinase that phosphorylates ERK.
MEK activation was scored by assessing the phosphorylation of
Scr“? and Sd:r?‘zl in its activation loop. As shown in l"ig. Sl,
treatment of PANC-1 or MiaPaCa-2 cells with KUG3794
markedly enhanced MEK phosphorylation induced by insulin
and neurotensin, G(Juel;lively, the results demonstrate that active-
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presence of KU63794 {Ku) at 1 pM or 5 uM or rapamycin {Rap) at 10 or 100 nM for 2 h in DMEM containing 5 mM glucose, as indicated. Then, the
cells were stimulated for 2 h with 10 ng/ml insulin and lysed with 2xSD5-PAGE sample buffer. The samples_were analzzed by SD&-PAGE and
immunoblotting with antibodies that detect the phosphorylated state of 56K at The*®, 56 at Ser”¥**%, Akt at Ser™? and Thr’"® and ERK at Thr™®” and
Tyr'®". Immunacblotting with total 56K, 56, Akt and ERK was used to verify equal gel loading. Fold increase in ERK phosphorylation was quantified

using Multi Gauge V3.0 and plotted as bars. Similar results were obtained in 3 independent experiments.

doi:10.1371/journal pone.0057289.g003

site mTOR inhibitors led to MEK/ERK hypf:r—ﬁ(,‘liva.li:jm ||1r{)ugh
a PI3K/S6K-independent feedback loop in PDAC cells.

Differential patterns of Akt and ERK activation in
response to rapamycin, everolimus, KU63794 and PP242
in PANC-1 cells stimulated with serum

The prm:cdi.ug results were obtained with PDAC cells stimu-
lated with defined mitogens that act through specific receptors. To
extend further these I'ul(liugs we also tested whether differential
patterns of Akt and ERK activation are produced when the cells
are stimulated with fetal bovine serum. Cultures of PANC-1 cells
were incubated for 2 h in the absence or presence of rapamycin
(100 nM), everolimus (100 nM), KUG3794 (1 uM) or PP242
(1 LLM} and stimulated with medium (.'OIlla.illi[l% fetal bovine
serum. We monitored phosphorylation of $6 on Ser™>/ %%, Akt on
Sd:rw3 and ERK on Thl‘ao?‘ and T}_[_‘ED-!_ Prior exposure Lo
rapamycin, everolimus, KUG63794 or PP242 abolished the increase
in the pllospho:ylalicm of 86 in response oo serum (Fig. 5}.
Exposure to rapamycin or everolimus over-activated whereas
treatment with KU63794 or PP242 aholished Akt phosphorylation
on Ser'”® in serum-stimulated PDAC cell. Rapamycin or
everolimus did not produce any detectable effect on ERK
activation whereas exposure to KU63794 or PP242 induced a

marked increase in the phosphorylation of ERK on The™? and
Tyr*™ in serum-treated cells (Fig. 5). These results corroborated
that allosteric and active-site site inhibitors of mTOR promote
over-activation of ditferent upstream pathways in PDAC cells
under a wvariety of experimental conditions, including cells
(.'llalluugt:d with illfsul'mP insulin and the GPCR agl;luisl neurotensin
or with fresh fetal bovine serum.

Metformin, in contrast to allosteric and active-site mTOR
inhibitors, inhibits ERK activation and does not induce
over-stimulation of Akt in PDAC cells

Like rapamycin and active-site mTOR inhibitors, metformin
also inhibits stimulation of the mTORC /S6K axis but its effects
on feedback 100}13 l‘tgul;lliug Akt and ERK activation have not
been examined in PDAC cells. Recently, we demonstrated that the
‘Scusilivily of PDAC cells to the iuhil.\il.(.‘;r)-r effects of metformin are
markedly enhanced by culturing PDAC cells in medium
containing physiological (5 mM) rather than supra-physiological
(25 mM) concentrations of glucose [68]. In order to determine the
effect of metformin on Akt and ERK .‘iigrm]ing in PDAC t_‘{‘:l]-‘i,
PANC-1 and MiaPaCa-2 cells grown in medium containing
5 mM glnr_r.‘rsr‘. were treated with or without metformin (] mM}
and then stimulated with insulin and the GPCR agonist
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Figure 4. Feedback activation of ERK phosphorylation by PP242: role of PI3K. A, Cultures of PANC-1 cells were incubated in the absence
{—) orin the presence of PP242 at 1 pM or 5 pM for 2 h in DMEM containing 5 mM glucose, as indicated. Then, the cells were stimulated for 2 h with
5 nM neurotensin (NT) and 16 ng/ml insulin {Ins) and lysed with 2xSD5-PAGE sample buffer. The samples were analyzed by SDS-PAGE and
immunoblottinngith antibodies that detect the phosphorylated state of 56K at Thr®®®, 56 at Ser™¥2¢ 4E-BP1 at Thr'”/*%, Akt at Ser’”® and ERK at
Thr*®? and Tyr™*%, Immunoblotting with antibodies that recognize total S6K, 56, 4E-BP1, Akt and ERK was used to verify that the cell treatments did
not change the total level of these proteins and confirm equal gel loading. Similar results were obtained in 3 independent experiments. 8, The bars
represent the increase in ERK phosphorylation induced by insulin {Ins) and neurotensin (NT) in cells without or with prior exposure to PP242.
Quantification was performed using Multi Gauge V3.0 G Cultures of PANC-1 cells were incubated as in panel A but in the presence of increasin
concentrations of PP242. The samples were analyzed to detect the phosphorylated state of 56 at Ser”>*?* and ERK at Thr®? and Tyr®
Immunoblotting with total ERK and 56 (not shown) was used to verify equal gel loading. Quantification was performed using Multi Gauge V3.0. D,
Cultures of PANC-1 cells were incubated in the absence {—) or in the presence of either KU63794 (Ku) or PP242 at 5 pM for 2 h. Then, the cells were
stimulated for 2 h with 5 nM neurotensin {NT)} and 10 ng/ml insulin {Ins) and lysed with 2 x5D5-PAGE sample buffer. The samples were analyzed bg/
SDS-PAGE and immunablotting with antibodies that detect the phosphorylated state of ERK at Thr’®® and Tyr’™, Akt at Ser"” and Thri®®.
Immunoblotting with total Akt and ERK was used to verify equal gel loading.

doi:10.1371/journal.pone.0057289.g004

- Rap Eve Ku PP242 — Rap Eve Ku PP242
—_— — —— — < pAKTSerd73

—— N — N — ———— —y £KT

—— | —— < pSGSemasfzss

A —— - —— R ————— 4 56

— i ——  DERKT202/Y204

— —— ——— ——— — —— R

- SERUM

Figure 5. Differential feedback activation of Akt and ERK by rapamycin, everolimus, KU63794 and PP242 in serum-stimulated
PANC-1 cells. The cultures were incubated in the absence {—) or in the presence of 5 pM KU63794 (Ku), 5 pM PP242, 100 nM rapamycin {Rap) or
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verify equal gel loading. Similar results were obtained in 3 independent experiments.
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neurotensin. mTORC] .’-l.l_'.tivily was determined ]_:y p}lO-‘iJ l}lﬂlyl:&—
tion of S6K at Thr**® and phosphorylation of 86 (Ser®**"?%%) and
ERK activation by detecting ERK phosphorylated on The®™ and
Tyrzm. M:lfbrmi.u, like rapaulyl;iu, virtually abolished mTORC1
activation induced by insulin and neurotensin in PANC-] and
MiaPaCa-2 cells (pS6K, pS6 in Fig. 6, A and B) without changing
the total levels of either S6K or S6. However, metformin did not
over-stimulated Akt phosphorylation on Ser*™ in the PDAC cells
(p-Akt*” in Fig. 6, A and B), a result strikingly different from that
obtained with rapamycin and everolimus. The salient feature of
the results in Fig. 6 A and B is that metformin, in sharp contrast
to the effects of active-site mTOR inhibitors, prevented ERK
activation in PANC-1 and MiaPaCa-? cells in mult ip](‘. iIl(l!‘.p(‘:Il—
dent experiments (depicted by the bars) but did not alter the level
of total ERK. We wverified that under these txptrimeula.l
L‘Dll[iilir)us, metformin nm.rk(‘:("y induced AMPK a.:_'.livaliljlu, as
shown by the phosphorylation of acetyl-CoA carboxylase (ACC) at
Ser’, a residue directly phosphorylated by AMPK and used as a
biomarker of its activity within intact cells.

We next determined whether metformin inhibits ERK activa-
tion at concentrations (0.05 0.1 mM) that are close to the
therapeutic range. As shown in Fig. 6 C, metlormin dose-
dependently inhibited phosphorylation S6K at Thr*®*” and ERK
activation at concentrations as low as 0,05 0.1 mM. Metormin, at
these concentrations, also induced AMPK activation, as shown hy
ACC phosphorylation at Ser’”. Quantification of the immuno-
blotting results is llustrated in Fig. 6 D. Our results demonstrate
that the effects of metformin on Akt and ERK activation are
strikingly different from those elicited by allosteric or active-site
mTOR inhibitors, lhough all these agents pottull)r inhibited the
mTORC /56K axis.

Effects of metformin, KU63974 and rapamycin on the
proliferation of PANC-1 cells

The differential effects of metformin, KU63794 and rapamycin
on the activation of PI3K/Akt and MEK/ERK in FDAC cells,
Pl’UIll]JT.L‘d us to determine the effects of these agents on the
pr[)]il’(‘:mﬁljm of these cells. Inilia."y, we assessed the effect of
increasing concentrations of metformin on the increase in the
number of PANC-1 cells induced Lvy stimulation with neurotensin
and insulin in the presence of 0.25% serum for 4 days (Fig. 7, A).
Metformin prevented the increase in the number of PANC-] cells
in a dose-dependent manner. A marked inhibitory effect was
induced by metformin at a concentration as low as 0.1 mM and
complete suppression of cell proliferation was achieved by
metformin at | mM. The concentrations of metformin  that
inhibited PANC-1 cell proliferation coincided with the concen-
tration of metfornin that prevented mTORC] and ERK signaling
in these cells.

Next, we examined the effect of 1| mM metformin, 5 uM
KUG3794 and 100 nM rapamycin on the proliferation of PANC-1
incubated in medium t:l)lll.a.iuiug serum. Each agent was tested at a
concentration  that ]lrljuiucf‘:(l maximal inhibition of the
mTORC1/S6K axis in PDAC cells. As seen in Fig. 7 B, the
agents inhibited PANC-1 cell Pl’Dﬁﬁil‘.lT.iO[l but with iulporlaut
differences in their efficacy. Metformin induced a more pro-
nounced inhibition of proliferation than either KU63794 or
rapamycin while, the active-site mTOR inhibitor was more
effective than rapamycin (all these differences were statistically
significative). The results suggest that the effects of inhibiting
mTORC1/S6K by the allosteric or active-site inhibitors is
compensated by over-activation of Akt (rapamycin) or ERK
(KU63794). The comparatively stronger inhibition of PDAC cell

Akt and ERK Feedback Control by mROR Inhibitors

prDliﬁ‘.mliou }_:y metformin could be allri]_:ulr‘:d, at least in part, to
inhibition of ERK signaling,

Discussion

Aberrant stimulation of the mTOR pathway in many cancer
cells, including PDAC, is eliciting intense interest for targeting this
pathway [1]. However, it is increasingly appreciated that the
mTORC1/S6K axis also mediates negative feedback loops that
attenuate signaling via insulin/lGF receptor and other tyrosine
kinase receptors. Suppression of these feed-back loops unleashes
over-activation of upstream pathways that potentially counterbal-
ance the anti-proliferative effects of mTOR inhibitors. Conse-
qucull)-', the identification of ucgaliw: feedback lOOp‘S Lv)’ either
allosteric or active-site mTOR inhibitors has emerged as an area
of major interest in cancer lhl:rapy. Because the t;lpcraliuu of these
complex feedback loops is cell-context specific, we examined the
patterns of Akt and ERK feedback activation in response to
mTORC] inhibition by rapamycin, active-site mTOR inhibitors
and metformin in human PDAC cells. PDAC is one of the most
lethal human discascs, with overall 5—yea.r survival rate of Ouly 3
5% and a median survival period of 4 6 months. The incidence of
this disease in the US has increased to more than 44,000 new cases
in 2011 and is now the fourth leading canse of cancer mortality in
both men and women [59]. As the current l.}ltl‘&.pies offer VEry
limited survival benefits, novel molecular lllcrapculii; targets and
strategies are urgently needed to treat this aggressive disease.

Our results demonstrate that treatment of PDAC cells with
allosteric mTORC inhibitors (rapamycin, everolimus) angmented
Akt phosphorylation at Ser*”® while the active-site inhibitors of
mTOR (KU63794 and PP242) completely abrogated Akt
phosphorylation at this site consistent with the notion that
mTORC?2 is the major kinase that phosphorylates Akt at Ser*”.
A salient feature of our results is that active-site inhibitors of
mTOR promoted a marked increase in ERK activation in PDAC
cells stimulated with insulin, insulin and neurotensin or serum.
These results indicate that first and second generations of mTOR
inhibitors promote over-activation of different upstream pro-
oncogenic pathways in PDAC cells.

While augmentation of Akt phosphorylation at Ser*”® by
rapalogs is well known in other cell types [30,33 35], the
enhancing effect of active-site mTOR inhibitors on ERK has
been much less txplored. In order to understand the mechanism
by which active-site mTOR inhibitors promote ERK activation in
PDAC cells, we determined here the role of a feedback loop
involving mTORCI/S36K/PI3K/ERK, proposed to mediate
ERK activation in other cell types [63]. Several lines of evidence
dissociated this feedback loop from the enhancement of ERK
activation induced by active-site mTOR inhibitors in PDAC cells.
Fil‘sLly, neither rapa.my‘ciu nor i:w:l'oli.mus, at concentrations that
completely blocked the mTORCI/S6K  axis, produced any
detectable enhancement of ERK activation in PDAC cells under
a variety of experimental conditions. Secondly, KU63794 induced
ERK hyper-activation even in PDAC cells treated with A66, a
potent and selective inhibitor of the 110 catalytic subunit of PI3K
[ﬁ?]. These rf‘.sulls, in:]il_‘.aliug that active-site inhibitors enhance
ERK through a PI3K-independent pathway, are in agreement
with a recent report nsing PP242 in multiple myeloma cells [70].
However, PP242 inhibits a number of protein kinases in witro,
including MEK, whereas KU63794 did not inhibit any protein
kinase other than mTOR [66]. The possibility that PP242 could
induce ERK via off-target effects is an important consideration.
Our results dcmonstrarc, for the first timn, that the highl}f selective
inhibitor of mTOR KU63794 enhances MEK/ERK activation
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Figure 6. Metformin inhibits mTORC1 and ERK signaling without over-activating Akt in PDAC cells incubated in medium containing
a physiological glucose concentration. A) Cultures of MiaPaca-2 {A) and PANC-1 {B) cells were incubated in the absence () or in the presence

of 1 mM metformin {Met) for 16 h in DMEM containing 5 mM glucose,

as indicated. Then, the cells were stimulated for 2 h with 5 nM neurotensin

and 10 ng/ml insulin {NT+Ins) and lysed with 2:x<5D5-PAGE sample buffer. The samples were analyzed by SDS-PAGE and immunoblotting with
antibodies that detect the phosphorylated state of S6K at Thr**®, 56 at Ser’™”*, ACC at Ser’®, Akt at Ser' and ERK at Thr'®? and Tyr™*.
Immunoblotting with antibodies that recognize total 56K, 56, Akt, ERK and ACC was used to verify that the cell treatments did not change the total
level of these proteins and confirm equal gel loading. Similar results were obtained in 3 independent experiments. The bars in panels 4 and 8
represent the % of the maximal ERK phosphorylation {mean =SEM) induced by insulin {Ins) and neurotensin (NT) in cells without or with prior
treatment with 1 mM metformin. The results of ERK phosphorylation were obtained in multiple independent experiments (N =12 for PANC-1 and
N =8 for MiaPaca-2) Quantification was performed using Multi Gauge V3.0 €). Mia PaCa-2 cells were incubated with DMEM containing 5 mM glucase
either in absence or presence of 0.05 mM or 0.1 mM metformin for 16 h. Then, the cells were treated with NT+Ins, as above, and lysates analyzed by
immunoblotting. Similar results were obtained in 6 independent experiments. D) The experiment presented in panel C was representative of 6
independent experiments. Quantification of these experiments was performed using Multi Gauge V3.0. Results are expressed as the percentage of
maximum mean *£5EM, n=6. P values were determined using the t-test {Sigma Plot 12.) *p<<0.05; **p<<0.001; n=6.

doi:10.1371 journal.pone.0057289.9006

through a PI3K-independent pathway. Given that active-site
mTOR inhibitors are im.'lfasiugly considered for clinical use [1],
the ﬁndings prcscnmrl here imp]y that supprtssinn of feed-back
loops by these inhibitors should be a major consideration in the
use of these inhibitors for PDAC tllcrapy.

Mﬂ“y [\.I)illclllii:lll:lgic:"l S'Illlics ha\?n llll'lkf'(l [)h(‘fiil)" :/]II(I I[)Ilg—
standing type 2 diabetes mellitus (T2DM), with increased risk for
developing PDAC and other clinically aggressive cancer [71,72].
Obusily and T2DM are multifaceted but characterized b}’
peripheral insulin resistance and compensatory overproduction
of insulin by the i cells of the islet leading to increase circulating
levels of insulin and enhanced bicavailability of IGF-1. Further,
epidemiological studies are linking administration of metformin,
the most widcly used r.lrug in the treatment of T2Z2DM, with
reduced incidence, recurrence and mortality of a variety of cancers
in T2DM patients [20,47 56], including PDAC. Indeed, T2DM

patients who had taken metformin had a 62% lower adjusted
incidence of PDAC compared with those who had not taken
metformin [54], a result r:‘.r_.r‘.nr]y substantiated in a different
patient population [36]. Here we demonstrate that metformin
abolishes mTORC1/S6K activation in PDAC cells but in contrast
o rﬁ.])amy(;in, metformin treatment did not overactivate Akt
phosphorylation on Ser*’®, We verified that, under our conditions,
mettormin stimulated AMPE in PDAC cells. In this context it is
relevant that AMPK not only blocks mTORC activation but also
mediates IRS-1 phosphorylation at Ser’*, an inhibitory site that
attenuates PISK/Akt activation [29,73). We confirmed that
metformin (but not rapamycin} induced IR5-1 phosphorylation
at Ser’™* in PANC-1 cells (our unpublished results). Consequently,
it is plausiblu that Illctﬁ;lnuiu, via AMPE-mediated p|103pllolyla—
tion of IRS-1 at Ser™, attenuates PI3K overstimulation cansed by
interrupting feedback loops mediated by the mTOR/S6K axis
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Figure 7. Metformin inhibits PANC-1 cell proliferation more
potently than rapamycin or KU63794. 4, Single-cell suspensions of
PANC-1 cells were plated at a density of 10° cells per dish. After 24 h,
the cultures were shifted to media containing 0.25% FBS without {—) or
with 10 nM neurotensin and 10 ng/ml insulin {NT+Ins) in the absence
{open bars) or presence {closed bars) of increasing concentrations of
metformin, as indicated. After 4 days, cell numbers were determined
from & plates per condition. Results are presented as mean = SEM.
Similar results were obtained in two independent experiments. p values
compared to control were all <0.05 n=6. B Single-cell suspensions of
PANC-1 cells were plated at a density of 10° cells per dish. After 24 h,
the cultures were shifted to media containing 2.5% FBS without (—) or
with 1 mM metformin, 5 pM KU63794 (Ku) or 100 nM rapamycin (Rap)
as indicated. After 4 days, cell numbers were determined from 6-8
plates per condition. Results are presented as mean * SEM. Similar
results were obtained in two independent experiments. * All p values
compared to control were <0.05 n=6. Anova analysis showed that
metformin inhibition of cell proliferation was statistically significant
{<<p=20.05) from either rapamycin or KU63794. In turn, KUB3794 was
statistically different from rapamycin {p<20.05).
doir10.1371/journal.pone.05/289.9007

and thereby avoids hyper-activation of Akt phosphorylation on
Sc1'4?3. More im].u:;rr.aul.l)-'P we found that metformin inhibited
rather than enhanced ERK activation {Iikf‘. active-site mTOR
inhibitors) in PDAC cells. The inhibitory effects of metformin on
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Abstract

The PI3K/AKT/mTOR pathway, which is aberrantly stimulated
in many cancer cells, has emerged as a target for therapy. How-
ever, mMTORC1/86K also mediates negative feedback loops that
attenuate upstream signaling. Suppression of these feedback
loops opposes the growth-suppressive effects of mTOR inhibitors
and leads to drug resistance. Here, we demonstrate that treat-
ment of PANC-1 or MiaPaCa-2 pancreatic ductal adenccarcdinoma
(PDAC) cells with the dual PI3K/mTOR kinase inhibitor (PI3K/
TOR-KI) BEZ235 blocked mTORC1/S6K activation (scored by
86 phosphorylation at Serz‘m/z“), mTORC1/4E-BP1 (assayed
by 4E-BP1 phosphorylation atThrSHM), and mTORC2-mediated
AKT phosphorylation at Ser*”®, in a concentration-dependent
manner. Strikingly, BEZ235 markedly enhanced the MEK/ERK
pathway in a dose-dependent manner. Maximal ERK overactiva-
tion coincided with complete inhibition of phosphorylation of
AKT and 4E-BP1. ERK overactivation was induced by other PI3K/

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal human diseases. The estimated incidence of PDAC in the
United States has increased to 44,000 new cases in 2012 and is
now the fourth leading cause of cancer mortality in both men and
women (1). Novel targets and strategies for therapeutic interven-
tionin PDAC are urgently needed and will most likely arise from a
more detailed understanding of the signaling mechanisms that
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TOR-KIs, including PKI-587 and GDC-0980. The MEK inhibitors
U126 or PD0325901 prevented ERK overactivation induced by
PI3K/TOR-KIs. The combination of BEZ235 and PD0325901
caused a more pronounced inhibitien of cell growth than that
produced by each inhibitor individually. Mechanistic studies
assessing PI3K activity in single PDAC cells indicate that PI3K/
TOR-KIs act through a PI3K-independent pathway. Doses of
PI3K/TOR-KIs that enhanced MEK/ERK activation coincided
with those that inhibited mTORC2-mediated AKT phosphoryla-
tion on Ser*”®, suggesting a role of MTORC2. Knockdown of
RICTOR via transfection of siRNA markedly attenuated the
enhancing effect of BEZ235 on ERK phosphorylation. We propose
that dual PI3K/mTOR inhibitors suppress a novel negative feed-
back loop mediated by mTORC2, thereby leading to enhanced
MEK/ERK pathway activity in pancreatic cancer cells. Mol Cancer
Ther: 14(4); 1014-23. @2015 AACR.

promote survival, proliferation, and invasiveness and of the
complex feedback mechanisms that mediate drug resistance in
these cells.

The PI3K/AKT/mTOR pathway, a key module in the regulation
of metabolism, migration, survival, autophagy, and growth (2),
plays a pivotal role in the pancreas, mediating acinar-to-ductal
metaplasia, and PDAC formation (3, 4) and is active in prema-
lignant pancreatic lesions and pancreatic cancer tissues (4-6). The
mTOR functions as a catalytic subunit in two distinct multiprotein
complexes, mMTORC1 and mTORC2 (7). mTORC1, a complex
including RAPTOR, phosphorylates and controls at least two
regulators of protein synthesis, the 408 ribosomal protein subunit
S6 kinase (S6K) and the translational repressor 4E-binding pro-
tein 1, referred as 4E-BP1. mTORC2, characterized by RICTOR,
phosphorylates several AGC protein kinases, incduding AKT at
Ser*”®. The PI3K/mTOR pathway functions downstream of RAS
(8), which is mutated in 90% of PDACs, and plays a key rclein
insulinf/IGF receptor signaling. PDAC cells express insulin and
insulin-like growth factor (IGFI) receptors and overexpress IRS-1
and IRS-2 (9-12) and PDAC (but not nommal) tissue expresses
activated IGFIR (12) and IGFI (13). Mutation of p53, as seen
during the progression of 50% to 75% of PDAC, has been
recognized to upregulate the insulin/IGFI/mTORCL pathway
(14). Recently, individual gene variations in the IGFI signaling
system have been associated with worse survival in PDAC (15).
Cross-talk between insulin/IGFI receptors and G protein-coupled



receptor (GPCR) signaling systems potently stimulates mTORC1,
DNA synthesis, and cell proliferation in a panel of PDAC cells (16,
17). Consequently, mTORC1, downstream of PI3K/AKT, has
emerged as an attractive therapeutic target in PDAC and other
common malignancies.

In addition to growth-prometing signaling, the mTORC1/S6K
axis also mediates negative feedback loops that restrict signaling
via insulin/IGF receptor and other tyrosine kinase receptors (18).
Indeed, suppression of mTORC1/S6K feedback loops unleashes
overactivation of PI3K/AKT (7) that potentially counterbalances
the antiproliferative effects of mTOR inhibiters in many cancer
cell types (19-22), including PDAC cells (23). In an effort to
prevent PI3K/AKT overactivation in response to allosteric
mTORC1 inhibition, dual PI3K and mTOR kinase inhibitors
(PISK/TOR-Kls), including BEZ235 (24, 25), PKI-587 (26, 27),
and GDC-0980 (28) have been developed. Although these inhi-
bitors are well suited to prevent activation of PI3K/AKT caused
by suppression of mTORC1/S6K, much less is known about
negative feedback loops impinging on other pro-oncogenic path-
ways (e.g, MEK/ERK) and/cr concerning mTORC2 instead
mTORC1. Here, we show that dinically relevant PI3K/TOR-KIs,
including BEZ235, PKI-587, and GDC-0980, induce MEK/ERK
pathway overactivation in human PDAC cells. On the basis of
our results, we propose that mTORC2 mediates a feedback loop
that curtails the activity of the MEK/ERK pathway in PDAC cells.

Materials and Methods

Cell culture

The human pancreatic cancer cell lines PANC-1, MiaPaCa-2,
AsPC-1 and BxPC-3 were obtained from the ATCC. PANC-1 and
MiaPaCa-2 were chosen because they harbor mutations typical of
human pancreatic cancer (29), including activating mutations in
KRAS, TP53 (encoding the p53 protein), and CDKN2A (also
known as p16 or p16™¥*%). These cell lines, authenticated by
ATCC by short-tandem repeat analysis, were used within 15
passages and cultured for less than 6 months after recovery from
frozen stocks (ne authentication was done by the authors). Cells
were obtained from ATCC at the following dates: MiaPaca-2 (June
2012, August 2013 and October 2014); PANC-1 (January 2012
and October 2014); BxPC-3 (June 2013); and AcPC-1 (December
2009). Cells were grown in DMEM with 2 mmol/L glutamine,
1 mmol/L Na-pyruvate, 100 U/mL penicillin, and 100 pg/mL
streptomycin and 10% FBS at 37°C in a humidified atmosphere
confaining 10% CO,.

Western blot analysis

Confluent cultures of PANC-1 or MiaPaCa-2 cells, grown on 35-
mm fissue culture dishes, were washed and then incubated for 24
hours in DMEM containing 5 mmol/L glucose and 1% FBS. The
cells were washed twice with DMEM containing 5 mmol/L glucose
and incubated in serum-free medium for 4 hours and then treated
as described in individual experiments. The cultures were then
directly lysed in 2x SDS-PAGE sample buffer [200 mmel/L Tris-
HCI (pH 6.8), 2 mmol/LEDTA, 0.1 mol/L NasVQy, 6% SDS, 10%
glycerol, and 4% 2-mercaptoethanol], followed by SDS-PAGE on
10% gels and transfer to Immobilon-P membranes (Millipore).
Western blot analyses were then performed on membranes incu-
bated overnight with the specified antibodies in PBS containing
0.1% Tween-20. The immunoreactive bands were detected with
ECL (enhanced chemiluminescence) reagents (GE Healthcare Bio-
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Sciences Corp). In most experiments, the antibodies used detected
the phosphorylated state of $6 at Ser 24%?44, $6K at Thr*®®, 4E-BP1
at Thr* ™%, AKT at Ser*”*and at Thr'®®, MEK at Ser*'”/**? and FRK at
Thr*®? and Tyr*®or the total levels of these proteins.

Cell transfection

MiaPaCa-2 cells were transfected with the plasmid containing a
cDNA encoding a GFP tagged-AKT pleckstrin homology domain
(AKT-PH-GFP) from Addgene (pcDNA3-AKT-PH-GFP cat. no.
18836) by using Lipofectamine 2000 (Invitrogen) as suggested
by the manufacturer. Analysis of the cells transiently transfected
was performed 24 hours after transfection.

Real-time GFP-AKT-PH imaging in single live cells

Single live-cell imaging of the GFP tagged AKT-PH domain was
achieved with a fluorescence microscope. The microscope used
was an epifluorescence Zeiss Axioskop and a Zeiss water objective
(Achroplan 40/.75W Cail Zeiss, Inc.). Images were captured as
uncompressed 24-bit TIFF files with a cooled (—12°C) single CCD
color digital camera (Pursuit, Diagnostic Instruments) driven by
SPOT vension 4.7 software.

Quantitative analysis of the relative change in plasma mem-
brane and cytosol fluorescence intensity of individual cells was
performed by importing the TIF images into Zeiss LSM 510
software and performing profile scans with the largest line width.
Five equally spaced line profiles were taken for each cell or cell
pair. Intensities were background corrected, and the intensities at
the membrane were divided by those in the immediately sur-
rounding cytoplasm. We analyzed 30 to 45 cells in each exper-
iment, and each experiment was performed in duplicate. The
selected cells displayed in the figures were representative of 90%
of the population of positive cells.

Knockdown of rictor levels via siRNA transfection

Silencer Select siRNAs was purchased from Life Technologies
and designed to target human RICTOR. Cells were transfected
using the reverse transfection method. Either Silencer Select
nontargeting negative control or a 10-nmol/L rictor siRNA was
mixed with Lipofectamine RNAi MAX (Life Technologies) accord-
ing to the manufacturer's protocol and added to 35-mm tissue
culture plates. MiaPaCa-2 cells were then plated on top of the
siRNA/Lipofectamine RNAIMAX complex at a density of 10° cells/
well in DMEM containing 5 mmol/L glucose and 10% FBS. Three
days after transfection, cells were used for experiments and
subsequent Westem blot analysis.

Assay of cell proliferation

Cells (105) were plated on 35-mm tissue culture dishes in
DMEM containing 10% FBS. After 24 hours of incubation at 37°C,
cultures were incubated with DMEM containing 5% FBS in the
absence or presence of BEZ235, PD0325901 (30), or the combi-
natien of both drugs. In other experiments, PKI-587 and GDC-
0980 were tested instead of BEZ235. The concentrations of
PD0325901 used in the experiments reflected that we found
MiaPaCa-2 cells more sensitive to this inhibitor than PANC-1
cells. After 72 hours, cell count was determined from a minimum
of six dishes per condition using a Coulter counter, after cell
clumps were disaggregated by passing the cell suspension 10 times
through a 19-gauge, and subsequently, a 21-gauge needle.

For cell colony formation, 300 MiaPaCa-2 cells were plated into
35-mm tissue culture dishes in DMEM containing 10% FBS. After
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24 hours of incubation at 37°C, cultures were incubated with
DMEM containing 5% FES either in the absence or presence of
5 nmol/L of BEZ235, 5 nmol/L of PD0325901, or the combina-
tion of both dmigs. A colony consisted of at least 50 cells (31).
Cell colony numbers from three dishes per condition were deter-
mined after & days of incubation.

Materials

DMEM was obtained from Invitrogen. Neurotensin and insulin
were obtained from Sigma Chemical. BEZ235, PKI-578, and
GCD-0980 were from Selleck Chemicals. PD0325901 and
U0126 were from Tocris BioScience. The structure of these inhi-
bitors is shown in Supplementary Fig. 51. All antibodies were
purchased from Cell Signaling Technology. Horseradish peroxi-
dase-conjugated anti-rabbit I2G and anti-mouse IgG were from
GE Healthcare Bio-Sciences Corp. All other reagents were of the
highest grade available.

Results

BEZ235 causes overactivation of the ERK pathway in human
PDAC cells

Initially, we determined the effect of the PISK/TOR-KI
BEZ235 (24, 25) on the activity of mTORCI and mTORC? in
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Figure 1.

MiaPaCa-2 cells, an extensively used model of ductal pancreatic
adenocarcinoma cells. Serum-starved culmires of MiaPaCa-2
cells were incubated with increasing concentrations of BEZ235
(0.005-1 pmol/L) for 2 hours. Then, the cells were stimulated
with a combination of insulin and neurotensin to elicit potent
mitogenic cross-talk signaling (16, 17), incduding phosphoryla-
tion of S6K at Thr*#?, 4 site directly phosphorylated by mTORC1
and 86 at Ser™*%¥ 4 site directly targeted by S6K [Fig 1A).
Treatment with BEZ235, at the lowest concentration tested
(0.005 pmol/L), markedly inhibited phosphorylation of both
S6K and 86 (Fig. 1A; quantification in Fig. 1E). The phosphory-
lation of these proteins was completely suppressed by higher
doses of BEZ235 (=0.01 pmol/L). BEZ235 also inhibited
the phosphorylation of 4E-EP1 at Thr?7H4° {Pig. 1A), sites that
are sensitive 1o active-site mTOR inhibitors but not to rapamycin
in PDAC cells (23).

Stimulation with neurotensin and insulin also induced phos-
phorylation of AKT on Ser*™®, a site directly phosphorylated by
mTORC2 and at Thr*™® a site phosphorylated by PDK1 in
response to PISK acivation. AKT phosphorylation on both
Ser*™ and Thr*®® was markedly decreased at0.05 pmol/LBEZ235
and it was completely abrogated at higher concentrations. These
results indicate that BEZ235 inhibits the S6K arm of mTORCI
signaling at lower doses (< 0.01 pmol/L) than those required 1o
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block mTORC1/4E-EP1, mTORC?2, or PI3K/PDKI (= 0.05 pmol/
L) in MiaPaCa-2 cells.

The salient feamire in Fig. 1A is that BEZ235 induced a striking
and dose-dependent stimulatory effect on ERK activity in Mia-
PaCa-2 cells, asmonitored by ERK phosphorylation on Thr'®* and
Tyr*™ (quantification in Fig. 1B). The maximal enhancement of
ERK activation (3.1£0.2 fold; n = 3) occurred at doses of BEZ235
that inhibited 4E-BP1 and mTORC2 (>0.05 wmol/L). Treatment
with BEZ235 also activated MEK, upstream of ERK, as scored by
phosphorylation of Ser® ™! residues in MEK directly phos-
phorylated by RAF kinases (Fig. 1A).

A potent overactivation of ERK induced in response to
BEZ235 was also demonsirated when MiaPaCa-2 cells were
stimulated with neurotensin and insulin for 2 hours instead of
30 minutes (Supplementary Fig. S2A). Exposure to BEZ235
markedly enhanced the level of phosphorylated ERK in Mia-
PaCa-2 cells stimulated with neurotensin and insulin for as little
as 15 minutes and persisted for 120 minutes (Fig. 1C). Treatment
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Figure 2.

Dual PIZK/mTOR Inhibitors Enhance ERK Activation via mTORC2

with BEZ235 also enhanced ERK activation in other PDAC cells,
including AsPC-1, BxPC-3 cells (Fig. 1D}, and PANC -1 cells,
another extensively used model of PDAC cells (Supplementary
Flg. S2E). Collectively, these results show that the dual PISKS
TOR-KI BEZ235 profoundly inhibits mTCORCI, mTORC2, and
PI3K but induces rapid, striking, and dose-dependent activation
of the MEK/ERK pathway in human PDAC cells.

Treatment with MEK inhibitors abolishes overactivation of the
EBRK pathway induced by BEZ235

We next determined whether cell exposure 1o MEK inhibitors
prevents ERK overactivation in response to PI3K/mTOR inhibi-
ton. Treatment of MiaPaCa-2 cells with 0126 (32), a preferen-
tal inhibitor of MEK, abrogated ERK overactivation induced by
BEZ235 (Fig. 2A). Similarly, enhanced ERK phosphorylation
induced by BEZ235 was blunted by 110126 in PANC-1 cells (Fig.
2E). PD0325901, a potent and specific allosteric inhibitor of MEK
(30, 33), also abrogated ERK overactivation induced by increasing
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MEK inhibitors suppress ERK overactivation induced by BEZ235 A and B, cultures of MiaPaCa-2 cells (4) and PANC-1 (B) cells were incubated for 2 hours
inthe absence cr presence of increasing doses of BEZ235 with or without U0126 at 1 or 5 umal/L. © and D, cultures of MiaPaCa-2 cells (C) and PANC-1

(D) cells were incubated in the prasence of increasing doses of BEZ235 with ar withaut PDO3 25801 (PD) at 1ar 5 pmal/L for 2 hours. Then, for A-D, the cells were
stimulated for 2 hours with 5 nmal/L neurctensin and 10 ng/mLinsulin and lysed with SDS-PAGE sample buffer. E and F, cultures of MiaPaCa-2 (E) and PANC-1 (F)
cells were incubated for 2 hours in the absence or presence of increasing doses of BEZ235 with or without the addition of PDC325801 (PD) at 1and & pmol/L
Then, the cells were stimulated for 2 hours with 2% FBS (serum) and lysed with SDS-PAGE sample buffer. Al samples were analyzed by SDS-PAGE and
immunohlotting with the antibodies that detect phosphorylated or total proteins, as described in each panel
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doses of BEZ235 (Fig. 2C and D). An inhibitory effect was elicited
by PD0325901 at a dose as low as 5 nmol/L [Supplementary
Fig 83).

To extend further these findings, we also examined the effects
of BEZ235 without or with PD0325901 in PDAC cells stimula-
ted with fetal bovine serum (PES). Exposure to BEZ235 over-
activated ERK phosphorylation on Thr*™® and Tyr”"™ in serum-
stimulated cells, an effect abolished by PD-0325901 [Fig 2E and
2F). The results indicate that enhanced ERK activation induced
bytreatment with BEZ235 can be prevented by cotargeting MEKin
PDAC cells.

The intensity and duration of ERK activarion are tightly regu-
lated by negative feedback loops within the pathway, including
inhibitory phosphorylations of SO8 and RAF mediated by active
by ERK (18). Negative feedback regulation of the ERK pathway has
been recently shown in cancer cells with RAS mutation (34).
Accordingly, treatment with PD0325901 released feedback inhi-
bition as revealed by overphosphorylation of MEK in either
MiaPaCa-2 or PANC-1 cells (Supplementary Fig. 84). Interesting-
Iy, BEZ2535 further augmented MEK phosphorylation in PDAC
cellstreated with PD0325901, implying that the dual PISK/mTOR
inhibitor enhanced RAR/MEK activity in cells without ERK-medi-
ated negative feedbacks loops.

Enhanced ERK activation is also elicited by the mTOR/PISK
inhibitors PKI-587 and GDC-0930

Reflecting the intense interest in targeting the PISKmTOR
pathway, a number of dual mTOR/PISK inhibitors, other than
BEZ235, have been developed, including PKI-587 (26, 27) and
GDC-0980 (28), the structure of which is displayed in Supple-
mentary Fig. 81. Next, we determined whether PKI-587 and GDC-
0980 also enhance ERK activation in PDAC cells. As shown
in Fig 3A, phosphorylation of 86 on Ser®*%%** and AKT on
Ser’™®, monitoring mTORCT and mTORC? activity, respectively,
was inhibited by treatment with 0.1 and 1 umol/L of PKI-587.
Exposure 1o PKI-587 also caused a stiking increase in ERK
activation, an effect completely blocked by concomitant exposure
to the MEK inhibitor PD0O325901. Similar effects were elicited by
PKI-587 and PD0325901 in PANC-1 cells {Fig. 3B).

GDC-0980 has also recently identified as a selective, potent,
and orally bioavailable inhibitor of PISK and mTOR (28&). To
examine the effects of GDC-0980, MiaPaCa-2 cells were incub-
ated with or without this PISK/TOR-KI and then stimulated for
various times (Big. 3C), as shown before with BEZ235 in Rig. 1C.
GDC-0980 completely inhibited phosphorylation of 86 on
Ser**"* and AKT on Ser®”® but produced a prominent ERK
overactivation at all times examined (Fig. 3C). Thus, multiple
clinically relevant dual PISK/mTOR inhibitors induce ERK over-
activation in PDAC cells.

Effect of BEZ235, PD325901, and their combination on
PDAC cell proliferation and colony formation

To examine whether the overactivation of the ERK path-
way counterbalances the growth-suppressive effect of mTOR/
PI3K inhibitors, we determined the proliferation of MiaPaCa-2
cells treated with BEZ235, PD0325901, or a combination
of BEZ235 and PDO325901 (Fig. 4A). Fach inhibitor re-
duced cell proliferation but the combination of BEZ235 and
PD0325901 produced a further inhibitory effect on MiaPaCa-2
cell proliferation. Importantly, the difference between
PD}0325901 and the combination of BEZ with PD0O325901
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MEK inhikition biunts the enhancement of ERK activity induced by PKI-587 or
GDC-CO30. & and B, cultures of MigPaCa-2 cells (A) and PANC-1(B) cells were
incubatedfor 2 hoursinthe ahsence or presence of increasing doses of PKI-587
with or without PDO325901 (PD) at 1 or 5 pmal/L. Then, the cells were
stimulatad for 30 minutes with Snmal/L neurctensin and 10 ng/mL insulin and
Iysed with SDS-PAGE sample buffer. All samples were analyzed by SDS-PAGE
and immunchlotting using the antibodies that detect phosphorylated or total
proteins, as described in each panel. C, cultures of MiaPaCa-2 cells were
incubatedinthe absence or presence of Tpumel/L of GDC-0880 for 2 hours, and
then the cells were stimulated for 15, 30, 60, or 120 minutes with 5 nmol/L
neurotensin (NT) and 10 ng/mLinsulin (ins) and lysed with SD3-PAGE sample
buffer. The axtracts were then analyzed as in A and B

was statistically significant. Similar results were obtained using
PANC-1 cells (PFig. 4B). Similarly, the inhibitory effect of PKI-
587 and GDC-09280 on MiaPaCa-2 proliferation was markedly
enhanced by PD0325901 (Pig. 4C). The results indicate that
cotargeting the PISK/mTCR and MEK induces profound inhi-
bition of PDAC cell proliferation. To test further this conclu-
sion, we determined the effect of long exposure to low con-
centrations of BEZ, PD0325901, or their combination on the
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FBS with 160 nmol /L BEZ235 (BEZ), 500 nmel/L PDG 325801 (FD), or comhbination of both drugs as indicated. After 72 hours, cell numbers were determined from six
plates per condition. Results are presented as mean £+ SEM. C, single-cell suspensions of MiaPaCa-2 cells were plated at a density of 107 calls

per dish. After 24 hours, the cultures were shifted to media containing FBS with 100 nmal /L PKI-587 (KD, 100 nmal/L of GDC-0880 (3D C), 160 nmal/L
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colonies (mean &+ SEM; n — 3 dishes per condition). *, £test 2 values comparing the indicated two groups were = G.001

colony-forming ability of MiaPaCa-2 cells. Treatment with
either BEZ235 or PD0325901, each at a concentration as low
as 5 nmol/L, markedly reduced the number of colonies formed
by MiaPaCa-2 cells (Figs. 4D and 4E). Exposure to the combi-
nation of BEZ235 and PD0325901 further inhibited the num-
ber of colonies formed by MiaPaCa-2 cells (Figs. 4D and 4E).

Dual mTOR/PI3K inhibitors induce ERK overactivation
through a PI3K-independent pathway

Having established that dual PI3K/mTOR inhibitors lead to
enhanced MEK/ERK activation in PDAC cells, we next examined
the mechanism(s) involved. Previous studies with prostate and
breast cancer cells identified a feedback loop that mediates ERK
overactivation in response to rapamycin analogs through a PI3K-
dependent pathway (35). To evaluate PISK activity, we deter-
mined the effect of BEZ235, PKI-587, and GDC-0980 on PI3K-
generated accumulation of phosphatidylinositol 3,4,5-trispho-
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sphate (PIPy) in the plasma membrane of individual PDAC cells.
MiaPaCa-2 cells were transiently transfected with a plasmid
encoding a fusion protein between GFP and the PH domain of
AKT [AKT-PH-GFP), an in wivo reporter of PIP; (36, 37). In
unstimulated cells, the PIP; sensor did not display any detectable
accumulation at the plasma membrane (Fig. 5A and Supplemen-
tary Fig. 85). Stimulation with neurotensin and insulin induced a
rapid and stiking translocation of AKT-PH-GFP to the plasma
membrane, indicative of robust PI3K activation (Fig. 5A; quan-
tification in Pig. 5B). Prior exposure to BEZ235, PKI-587, or
GDC-0980 completely prevented the translocation of the PIP;
sensor to the plasma membrane (Fig. 54 quantification in Fig.
SE). Similar results were obtained after different times of stim-
ulation (Supplementary Fig. 85). The results presented in Fig. 5
and Supplementary Fig. 85 indicate that dual PI3K/mTOR inhi-
bitors induce MEK/ERK activation in PDAC cells through a PI3K-
independent pathway.
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Figure 5.

BEZ235 enhances ERK pathway activation through a pathway that does not require PIZK, EGFR, HER2, insulin receptor, or IGFIR. A, MiaPaCa-2 cells were
transiently transfectad with a plasmid encoding a fusion protein between GFP and the PH domain of AKT (AKT-PH-GFP}. After 24 hours, the cultures were
incubated in MEM without or with BE Z235 (BEZ ), PKI-587 (PKI}, or GGC-0980 (GG} each at Tpmal/L for 1 haur before stimulation with 5 nmol /L neurotersin and
10 ng/mL insulin. The intracellular distribution of AKT-PH-GFP was manitored under a fluarescence microscope. The selected cells displayed in the figures

are represartative of 90% of the population of GFP-positive cells. B, graphic reprasents guantification fram A (ratio of membrana/cytoplasm fluorescerce). C-E,
cultures of MiaPaCa-2 cells were incubated far 2 hours in the absence or presence of 1pmal/L BEZ235 (BEZ) with or without T pmol/L of AG-1478 (AG; C3, 1 pmol/L
of lapatinib (Lp; D3, of 1 wmol/L of OSI-906 (OS1; E). Then, the cells were stimulated with 5 nmol/L neurotensin and 10 na/mL insulin and Ivsed with SDS-
PAGE sample buffer. All samplas were analyzed by SDS-PAGE and immunoblotting with the antibodies that detect phaspharylated or tatal S6, AKT, and ERK

protains, 2s indicated in each panal.

BEZ235 enhances ERK activation independently of EGFR,
HER2, insulin receptor, and IGFI receptor

Chronic suppression of PISK/mTORC1 stimulates FOXO-
dependent expressicon of several tyrosine kinase receptors, includ-
ing, IGFfinsulin receptors and HER3 in tumor cells, thereby
enhancing ERK activity (38, 39). This mechanism is unlikely 1o
explain our results, given the rapidity of the effects shown here
with PDAC cells. To test this pessibility directly, we determined
whether inhibitors of EGFR (4G1438), EGFR and HER2 (lapati-
nib} or insulin/IGH receptors (OS8I-906) prevent enhanced ERK
activation in response to BEZ23 5. As acontrel, we verified that the
inhibitors, at the concentrations used, abrogated ERK activation
induced by EGF or IGFI in MiaPaCa-2 cells (Supplementary Fg
S6A). Neither AG1438 (EGFR tyrosine kinase inhibitor) nor
lapatinib (inhibiter of EGFR and HER2) prevented enhanced
ERK activation by BEZ235 (Fig. 5C and D), quantification in
Supplementary Fig. 86B and 8§6C).

We also examined the involvement of the insulin/IGFI recep-
tors in mediating ERK activatien in responseto BEZ235. Exposure
to the insulin/IGFI receptor inhibitor OS1-906 reduced baseline
levels of ERK phosphorylation but did not prevent the ERK
activation induced by BEZ235 (Fig. SE). Indeed, the dual PISK/
mTCR inhibitor induced a similar relative enhancement of ERK
phespherylation either in the absence or presence of OSI-806
(Supplementary Fig. S603). Thus, BEZ235 enhances ERK activa-
tion through a pathway that does not require EGFR, HER2, or
insulin/IGH receptors.
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Knockdown of RICTOR prevents enhancement of ERK
activation by BEZ235 independently of AKT

As shown threughout this study, the doses of BEZ235 that
enhanced MEK/ERK activation coincided with those that inhib-
ited AKT phosphorylation on Ser®”?, prompting us to hypothesize
that BEZ235 suppresses a negative feedback mediated
by mTCORC?2. To test this possibility, we used RNAi te silence
RICTOR, an essential and specific component of mTORC2.
Transfection of MiaPaCa-2 cells with siRNA-targeting RICTOR
caused a stiiking decrease in the expression of RICTOR protein
but did net alter the expression of 86, AKT, or ERK (Fg 64;
quantification in Fig, 6B). Asexpected, knockdown of RICTOR did
not prevent mTORC1/56K activation, scered by 86 phesphory-
laticn but abolished AKT phosphorylation on Ser®”%, a functicn
mediated by mTORC2. Surprsingly, kneckdown of RICTOR
markedly increased baseline levels of ERK phosphorylation and
treatment with BEZ235 failed te preduce a significant further
enhancement of ERK activation (Fg 64; quantification of three
independent experiments shown in Fg 6C), whereas BEZ235
enhanced ERK activation in cells transfected with nontargeting
siRNA. Transfection with a siRNA directed to a different regicn
of RICTOR alsc attenuated the enhancement of ERK activity
induced by BEZ235.

AKT has been proposed to inhibit RAF-1 activity by direct
phosphorylation at Ser*®® (40), but this mechanism of negative
cross-talk was disputed in subsequent studies (41). Here, we
tested whether the enhancement of ERK activation induced by
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BEZ235 enhances ERK activation through a RICTOR (MTORC2)-dependent but AKT-independent pathway, A, MigPaCa-2 cells were transfected with siRNA

targeting RICTOR or nontargeted SiRMA, After 3 days, cells were incubated without (=) or with 1 umel/L BEZ235 (+) for 2 hours. Then, the cells were stimulated
for 80 minutes with 5 nmel/L neurctensin and 13 ng/mL insulin and lysed with 3D %-PAGE sample buffer. The samples were analyzed by $D%-PAGE and
immunchlotting with the indicated antibodies. B, representation of quantification of levels of RICTOR protein after transfection with nontargeted siRNA or siRNA
targeting RICTOR. C, fold increase of phosphorylated ERK. Guantification of phosphorylated ERK at Thr**? and Wrzoa from three independent experiments was
performed using Multi Gauge V3.0 D, MiaPaCa-? cells wera incubatad for 2 hours in the absence or presence of increasing dosas of BEZ235 (BEZ) and then
stimulatad for 90 minutes with 5 nmal/L neuratensin (NTY and 10 ng/mL insulin (ins) and lysed with SD3-PAGE sample buffar. All samplas were analyzed

by 5D3-PAGE and immunchlotting using the antibodies that detect phosphorylated RAF-1(at Sergg) and ERK or total GAPDH as aloading control. E, MiaFaCa-2 calls
weere incubated for 2 hours in the absence or presence of 1 pmol/L BEZ235 (BEZ) and either MK2206 (MK) at Tor & umol/L or GDC-C06B (GDC) &t 1or & pmal/L,
as indicated. The cultures were then stimulated for B0 minutes with 5 nmel,/L neurctensin (NT) and 10 ng/mL insulin and lysed with SDS-PAGE sample buffer

All samples were analyzed by SDS-PAGE and immunohlotting using the antibodies that detect phosphorylated AKT and ERK or total GAPDH as a loading
control Note that MK2206 (allasteric inhibitor) inhibited AKT phosphordation, whereas GDCOGRS (active-site inhibitor) increased AKT phosphorylation,

presumahly by stahilizing a conformation that prevents AKT dephosphorylation

BEZ235 is mediated by downregulation of AKT-mediated RAF-1
phosphorylation at Ser™®. As shown in Fig. 6D, exposure of
MiaPaCa-2 cells to BEZ235 did not produce any detectable
decrease in the high level of RAE-1 phosphorylation at Ser®*?,
even at concentrations that produced robust enhancement of ERK
activation. Purthermore, treatment with allosteric (MK-2208) or
active-site (GDC-0068) inhibitors of AKT did not replicate the
increase in ERK activation produced by BEZ235 (Fig. 6E). These
results indicate that treatment with the dual PI3K/mTOR inhibitor
suppresses a novel negative feedback loop mediated by mTORC2,
thereby leading to enhanced MEK/ERK pathway activity in pan-
creatic cancer cells.

Discussion

Although augmented PI3K/AKT activity in response to
mTCRC1/SGK inhibition by rapamycin and its analogs is well
documented in a variety of cell types (18-21), including PDAC
(23), overactivation of the MEK/ERK pathway by miTOR inhibi-
torshas been less explored (18). Recently, we reported that active-
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site mMTOR inhibitors {(KU&3794 and PP242) induce a marked
increase of MEK/ERK pathway activity in PDAC cells (23). Here,
we demonstrate that the structurally unrelated dual PISK/
mTOR inhibitors BEZ2535 (24, 25), PKI-587 (26, 27), and
GDC-0980 (28) promote a striking, dose-dependent increase in
ERK activation in PDAC cells stimulated with cross-tallking mito-
gens such as insulin and neurotensin or semam factors. The dual
PISK/mTOR inhibitors also induced MEK overactivation and
MEK inhibitors, including U126 and PD0325901, abrogated the
overactivation of MEK. Ourfindings show, tor the first time, that
dual PI3K/mTOR inhibitors induce rapid overactivation of the
MEK/ERK pathway, a pivotal pathway in PDAC cells and other
malignancies.

To understand the mechanism by which dual PI3K/mTOR
inhibitors promoted ERK activation, we determined the role of
a feedback loop involving mTORC1/S6K/PI3K/ERK, proposed to
mediate ERK activation in prostate and breast cancer cells in
response to rapamycin analogs (35). In detailed dose-response
studies, we found that low doses of BEZ235 profoundly reduced
mTORC1/SeK activity but produced small enhancement of the
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ERK pathway. Accordingly, neither rapamycin nor everclimus, at
concentrations that completely blocked the mTORC1/S6K axis,
produced any detectable enhancement of ERK activation in PDAC
cells (23). These results indicate that ERK overactivation in
respense to dual PI3K/mTOR inhibitors can be dissociated from
feedback loops mediated through the mTORC1/S6K axis in PDAC
cells.

Further evidence supporting that PI3K/TOR-KIs enhance ERK
overactivation through a PI3K-independent feedback loop was
obtained by showing that these agents suppressed PI3K activity at
concentrations that enhanced ERK. Specifically, we evaluated the
effect of BEZ235, PKI-587, or GDC-0980 on PI3K activity in
single cells, as monitored by the distribution of AKT-PH-GFP, an
in vivo reporter of PIP; (36, 37). We found that dual PI3K/mTOR
inhibitors blunted the translocation of AKT-PH-GFP from the
cytosol to the plasma membrane, indicating that these agents
prevented PIP; accumulation at the plasma membrane. Collec-
tively, the results with dual PI3K/mTOR catalytic kinase inhibitors
identify a novel PI3K-independent feedback mechanism that
restrains the activity of the MEK/ERK pathway, which is different
from the loop previously identified with rapamycin (35).

Treatment of a variety of tumor cells with inhibitors that block
the PI3K/AKT/mTOR pathway induces a transcriptional response
mediated, at least in part by FoxO family members that lead to the
overexpression of tyrosine kinase receptors or adaptor proteins,
induding insulin/IGF receptor and HER3, thereby leading to
enhancement of ERK (38, 39, 42-45). This gene expression loop
should be distinguished from the effects induced by dual PI3K/
mTOR inhibitors in this study since the enhancement of MEK/
ERK activation occurred rapidly (within minutes) and was not
prevented by inhibitors of insulin/IGF] receptor (081-906) or
EGFR and HER2 (lapatinib). Our results with PDAC cells with
KRAS mutations alsc contrast with a recent study demonstrating
that acute inhibition of P13K transiently inhibits ERK in breast
cancer cells harboring HER-2 amplification or lacking PTEN but
expressing wild-type RAS (46). We conclude that the impact of
suppressing feedback loops mediated by the PI3SK/AKT/mTOR
pathway depends on cell context and leads to different MEK/ERK
outcomes in cancer cells harboring mutations in different pro-
oncogenic pathways.

Although many studies demenstrated negative feedback regu-
lation by mTORC1 (18), a similar role for mTORC2 is only
emerging. For example, a recent study revealed that mTORC2
can also regulate the cellular level of IRS-1 and conduded that
mTORC1 and mTORC2 cooperate in promoting IRS-1 degrada-
tion (47). We noted that the doses of BEZ235 that enhanced
MEK/ERK activation coincided with those that inhibited
mTORC2-mediated AKT phospherylation on Ser*” raising the
possibility that BEZ235 suppresses a negative feedback loop
operated through mTORC?2. To test this possibility, we used RNAiL
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Abstract

Natural products represent a rich reservoir of potential small chemical molecules
exhibiting anti-proliferative and chemopreventive properties. Here, we show that
treatment of pancreatic ductal adenocarcinoma (PDAC) cells {PANC-1, MiaPaCa-
2) with the isoquinoline alkaloid berberine (0.3-6 pM) inhibited DNA synthesis and
proliferation of these cells and delay the progression of their cell cycle in G1.
Berberine treatment also reduced {(by 70%) the growth of MiaPaCa-2 cell growth
when implanted into the flanks of nuhu mice. Mechanistic studies revealed that
berberine decreased mitochondrial membrane potential and intracellular ATP levels
and induced potent AMPK activation, as shown by phosphorylation of AMPK o
subunit at Thr-172 and acetyl-CoA carboxylase {ACC) at Ser’®. Furthermore,
berberine dose-dependently inhibited mTORC1 {phosphorylation of SBK at Thr®?
and 86 at Ser”'%?*Y and ERK activation in PDAC cells stimulated by insulin and
neurotensin or fetal bovine serum. Knockdown of o4 and o, catalytic subunit
expression of AMPK reversed the inhibitory effect produced by treatment with low
concenlrations of berberine on mMTORC1, ERK and DNA synthesis in PDAC cells.
However, at higher concentrations, berberine inhibited mitogenic signaling
{MTORC1 and ERK) and DNA synthesis through an AMPK-independent
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mechanism. Similar results were obtained with metformin used at doses that
induced either modest or pronounced reductions in intracellular ATP levels, which
were virtually identical to the decreases in ATP levels obtained in response to
berberine. We propose that berberine and metformin inhibit mitogenic signaling in
PDAC cells through dose-dependent AMPK-dependent and independent
pathways.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease, with overall 5-
year survival rate of only 6% [1]. The incidence of this disease in the US is
estimated to increase to more than 44,000 new cases in 2014 and is now the fourth
leading cause of cancer mortality in both men and women [2]. Total deaths due to
PDAC are projected to increase dramatically to become the second leading cause
of cancer-related deaths before 2030 [1] As the current therapies offer very limited
survival benefits, novel strategies to treat and prevent this aggressive disease are
urgently required [3].

G protein-coupled receptors (GPCRs) and their cognate agonists are
increasingly implicated as autocrine/paracrine growth factors for multiple solid
tumors, including small cell lung cancer, colon, prostate, breast and pancreas [4—
8]. We showed that pancreatic cancer cell lines express multiple GPCRs [9] and a
variety of GPCR agonists, including neurotensin, angiotensin IT and bradykinin,
stimulated DNA synthesis in pancreatic cancer cell lines, including PANC-1 and
MiaPaca-2 [9-12]. Furthermore, a broad-spectrum GPCR antagonist [13, 14],
inhibited the growth of pancreatic cancer cells either in viiro or xenografted into
nw/nu mice [15]. Other studies demonstrated increased expression of GPCRs in
pancreatic cancer tissues [16—19]. Subsequently, we identified positive crosstalk
between insulin/IGFI receptors and GPCR signaling systems in pancreatic cancer
cells, leading to mTORCI1 signaling and ERK activation, and synergistic
stimulation of DNA synthesis and cell proliferation [20-22]. These findings
assurme an added importance in view of the large number of epidemiological
studies linking long standing type-2 diabetes mellitus (T2DM), obesity and
metabolic syndrome, characterized by peripheral insulin resistance and compen-
satory overproduction of insulin, with increased risk for developing pancreatic
cancer [23-32].

The biguanide metformin (1,1-dimethylbiguanide hydrochloride) derived from
galegine, a phytochemical from Galega officinalis, is the most widely prescribed
drug for treatment of T2DM, worldwide [33,34]. Systemically, metformin lowers
blood glucose levels through reduced hepatic gluconeogenesis, increases glucose
uptake in skeletal muscles and adipose tissue [34, 35] and reduces the circulating
levels of insulin and IGF-1 [36, 37]. At the cellular level, metformin indirectly
stimulates AMP—activated protein kinase (AMPK) activation [38] via inhibition
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of mitochondrial function, though other mechanisms of metformin action have
been also suggested at high doses [39]. Major downstream targets of AMPK
include TSC2 and Raptor [40-43]. The AMPK-mediated phosphorylation of these
targets inhibits mTOR complex 1 (mTORCI1) activity in a variety of cell types,
including PDAC cells [44, 45] and disrupts positive crosstalk between insulin/IGFI
receptors and GPCR signaling systems [21, 46]. Interestingly, a number of
observational studies suggest that metformin reduces incidence and improved
prognosis of a variety of cancers in patients with T2DM [47, 48], though this this
conclusion is under scrutiny [49]. In the setting of PDAC, diabetic patients who
had received metformin appear to have lower adjusted incidence and better
survival compared with those who had not taken metformin or used other anti-
diabetic agents [47, 50-52]. We hypothesized that structurally unrelated natural or
synthetic compounds that interfere with mitochondrial-mediated ATP synthesis
and target mTORCI and ERK pathways, could provide novel anti-PDAC agents.

Natural products represent a rich reservoir of potential small chemical
molecules exhibiting diverse pharmacological properties. The isoquinoline
alkaloid berberine [53-55], a phytochemical extracted from a variety of medicinal
plants, including plants of the Berberis species induces multiple biological effects,
including anti-obesity, anti-diabetic, anti-cancer and calorie-restriction effects
[55-62]. The cellular mechanism(s) involved, however, remains incompletely
understood. Berberine has been reported to inhibit mitochondrial function and
induce AMPK activation [63] but other mechanisms of action of this alkaloid
have been proposed when added at high concentrations [64,65]. Despite its
potential clinical implications, there is no understanding of the precise
mechanism(s) by which berberine inhibits the proliferation of cancer cells and it is
not known whether this agent has any direct effect on signaling and proliferation
of PDAC cells harboring KRAS mutations, characteristic of >90% of ductal
pancreatic carcinomas.

In this study, we show that berberine inhibits DNA synthesis, cell cycle
progression and proliferation in PANC-1 and MiaPaca-2 pancreatic cancer cells.
Furthermore, berberine administration inhibits the growth of PDAC tumor
xenografts in vive as effectively as metformin. In mechanistic studies, we
demonstrate that berberine, like metformin decreases mitochondrial membrane
potential and ATP levels and concomitantly induces AMPK activation. Based on
results using siRNA-mediated knockdown of AMPK, we propose that the
inhibitory effects of berberine and metformin are mediated through AMPK-
dependent and AMPK-independent pathways depending on the dose of each
agent. This conclusion provides a plausible explanation for apparently contra-
dictory reports on the role of AMPK in the mechanism of action of berberine and
metformin in other model systems.
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Materials and Methods
Chemicals and Reagents

Dulbecco’s modified Eagle Medium (DMEM) was obtained from Invitrogen
(Carlshad, CA). Neurotensin, insulin, berberine and metformin were obtained
from Sigma Chemical (St. Louis, MO). All antibodies were purchased from Cell
Signaling Technology (Danvers, MA). Horseradish peroxidase-conjugated anti-
rabbit IgG and anti-mouse IgG were from GE Healthcare Bio-Sciences Corp
(Piscataway, NT). All other reagents were of the highest grade available.

Cells and Culture Conditions

The human pancreatic cancer cell lines PANC-1 and MiaPaCa-2 were obtained
from the American Type Culture Collection (ATCC, Manassas, VA). These cell
lines were chosen because they harbor mutations typical of human pancreatic
cancer [66], including activating mutations in KRAS, TP53 {encoding the p53
protein) and CDKNZA (also known as pl6é or pl6INK4a). Indeed, there is an
excellent correlation between point mutation frequencies in PDAC cell lines and
primary tumors [67]. Cells were grown in DMEM supplemented with 2 mM
glutamine, 1 mM Na-pyruvate, 100 units/mL penicillin, and 100 pg/mL
streptomycin and 10% fetal bovine serum (FBS) at 37°C in a humidified
atmosphere containing 10% CO2. In the experiments, the glucose concentration
in DMEM was adjusted to 5 mM, a physiological level in human serum.

[*H]-Thymidine Incorporation into DNA

PANC-1 and MiaPaCa-2 cells (1 10%) were plated and grown in 3.5 ¢m tissue
culture plates for 5 days in DMEM supplemented with 10% FBS. The cells were
washed twice and incubated for 24 h with DMEM containing 5 mM glucose and
1% FBS. To start the experiment, fresh medium containing the specified
concentration of agonist and/or inhibitor was added after washing twice with
DMEM (4 cultures used for each condition), and then the cells were incubated for
17 h and then pulse labeled for 6 h with [3H]—thymidine (0.25 puCi/ml). The cells
were fixed with 5% trichloroacetic acid and washed twice with ethanol. Acid-
insoluble pools were dissolved in 0.1 N NaOH with 1% SDS and the radioactivity
incorporated was counted in a liquid scintillation counter.

Mitochondrial Membrane Potential

The cell-permeable JC-1 dye (Invitrogen), which exhibits potential-dependent
accumulation in the mitochondria, was used as an indicator of mitochondrial
membrane potential. Following treatment without or with berberine or
metformin, JC-1 was added to cultures of PANC-1 or MIA PaCa-2 cells at 1 ug/
ml for 30 min. Then, the media was exchanged for Hanks Buffered Saline
Solution containing 5 mM glucose and cells were immediately imaged using
rhodamine and fluorescein optics. Images were stored from several visual fields.
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The histogram analysis feature of Photoshop (Adobe) was used to measure the
average red and average green fluorescence intensity from about 58 cells in a visual
field. At least 5 independent fields were measured in each condition. The results
are expressed as an average ratio of red/green florescent intensity in a single visual
field (mean + SEM). The ratio of red/green fluorescence intensity indicates
mitochondrial membrane potential with a decreased ratio indicating a loss of
potential.

ATP Determination

PANC-1 and MiaPaCa-2 cells (5 x 10%) were plated and grown in 24 well culture
plates for 5 days in DMEM and 10% FBS. The cells were then incubated for 24 h
with DMEM containing 5 mM glucose and 1% FBS. The cells were washed twice
with DMEM containing 5 mM glucose and incubated in serum-free medium for
17 h in the absence or presence of berberine or metformin. ATP levels were
determined using the firefly luciferase/D-luciferin ATP determination Kit
according to the manufacturer’s protocol (Life Technologies Grand Island, NY).

Knockdown of AMPK levels via siRNA transfection

Silencer Select siRNAs were purchased from Life Technologies (Grand Island, NY)
and designed to target either human AMPK,,; or human AMPK,,. Cells were
transfected using the reverse transfection method. Either Silencer Select non-
targeting negative control or a mixture of 10 nM AMPK,,; and 10 nM AMPK,,
sSiRNA (AMPKual, a2 siRNA) were mixed with Lipofectamine RNAI MAX (Life
Technologies Grand Island, NY) according to the manufacturer’s protocol and
added to 24 well plates. PANC-1 cells were then plated on top of the siRNA/
Lipofectamine RNAIMAX complex at a density of 107 cells/wellin DMEM
containing 5 mM glucose and 10% FBS. Three days after transfection the cells
were incubated for 24 h with DMEM containing 5 mM glucose and 1% FBS. The
cells were washed twice with DMEM containing 5 mM glucose and incubated in
serutn-free medium for 17 h in the absence or presence of berberine or metformin
and then treated as described in the corresponding figure legends.

Flow cytometric/cell cycle analysis

The proportion of cells in the Go/Gy, S, Gz, and M phases of the cell cycle was
determined by flow cytometric analysis. PANC-1 cells (2% 10* cells) were seeded
in DMEM containing 2.5% FBS. After 24 h the cultures were treated without or
with berberine in medium containing 2.5% FBS for 3 days. Cells were then
harvested by trypsinization, centrifuged at 1,000 g for 5 min and resuspended in a
final concentration of 10% cells/ml in hypotonic propidium iodide (PI) solution
containing 0.1% Sodium citrate, 0.3% Trixon-X 100, 0.01% PI and 0.002%
Ribonuclease A. Cells were incubated in 4 °C for 30 min and analyzed on a
FACScan (Becton-Dickinson, Franklin Lakes, NJ) using the software CELLCuest.
One hundred thousand cells were collected for each sample. Excitation occurred
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at 488 nm and data was collected using the FL2 channel and analyzed using FCS
ExpressV3.

Western Blot Analysis

Confluent cultures of PANC-1 or Mia PaCa-2 cells grown on 3.5 c¢m dishes were
washed and then incubated for 24 h with DMEM containing 5 mM glucose and
1% FBS. The cells were then washed twice with DMEM containing 5 mM glucose
and incubated in serum-free medium in the absence or presence of berberine,
metformin or A-769662, as described in the individual experiments. The cultures
were then directly lysed in 2 x SDS-PAGE sample buffer [200 mM Tris-HCl
(pH 6.8), 2 mM EDTA, 0.1 M NasV(Q,, 6% SDS, 10% glycerol, and 4% 2-
mercaptoethanol], followed by SDS-PAGE on 10% gels and transfer to
Immobilon-P membranes (Millipore, Billerica, MA). Western blots were then
performed on membranes incubated overnight with the specified antibodies in
phosphate-buffered saline (PBS) containing 0.1% Tween-20. The immunoreactive
bands were detected with ECL (enhanced chemiluminescence) reagents (GE
Hezlthcare Bio-Sciences Corp, Piscataway, NT). The antibodies used detected the
phosphorylated state of S6K at Thr®?, 6 at Ser* ¥4 and ERK1/2 at Thr®*? and
Tyr2°4, AMPKa at Thrt™?, ACC at Ser’® 279 Raptor at Ser’ . In addition, the total
level of these proteins was also evaluated. Routinely, the membranes used with the
phospho-specific antibodies were stripped and re-blotted with the antibodies that
detect the total level of the corresponding protein. Occasionally, stripping and re-
blotting of the same membrane was not satisfactory for obtaining both loading
and expression controls. In these cases, we used a separate hlot for assessing total
protein expression and immunoblotted the original membrane for other proteins
(e.g. actin, S6K, 56, ERK) that migrate at a different position in the original gel for
verifying equal loading.

Cell Proliferation

Cultures of PANC-1 and MiaPaCa-2 cells, 3-5 days after passage, were washed
and suspended in DMEM containing 5 mM glucose. Cells were then
disaggregated by two passes through a 19-guage needle into an essentially single-
cell suspension as judged by microscopy. Cell number was determined using a
Coulter Counter, and 2 » 10* cells were seeded in 35 mm tissue culture plates in
DMEM containing 5 mM glucose and 10% FBS. After 24 h of incubation, the
medium was removed and the cultures shifted to DMEM containing 5 mM
glucose without or with 3% FBS. The cultures were then incubated in a
humidified atmosphere containing 10% CO; at 37°C for 4 days and the total cell
count was determined from a minimum of four dishes per condition using a
Coulter counter, after cell clumps were disaggregated by passing the cell
suspension ten times through a 19- and subsequently a 21-gauge needle.
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Mice xenografts

Early passage MiaPaCa-2 cells were harvested, and 2 3 10° cells were implanted
into the right flanks of male e/ mice. The male mu/nu mice were maintained in
specific pathogen-free facility at University of California at Los Angeles (UCLA).
The UCLA Chancellor’s Animal Research Committee approved all the animal
experiments. The animals were randomized into control and treated groups (10
mice per group) and were given punched ear tags to allow identification.
Treatment was initiated when the tumors reached a mean diameter of 2 mm, and
the 1st day of treatment in both cases was designated as day 0. For injection into
animels, metformin (25¢ mg/Kg), berberine (5 mg/kg) or vehicle {control) was
given intraperitoneally once daily intraperitoneally (50 pL/mouse). Tumor
volume (V) was measured by external caliper every 4 days and it was calculated as
V=0.52 (length x width?). At the end of the experiment, the tumors were
dissected weighted and measured. The volume of the excised tumors was
calculated as V=0.52 (length »x width x depth).

Statistical analysis

Values are means + SE. Differences between groups were analyzed with the
unpaired Student’s #test.

Results

Berberine inhibits DNA synthesis, cell cycle progression and cell
proliferation in PDAC cells

Initially, we determined the effect of the isoquinoline alkaloid berberine on DNA
synthesis in PANC-1 and MiaPaCa-2 cells, which have been used extensively as
models of PDAC cells. Cultures of these cells grown in medium containing 10%
fetal bovine serum were washed and transferred to serum-free medium for 24 h.
Then, the cells were switched to medium containing a physiological concentration
of glucose (5 mM), increasing doses of berberine and a combination of insulin
(10 ng/ml) and the GPCR agonist neurotensin (5 nM) to elicit potent mitogenic
crosstalk signaling [20, 21, 46]. Treatment with berberine inhibited the stimulation
of DNA synthesis in a dose-dependent manner in both PANC-1 and MiaPaCa-2
cells. At a concentration of 3 puM, berberine inhibited DNA synthesis by 82% in
MiaPaCa-2 cells and by 76% in PANC-1 cells. The incorporation of [*H]-
thymidine was blocked by 97% in MiaPaCa-2 cells and by 94% in PANC-1 cells in
response to 6 UM berberine (Fig. 1 A).

The assays of [*H]-thymidine incorporation were complemented by flow
cytometric analysis to determine the proportion of PDAC cells in the various
phases of the cell cycle. As shown in Fig. 1B, exposure of PANC-1 cells to
berberine {1.5-3 uM) induced a marked increase in the proportion of cells in &,
{from 61 4 0.2% in cells with FBS to 79 4 2% in cells with FBS and berberine) and
a corresponding decrease in the proportion of cells that were in § and G,/M phase
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Fig. 1. Berberine inhibits DNA synthesis, cell cycle progression and proliferation in PANC-1 and Mia PaCa-2 cells. A, Mia PaCa-2 or PANC-1 cells
were incubated without (open bars) or with 5 nl neurotensin and 10 ng/ml insulin (¢fosed bars) in the prasence of increasing concentration of berberine for
17 hat 37°C prior to the addition of [3H]—lhymidinef0r 8§ h. The radioadtivity incorporated into acid-inscluble pools was measured in a scintillation counter, as
described in “Materials and Methods. The values shown are the mean + SEM obtained in 3 independent experiments; B, PANC-1 cells were treated without
{control) or with berbering at 1.5 uM or 3 uM in medium containing 2.5% FBS for 3 days (indicated by cont,, FBS, FBS +1.5 Ber and FBS +3 Ber). Cell cycle
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was analyzed by Pl-staining and flow cytometry. Similar results were oblained in 3 independent experiments. C, Single-cell suspension of Mia PaCa-2 or
PANC-1 cells were plated on lissus culture dishes at a density of 2 x 1 0* cells per dish. After 24 h of incubation the medium was removed and the cultures
shifted to medium without or with 3% FBS in the absence {open bars) or presence (closed bars) of 3 uM berberine. The cultures were incubated for 4 days
as desciibed in “Materials and Methods™. Cell count was determined from 4 to 6 replicate plates per condition using a Coulter Counter. Results are
presented as mean + SEM of 3 biological replicates.

doi10.137/journal pone.0114673.g001

of the cell cycle (from 36+ 0.1% to 19+ 0.7%). These results indicate that
berberine delays the progression of the PDAC cell cycle at G;.

We next examined the effect of berberine on the proliferation of pancreatic
cancer cells. Single cell suspensions of either PANC-1 or MiaPaCa-2 cells were
plated and incubated in media supplemented without or with 3% FBS in the
absence or presence of 3 uM berberine. Treatment with berberine markedly
inhibited proliferation in both PDAC cells (Fig. 1C) without affecting cell viability
at the doses tested (results not shown). Taken together, the results in Fig. 1
demonstrate that berberine inhibits DNA synthesis, cell cycle progression and
proliferation in pancreatic cancer cells.

Berberine and metformin inhibit the growth of a PDAC xenograft in
nude mice

Given our results showing inhibitory effects of berberine on PDAC cell
proliferation in vitro, we subsequently determined whether this compound
inhibits pancreatic cancer growth in vive using MiaPaca-2 tumor xenografts in
nude mice. The xenografts were derived by implantation of 2 % 10° cells into the
right flanks of male n/nu mice. The animals were randomized into control and
berberine-treated groups (10 mice per group). Berberine was given once daily
intraperitoneally at 5 mg/kg for the duration of the experiment. As shown in
Fig. 2, administration of berberine decreased the growth of MiaPaca-2 cells
xenografted in nude mice by 70%. The tumor volumes at the end of the
experiment {day 29) were 781 mm? in the control and 240 mm? in the berberine
treated group (p<<0.001). The dose of berberine used (5 mg/kg) is 12-fold lower
than the LDsg, based on preliminary range-finding studies and previous work
published by others [53, 68,69]. Berberine was well tolerated and did not
significantly affect the weight of the mice during the treatment (Fig. 2, B). The
inhibitory effect of berberine was comparable to that induced by metformin given
at 250 mg/Kg (Fig. 2), a dose that induces maximal inhibitory effect on PDAC
tumor growth [70]. Indeed, the curves corresponding to the growth of MiaPaca-2
wenografts in mice treated with berberine or metformin were virtually super-
imposable during the first 24 days (Fig. 2, A). At day 29, metformin was slightly
more effective than berberine as assessed by tumor volume (p<0.05) but the
effects did not reach statistical significance (p>0.07) when scored by turmor
weight (Fig. 2, B). These results indicate that berberine inhibits the growth of
human pancreatic cancer cells xenografted into nude mice with efficacy
comparable to that achieved by a maximal dose of metformin.
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Fig. 2. Berberine inhibits the growth of MiaPaCa-2 tumor xenografts as effectively as metformin. Xenografts of MiaPaca-2 were generated by
implantation of 2 x 10° cells into the right flanks of male nwhe mice. When the tumors reached a mean diameter of 2 mm the animals were randomized into
contrel and treated groups (10 mice per group). Berberine was given once daily intraperitoneally at 5 mg/kg for the duration of the experiment. For
comparison, metformin was given intraperitoneally to another group of mice at 250 mg/kg. The 1% day of treatment was designated as day 0. Control
animals received an egquivalent volume of saline. A, Tumor volumes were measured every 4 days as described in “Materials and Methods”. At the end of the
experiment {day 28, the tumors wers removed, weighted and measured and tumor volumes estimated as V' 0.52 {length x width x depth). The results are
shown in panel B (mean + SEM). Treatment of mice with berberine significantly reduced the volume and weight of the tumors as compared with the tumors
from the control group {p<.0.001), as indicated. A similar inhibition of tumor growth was obtained by administration of metfomin (p<0.001). The curves
cofresponding to the growth of MiaPaca-2 xenografts in mice treated with berbeiine or metformin were superimposable during the first 24 days. At day 29,
metformin was slightly more effective than berbering as assessed by tumor volume (p<<0.05) but the difference of the effects between these drugs did not
reach statistical significance {p>0.07) when scored by tumor weight (Fig. 2, B). At the concentrations used, berberine and metformin were well tolerated
with no apparent toxicity based on body weight changes.

doi:10.1371fjournal. pone.01 14673 g002

Berberine induces mitochondrial membrane depolarization,
reduces the levels of ATP and stimulates AMPK in pancreatic
cancer cells

Having established that berberine inhibits PDAC cell proliferation in vitro and
in vivo, we next explored the mechanisms invelved. In other cell types, berberine
is thought to inhibit complex I of the mitochondrial respiratory chain [71, 72],
resulting in reduced ATP synthesis and concomitant increase in cellular AMP and
ADP which are potent allosteric activators of AMPK [73-75]. Because it is not
known whether berberine has any effect on mitochondrial function in pancreatic
cancer cells, we initially examined whether this phytochemical interferes with
mitochondrial membrane potential in these cells. Cultures of MiaPaCa-2 and
PANC-1 cells were incubated in the absence or presence of 3 pM berberine or

1 mM metformin, included for comparison. Then, mitochondrial membrane
potential, a key component driving ATP synthesis, was assessed using the
mitochondrial-specific fluorescent probe JC-1 [76]. As shown in Fig. 3 A,
berberine caused = significant fall in mitochondrial membrane potential in
MiaPaCa-2 and PANC-1 cells. The effect was comparable to that induced by
metformin (Fig. 3 A). These results indicate that berberine, like metformin,
targets mitochondrial function in PDAC cells. Accordingly, exposure to increasing
concentrations of berberine or metformin produced a marked dose-dependent
decrease in the intracellular ATP levels in both PANC-1 and MiaPaCa- 2 cells

(Fig. 3 B).
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Fig. 3. Berberine and metformin induce mitochondrial membrane depolarization, reduce ATP levels and activate AMPK in PDAC cells. A, Cultures
of PANC-1 and MiaPaca-? cells wers incubated in the absence or in the presence of 3 M berberine (Berb) or 1 mM metformin (Met) for 17 h in DMEM
containing & mi glucose. The change in mitochondrial membrane potential was measured using the mitochondrial membrane potential indicator JC-1. The
results are expressed as an average ratio of red/green florescent intensity in a single visual field (mean + SEM). At least & fields were studied in each
condition. P valuss were determined using the t-test (SigmaPlot 12.); *p<0.002. B, Cultures of PANC-1 and MiaPaca-2 cells were incubated in the absence
or in the presence of berberine or metformin at the indicated concentrations for 17 h in DMEM containing 5 mM glucose and 2.5% FBS. C, Cultures of
PANC-1 {upper panels) and MiaPaCa-2 (lower panels) were incubated in the absence or in the presence of berberine at the indicated doses for 17 h. Then,
the cells were stimulated for 1 h with 5 nM neurotensin and 10 ng/ml insulin and lysed with 2X SDS-PAGE sample buffer. The samples were analyzed by
SDS-PAGE and immunchlotting with antibodiss that dstect the phosphorylated state of Acetyl-CoA Caiboxylase (ACC) at Ser”®. Wastern blotting for actin
was used to verify equal loading in the same membrane and a separate gel confimed that expression of total ACC protein was not changed by any of the
treatments. D, Duantification was performed using Mulli Gauge V3.0, The values represent the mean + SEM; n 3, fold increase in ACC phosphorylation at
Ser’®. Inset, phosphorylated state of AMPK at Thr'™ at the indicated concentrations of berbering (M).

doiz10.1371/joumnal pone.0114673.g003

We next determined whether berberine stimulates AMPK activity within intact
MiaPaCa-2 and PANC-1 cells. Lysates of these cells were analyzed by
immunoblotting using antibodies that detect the phosphorylated state of acetyl-
CoA carboxylase (ACC) at Ser™, a residue directly phosphorylated by AMPK and
used as a biomarker of AMPK activity within intact cells [75]. Treatment with
berherine induced a marked increase in the phosphorylation of ACC at Ser™ in a
dose-dependent manner in both PANC-1 and MiaPaCa-2 cells (Fig. 3, G;
quantification in Fig. 3 D). Maximal effect was elicited at doses 2 pM in both
PDAC cells (Fig. 3 D). Furthermore, treatment of MiaPaCa-2 or PANC-1 cells
with berberine induced a striking increase in the phosphorylation of AMPK at
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Thr'”?, the residue in the kinase domain of the catalytic subunit () of AMPK
criticel for activation (Inserts in Fig. 3 D). Collectively, the results demonstrate
that berberine decreases mitochondrial membrane potential and lowers
intracellular levels of ATP thereby stimulating AMPK activity in PDAC cells
cultured in medium containing a physiological concentration of glucose (5 mM).

Berberine inhibits mTORC1 and ERK activation in PDAC cells

The activation of the PI3K/Akt/mTORCI and MEK/ERK pathways plays a pivotal
role in stimulating DNA synthesis, cell cycle progression and proliferation of
PDAC cells and are negatively regulated by AMPK [21]. Consequently, we
determined whether berberine inhibits mTORCI and ERK activation in PDAC
cells. Cultures of MiaPaCa-2 cells were treated with increasing doses of berberine
and then stimulated with a combination of insulin and neurotensin to elicit
positive crosstalk (Fig. 4). Lysates of these cells were analyzed by immunoblotting
using antibodies that detect the phosphorylated state of 56K at Thr'™, a residue
directly phosphorylated by mTORCI, using Western blot analysis with antibodies
that specifically detect the phosphorylated state of this residue. To corroborate
that phosphorylation of S6K at Thr™® reflects its activation within PDAC cells, we
examined the phosphorylation of the 405 ribosomal protein subunit 56, a
downstream target of S6K [77]. As shown in Fig. 4 A, stimulation with insulin
and neurotensin induced a marked increase in mTORC] activity, as scored by
phosphorylation of S6K and 56 protein (pS6K and pS6). Treatment with
berberine prevented mTORCI activation in a dose-dependent manner (Fig. 44;
quantification in Fig. 4 B).

Given the pivotal importance of the RAS/MEK/ERK pathway in PDAC
development and maintenance, we also analyzed the effect of increasing
concentrations of berberine on ERK activation by detecting ERK phosphorylated
on Thr*** and Tyr*™. The results in Fig. 4 A, B demonstrated that berberine
prevented ERK activation in MiaPaCa-2 cells, in a dose-dependent manner. The
doses of berberine that inhibited ERK activation were similar to those that blunted
mTORCI activation and produced AMPK activation.

Similar to the results obtained with MiaPaCa-2 cells, berberine inhibited
mTORCI and ERK activation by insulin and neurotensin in a dose-dependent
manner in PANC-1 cells (Fig. 4 C; quantification in Fig. 4 D). We also found that
berberine inhibited mTORC1 and ERK signaling in PANC-1 cells stimulated with
FBS instead of insulin and neurotensin (51 Figure), The results presented so far
demonstrate that berberine inhibited mTORCI, ERK and cell proliferation in
PDAC cells at doses that reduced the intracellular ATP levels and induced robust
AMPK activation.
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Fig. 4. Berberine inhibits mTORC1 signaling and ERK activation in PDAC cells. Cultures of MiaPaCa-2
{Panels A and B) or PANC-1 cells (panels C and D} were incubated in the absence or in the presence of
increasing concentrations of berberine. Then, the cells were stimulated for 1 b with § nid neurctensin and
10 ng/mlinsulin and lysed with 2XX SDS-PAGE sample buffer. The samples were analyzed by SDS-PAGE and
immunoblotting with antibodies that detect the phosphorylated state of S8K at Thi™®®, 88 at Ser®*"**, and
ERK at Th*% and Tyr?™. Immunchlotting with total S6K, 86 and ERK was used to verify equal gel loading.
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The guantification of the immune signals was performed using Multi Gauge V3.0, The resulls are presented in
the plots shown in panels B and D. The values represent the mean + SEM {n 3} of 36K, S6 and ERK
phosphorylation expressed as a percentage of the maximal response obtained in 3 independent experiments.

doi:10.1371/jeurnal.pone.01 145735004

Knockdown of the « subunits of AMPK reverses inhibition of
mTORC1, ERK and DNA synthesis induced by low doses of

berberine or metformin: evidence for AMPK-dependent and

AMPK-independent mechanisms

In order to determine the role of AMPK in mediating berberine-induced
inhibition of PDAC cell signaling and proliferation, we used short interfering
RNA (siRNA), which effectively (>90%) knockdown the protein expression of
both o, and o; catalytic subunits of AMPK, as compared with cells transfected
with non-targeting siRNA (Fig. 5. A). Accordingly, berberine-induced increases
in the phosphorylation of ACC at Ser” and Raptor at Ser’ ™, were blunted in the
cells treated with siRNA targeting the oy and o catalytic subunits of AMPK
(Fig. 5, Ay quantification in Fig. 5, B). The salient feature in Fig. 5, A is that
knockdown of AMPK prevented the inhibitory effect produced by treatment with
low doses of berberine {<X3 pM) on the stimulation of mTORCI (scored by
phosphorylation of 56K at Thr*® and of its substrate $6) and ERK activation in
PDAC cells. In contrast, knockdown of AMPK expression prevented only partially
the inhibitory effect berberine added at 6 pM. It was conceivable that the
inhibitory effect of berberine at the high concentration was due to incomplete
elimination of AMPK after silencing. However, the dose-response relationships
presented in Figs. 2 and 5 argue against this possibility. Specifically, ACC
phosphorylation at Ser” reached a plateau in cells challenged with berberine at
doses 2-6 UM (Fig. 2) or 3-6 uM (Fig. 5B). The faint ACC phosphorylation
remaining after knockdown of AMPK followed a similar dose-response
relationship, i.e. phosphorylation was increased only slightly and to same level by
either 3 uM or 6 uM berberine in AMPK-depleted cells (Fig. 5). Furthermore, the
marked increase in Raptor phosphorylation at Ser™? in response to berberine at
6 uM was also blocked by knockdown of AMPK expression (Fig. 54;
quantification in Fig. 5, B). Thus, knockdown of AMPK prevented berberine-
induced phosphorylation of the AMPK substrates ACC at Ser” and Raptor at
Ser”™” when added at either at 3 uM or 6 pM. Consequently, berberine hampered
mTORCI and ERK activation through AMPK signaling at low doses but at higher
concentrations, berberine inhibited mitogenic signaling, at least in part, through
an AMPK-independent pathway in PDAC cells.

In accord with this conclusion, knockdown of «; and o, catalytic subunit
expression of AMPK substantially prevented the inhibitory effect produced by low
doses of berberine on the stimulation of DNA synthesis in PDAC cells (Fig. 5, C).
In contrast, at higher concentrations, berberine inhibited DNA synthesis through
an AMPK-independent mechanism. These results reinforce the notion that
berberine inhibits mitogenic signaling in PDAC cells through distinct AMPK-
dependent and independent mechanisms in a dose-dependent manner.
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Previously, we demonstrated that metformin, at low concentrations, inhibited
DNA synthesis through an AMPK-dependent mechanism in PANC-1 cells
incubated in medium containing physiological concentrations of glucose [44].
The results obtained here with berberine prompted us to examine further the
notion that inhibitors of mitochondrial function impede mitogenic signaling
through AMPK-dependent and independent mechanisms in a dose-dependent
manner. Knockdown of «; and «; catalytic subunit expression of AMPK
prevented the increase in the phosphorylation of ACC at Ser”” and Raptor at
Ser”™” in cells treated with metformin at either 1 mM or 3 mM (Fig. 6 A;
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quantification in Fig. 6, B). Interestingly, siRNA-mediated depletion of AMPK
reversed the inhibitory effect produced by 1mM metformin on mTORCI (scored
by phosphorylation of $6K at Tht*®® and of its substrate $6) and ERK activation in
PDAC cells (Fig. 6 A; quantification in Fig. 6, B). In contrast, knockdown of
AMPK did not prevent the inhibitory effect of metformin on mTORC1 and ERK
when added at 3 mM (Fig. 6 A; quantification in Fig. 6, B). Furthermore,
knockdown of @, and «; catalytic subunit expression of AMPK substantially
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reversed the inhibitory effect produced by 1 mM metformin on the stimulation of
DNA synthesis in PDAC cells but did not prevent inhibition of DNA synthesis
produced by 3 mM metformin. Collectively, these results support the notion that
structurally unrelated inhibitors of mitochondrial function, including berberine
and metformin, inhibit mitogenic signaling in PDAC cells through AMPK-
dependent and independent mechanisms in a dose-dependent manner.

To substantiate the operation of AMPK-mediated inhibition of mitogenic
signaling in pancreatic cancer cells, we determined whether treatment with A-
769662, a direct AMPK agonist [78, 73], inhibits mTORC1 and DNA synthesis in
PANC-1 cells. As expected for a compound that acts directly on AMPK rather
than through inhibition of mitochondrial function, A-769662 neither reduced
mitochondrial membrane potential nor decreased ATP levels in PANC-1 cells but
induced robust phosphorylation of ACC at Ser™ and Raptor at Ser”** (52 Figure).
At the concentrations used, A-769662 inhibited mTORCI1-mediated phosphor-
lation of S6K at Thr*® and of $6 at Ser”*?** and DNA synthesis in PANC-1 cells
(52 Figure). The results corroborate that AMPK activation inhibits mitogenic
signaling in pancreatic cancer cells.

Discussion

The studies presented here were designed to explore the hypothesis that
structurally unrelated natural or synthetic compounds that interfere with
mitochondrial-mediated ATP synthesis and target mTORCI and ERK pathways,
provide novel anti-PDAC agents. Our results demonstrate that treatment of
pancreatic cancer PANC-1 and MiaPaCa-2 cells with berbetine potently inhibited
DNA synthesis, cell cycle progression and proliferation in a dose-dependent
manner. We noticed that most previous studies examining effects of berberine
in vitro were carried out with cancer cells cultured in medium supplemented with
supra-physiological concentrations of glucose (e.g. 25 mM, as in DMEM) and
used berberine at doses as high as 50 uM [61, 80,81]. When PDAC cells were
cultured in medium containing a physiological concentration of glucose, as in this
study, berberine induced growth-suppressive effects at a dose as low as 1.5-3 pM.
In view of the inhibitory effects of berberine on the proliferative responses of
PDAC cells in vitro, we examined whether this compound inhibits pancreatic
cancer growth using the MiaPaca-2 tumor xenograft model in nude mice. Qur
results show that administration of berberine markedly inhibited the growth of
human pancreatic cancer cells xenografted into nude mice, as effectively as
metformin. Given that berberine inhibited PDAC cell proliferation both in vitro
and in vivo, it was important to elucidate its mechanism of inhibitory action in
these cells.

Berberine has been proposed to inhibit complex I of the mitochondrial
respiratory chain, reduce ATP synthesis and thereby activate AMPK, a highly
conserved sensor of cellular energy being activated when ATP concentrations
decrease and 5'-AMP concentrations increase [73]. Accordingly, we demonstrate
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here that exposure of PDAC cells to berberine decreased mitochondrial
membrane potential and induced a marked, dose-dependent decline in the
intracellular levels of ATP. Concomitantly, berberine produced a pronounced
dose-dependent stimulation of AMPK, as judged by the increase in the
phosphorylation of ACC at Ser’”, a reliable biomarker of AMPK activity within
intact cells [75] and phosphorylation Raptor at Ser”®”. AMPK has been proposed
to inhibit mTORC]I activation by phosphorylation of TSC2 [40-42], Raptor [82]
and IRS-1 83, 84]. Accordingly, we demonstrate here that berberine inhibited
mTORCI activity in PDAC cells, as shown by monitoring the phosphorylated
state of S6K at Thr’™, a residue directly phosphorylated by mTORC] and the
phosphorylation of 56, a downstream target of S6K [77]. Furthermore, berberine
also inhibited ERK activation in PDAC cells. The inhibitory effects of berberine on
mTORCI and ERK were elicited at doses that hampered mitochondrial function,
reduced intracellular levels of ATP and activated AMPK within intact PDAC cells.

Although the preceding results are consistent with the notion that AMPK
mediates some of the inhibitory effects of berberine on mitogenic signaling in
PDAC cell, the precise role of AMPK in the proliferation and survivel of cancer
cells has become controversial [85]. Specifically, it remains unclear whether
AMPK suppresses cancer cell proliferation {tumor suppressive function) or
alternatively enhances cancer cell survival under conditions of metabolic stress
(tumor promoter function). A tumor suppressive activity of AMPK is strongly
implicated in Myc-induced lymphomagenesis [86], aerobic glycolysis [86] and in
the mechanism underlying the gain of oncogenic function of certain p53 protein
mutants [87]. Conversely, several recent reports have also shown that AMPK
promotes tumorigenesis via protecting cancer cell viability under energy stress
conditions [88] and enhances metabolic transformation [89]. These contrasting
views prompted us to determine the role of AMPK in human pancreatic cancer
cells. Specifically, we examined whether knockdown of the protein expression of
both a; and @, catalytic subunits of AMPK in these cells opposes or facilitates the
inhibitory effects induced by berberine and metformin, two agents that induce
metabolic stress via inhibition of mitochondrial function and interference with
ATP synthesis.

Our results led us to propose a novel mechanism of action for these agents that
is sharply dependent on the dose used. We found that knockdown of the o
subunits of AMPK reversed the inhibition of mTORCI and ERK induced by low
doses of berberine. Consequently, we propose that berberine inhibits mitogenic
signaling through an AMPK-dependent pathway when used at low concentrations
and in PDAC cells cultured in physiological concentration of ambient glucose.
However, at higher concentrations, berberine inhibited mitogenic signaling
(mTORCI and ERK) and DNA synthesis through an AMPK-independent
mechanism. Importantly, AMPK knockdown prevented the increase in the
phosphorylation of ACC at Ser” and Raptor at Ser”” induced by berberine at
either low or high doses.

A number of studies, using high concentrations of metformin (e.g. 10 mM, as
in [39,90]) indicated that the inhibitory effect of metformin on mTORCI is not
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dependent on AMPK but the significance of results obtained with metformin at
such high doses has been questioned. The results presented here with berberine
prompted us to examine the generality of the notion that inhibitors of
mitochondrial function, including metformin, hinder mitogenic signaling
through AMPK-dependent and independent mechanisms in a dose-dependent
manner. We found that metformin inhibited mitogenic signaling (mTORC1, ERK
and DNA synthesis) through an AMPK-dependent pathway when used at 1 mM
and in PDAC cells cultured in physiological concentration of ambient glucose
(5 mM). In this context, it will be of interest to examine whether berberine and
metformin display synergistic effects with other molecules that act directly on
AMPK, including A-769662 [91, 92]. However, at higher concentrations,
metformin inhibited mitogenic signaling and DNA synthesis through an AMPK-
independent mechanism. In support of this conclusion, AMPK knockdown
prevented the increase in the phosphorylation of ACC at Ser’ and Raptor at
Ser™” induced by metformin at either low or high doses. Remarkably, these results
were obtained with metformin used at doses that induced either modest or
pronounced declines in intracellular ATP levels, which were virtually identical to
the decreases in ATP levels obtained in response to berberine (Fig. 3 B). It is
plausible that the decline in ATP levels produced by higher doses of either
berberine or metformin interferes with ATP-consuming processes required for
anabolic metabolism and cell proliferation in an AMPK-independent manner. We
therefore propose that berberine and metformin inhibit mitogenic signaling in
PDAC cells through an AMPK-dependent pathway at low concentrations but act
via AMPK-independent pathways in the same cells when added at higher doses.
This conclusion provides a plausible explanation for apparently contradictory
reports on the role of AMPK in the mechanism of action of berberine and
metformin in other model systems and emphasizes the need of using detailed
dose-response studies to define the anticancer mechanisms of action of agents that
produce metabolic stress via inhibition of mitochondrial function.

In conclusion, our results raise the attractive possibility that treatment with
berberine, a widely used agent used in traditional medicine, directly inhibits
pancreatic cancer cell proliferation. Qur mechanistic studies with berberine and
metformin provide evidence in favor of 2 dose-dependent tumor suppressive role
of AMPK in PDAC cells and offer the bases for novel therapeutic strategies for the
treatment of pancreatic cancer, a devastating disease with limited survival option.

Supporting Information

81 Figure. Berberine inhibits mTORCI signaling and ERK activation in PDAC
cells stimulated with fetal bovine serum (FBS). Cultures of PANC-1 cells were
incubated in the absence or in the presence of increasing concentrations of
berberine. Then, the cells were stimulated for 1 h with 2.5% FBS and lysed with
2X SDS-PAGE sample buffer. The samples were analyzed by SDS-PAGE and
immunoblotting with antibodies that detect the phosphorylated state of S6K at
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The™®, 86 at Ser™*? ¢ ond ERK at The*®? and Tyrw‘. Immunoblotting with totel
56K, S6 and ERK was used to verify equal gel loading.
doi:10.137 1/journal.pone.0114573.5001 (PDE)

82 Figure. A769662 inhibits mTORCI signaling and DNA synthesis in PANC-1
cells. A) Cells were incubated without or with 50 mM A769662 or 1 mM
metformin and stimulated with 5 nM neurotensin (NT) and 10 ng/ml insulin
(Ins). Lysates were analyzed by SDS-PAGE and immunoblotting with antibodies
that detect the phosphaorylated state of ACC at Ser’®, Raptor at Ser’ ™2, $6K at
Thr’® and $6 at Ser”*?*%, Irrelevant lanes in the original autoradiograph were
removed and relevant ones yuxtaposed (indicated by the vertical line). B)
A769662 (50 mM) does affect mitochondrial membrane potential {(fluorescence
ratio) measured with JC-1 or reduces ATP levels. C Dose-dependent inhibition of
[’H]-thymidine incorporation into DNA by increasing concentrations of A769662
in PANC-1 cells stimulated with neurotensin and insulin. Image Editing:
Irrelevant lanes were removed (indicated by a thin, vertical black line) from the
acquired digital images and flanking lanes juxtaposed using Adobe Photoshop.
doi:10.137 1/journal. pone.0114573.5002 (PDE)
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Abstract

The development of drug resistance by cancer cells is recognized as a major cause for drug failure and
disease progression. The PIBK/AKT/mTOR pathway is aberrantly stimulated in many cancer cells and
thus it has emerged as a target for therapy. However, mTORC] and 56K also mediate potent negative
feedback loops that attenuate signaling via insulin/insulin growth factor receptor and other tyrosine
kinase receptors. Suppression of these feedback loops causes overactivation of upstream pathways,
including PI3K, AKT, and ERK that potentially oppose the antiproliferative effects of mTOR inhibitors
and lead to drug resistance. A corollary of this concept is that release of negative feedback loops and
consequent compensatory overactivation of promitogenic pathways in response to signal inhibitors can
circumvent the mitogenic block imposed by targeting only one pathway. Consequently, the elucidation of
the negative feedback loops that regulate the outputs of signaling networks has emerged as an area of
fundamental importance for the rational design of effective anticancer combinations of inhibitors. Here, we
review p«athways that ||ndergn compensatory overactivation in response o inhibitors that suppress
feedback inhibition of upstream signaling and underscore the importance of unintended pathway
activation in the development of drug resistance to clinically relevant inhibitors of mTOR, AKT, FI3K,

or PI3K/mTOR. Mol Cancer Ther; 13(11); 2477-88, ©2014 AACR.

Introduction

Multicellular organisms have developed highly effi-
cient mechanisms of receptor-mediated cell communica-
tion to integrate and coordinate the function and prolif-
eration of individual cell types. In this context, the PI3K/
AKT/mTOR pathway plays a critical role in regulating
multiple normal and abnormal biologic processes, includ-
ing metabolism, migration, survival, autophagy, lyso-
some biogenesis, and growth (1). In response to different
stimuli, including ligands of G protein—coupled receptors
{GPCR) and tyrosine kinase receptors (TRK), PI3K cata-
lyzes the formation of phosphatidylinositol (3,4,5)-tri-
sphosphate (PIF;), a membrane lipid second messenger
that coordinates the localization and activation of a variety
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of downstream effectors, the most prominent of which are
the isoforms of the AKT family (2). The AKTs possess a PH
domain and conserved residues {Thr™* and Ser™ in Akt1,
the most commonly expressed isoform in normal cells)
which are critical for AKT activation. Specifically, AKT
translocated to the plasma membrane in response to
products of PI3K is activated by phosphorylation at
The*™ in the kinase activation loop and at Ser*™ in the
hydrophobic motif (1). The components of the PI3K path-
way and the role of this pathway in disease have been
reviewed (1, 3).

mTOR functions as a catalytic subunit in two structur-
ally distinct multiprotein  complexes, mTORC1  and
mTORC2 (1, 4). mTORCI, a complex of mTOR, the sub-
strate-binding subunit RAFTOR, GBL, and PRAS40, senses
nutrients and growth factors. mTORC] phosphorylates
and controls at least two regulators of protein synthesis,
the 405 ribosomal protein subunit 56 kinase (S6K) and
the inhibitor of protein synthesis 4E-binding protein 1,
referred as 4EBP’1, which promote translation of cell
growth proteins, including e-MYC and cyclin D. mTORC1
also plays a critical role in the regulation of cellular metab-
olism {5). The heterodimer of the tumor suppressor tuber-
ous sclercsis complex 2 (TSC2; tuberin) and TSC1 {(hamar-
tin) represses mTORC signaling by acting as the GTPase-
activator protein for the small G protein RHEB (RAS
homalog enriched in brain), a potent activator of mTORC1
signaling in its GTP-bound state. Phosphorylation of TSC2
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by AKT and/or ERK/p90RSK uncouples TSC1/TSC2
from RHEB, leading to RHEB-GTP accumulation and
mTORC] activation. The RAG GTPases acivate mTORC1
in response to amine acids by promoting mTORCI trans-
location to lysesomal membrane that contains RHEB-GTP
(4). RAS-like (RAL) small GTPases, in their GTP-boumnd
state, also promotem TORC activationthrough a pathway
parallel to RHEB (6). Phesphatase and tensin homelog
(PTEN} opposes PI3K by dephosphorvlating PIP; to
PIP; thereby inactivating AKT and mTOR signaling (7).
The PI3K/AKT /mTORC1 medule is aberrantly act-
vated in many human cancers and plays a pivotal rolein
insulin/insulin growth factor (IGF) receptor signaling,

Inactivation of p53, as seen during the progression of
approximately 50% of human malignancies, potently
upregulates the insulin/IGFL/mTORC1 pathway (8).
Consequently, mTORCI and the upstream components
of the cascade have emerged as affractive therapeutic
targets in a variety of commen malignancies (9).
Mounting evidence indicates that the mTORCI/S6K
axis not only premetes growth-prometing signaling but
also mediates potent negative feedback loops that restrain
upstream signaling through insulin /IGFreceptor and oth-
er TRKs in both normal and encogene-fransformed cells
(Fig. 1). Suppression of these feedback loops by inhibitors
of mTORC1/SEK causes compensatary overactivation of

\/

IR/IGFR

EED @)

P ®

(=)

MEK
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Figure 1. Sighaling through the PI3K/mT OR and RAS/RAF /M EK/ERK pethways is controlled by negative feedback loops. Feadback loops emanate from distal
elements of the same pathway (INtrinsic negative [6ops) of Trom other pathways (EXIHnsic oops) and restrain the activity of Upstrearm signaling nodes
thereby fine-tuning the output of the signaling netwotk. These potent negative feedback loops are indicated by the red lines and identifisd with numbers.

Sl\mulaﬂnr’y connections are in green. See text for detailed description.
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upstream signaling nodes, including PI3K, AKT, and ERK
that potentially oppose the antiproliferative effects of the
inhibitors and lead to drug resistance. To realize the ther-
apeutic pnttrnlial of targeting mTOR, it is necessary to
elucidate the full spectrum of feedback loops that are
unleashed by suppression of the PI3K/AKT/mTOR path-
way. The detailed understanding of these feedback
mechanisms will allow the design of rational combinations
of therapeutic agents to overcome drug resistance pro-
duced by compensatory activation of upstream pathways
and the identification of biomarkers to predict which
patient will respond to them. The purpose of this article
is to review negative feedback mechanisms that restrain
signaling via upstream elements of the PI3K/AKT/mTOR
pathway as well as mechanisms leading to the compensa-
tory activation of other pro-oncogenic pathways, including
MEK/ERK. The studies discussed here underscore the
importance of unintended pathway activation in the devel-
opment of drug resistance to dinically relevant inhibitors

of mTOR, AKT, PI3K, or PI3K,/mTOR.

mTORC1 and mTORC2 Mediate Negative
Feedback of PISBK/AKT Activation through
Inhibition and Degradation of IRS-1

The insulin receptor substrate (IRS) docking proteins,
including IRS-1 and IRS-2, play a key role in insulin/IGF
signaling through PI3K. These proteins are phosphorylated
by these receptors at multiple Tyr residues that play a
critical role in downstream signaling, including PISK acti-
vation. The IRS family is also phosphorylated at multiple
serine and threonine residues that attenuate signaling and
promote degradation. As illustrated in Fig. 1, loop 1, acti-
vation of the mTORC1 /S6K cascade inhibits IRS-1 function,
including PI3K/AKT aclivation, following, its phosphory-
lation at multiple residues, including Ser®*** by mTORC1
and Sep T/ E6/1001 by Sak (10). Accordingly, suppres-
sion of mTORCI activity by rapamycin {(sirolimus) and
itsanalogs (rapalogs) prevents inhibitory phosphorylations
mediated by mTORC1 /86K (11). Rapalogs, (e.g,, RAD0O1/
everolimus) which act as allosteric inhibitors of mTORC
via FKBP-12 were the first generation of mTOR inhibitors to
be tested as anlicancer agents,

A prominent consequence of mTORCT/S6K inhibition
by rapalogs in cells, preclinical cancer models, and clinical
trials has been a striking increase in AKT phosphorylation
at Thr*™ by PDK1 and atSer’™ by mTORC2(11-13). In this
context, loss of PTEN expression which can potentiate
feedback AKT phosphorylation in response to rapamycin
is actually a marker of rapalog resistance rather than a
biomarker for the use of mTORCI inhibitors in human
bladder cancer cells (14). mTORC2-mediated phosphory-
lation of AKT at Ser*™ in response to rapamycin can be
further enhanced by eliminating negative cross-talk from
mTORC1/S6K (Fig. 1, loop 2). Specifically, Liu and collea-
gues reported that phosphorylation of SIN1, a specific
component of mTORC2 also known as MAPK-associated
protein 1, at The* and Th*™ suppresses mTORC2 kinase

activity by dissociating SIN1 {rom mTORC2 (15). SIN1
phosphorylation, mediated by S6K in epithelial cells (AKT
can also phosphorylate SIN1 in mesenchymal cells), inhi-
bits not only insulin- or IGFl-mediated, but also platelet-
derived growth factor (PDGF)- or EGF-induced AKT phos-
phorylation by mTORC2 (15). Thus, these findings reveal a
novel negative feedback loop connecting mTORCT and
mTORC2 and anadditional mechanism by which exposure
to rapamycin enhances AKT phosphorylation at Ser!™.

A recent study by Kim and colleagues (16) revealed that
mTORC2 can also regulate the cellular level of IRS-1.
These investigators found that despite phosphorylation
at the mTORC1-mediated serine sites, inactive IRS-1 aceu-
mulated in mTORC2-disrupted cells. Defective [RS-1 deg-
radation was due to diminished expression and phos-
phorylation of the ubiquitin ligase substrate-targeting
subunit, FBWS {16). mTORC2 stabilizes FBWS by phos-
phorylation at Ser™, allowing the insulin-induced trans-
location of FEWS to the cytosol where it mediates 1RS-1
degradation. Thus, mTORC2 negatively feeds back to IRS-
1via control of FBW8 stability and localization {Fig. 1, loop
3). These findings indicate that mTORC] and mTORC2
cooperate in promoting IRS-1 degradation and imply that
the potential therapeutic benefit of inhibiting mTORC1
with rapamycin is opposed by release of feedback inhi-
bition of PI3K/ AKT activation {11, 13), resulting in disease
progression. Although rapalogs have been demonstrated
to prolong overall survival of patients with metastatic
renal cell carcinoma, the clinical antitumor activity of
rapamycin analogs in many lypes of cancer has been
rather limited. In some cases, multated cancer genes can
serve as biomarkers of response to targeted agents. So far,
the use of PTEN, PI3K mutations, and AKT phosphory-
lation as biomarkers for predicting rapalog sensitivity has
not been successful in clinical settings. In facl, as men-
tioned above, loss of PTEN expression may be a marker of
rapalog resistance, at least in some cancer cells. Tt is likely
that treatment with rapalogs not only interferes with
feedback loops that restrain PISK/AKT aclivation but
also with other signaling pathways that can promaote drug
resistance, as discussed below.

Rapamycin-Induced ERK Overactivation

In addition to the feedback loop that restrains PI3K/
AKT activation, immunohistochemical analysis of biop-
sies of patients with breast cancer that were treated with
the rapalog RADOO {everolimus) revealed that there was
amarked increase in ERK activation, i.e., ERK phosphor-
ylated on the activation loop residues The®™ and Tyr™™
{17). These results indicated that anticancer therapy with
allosteric mTORCT inhibitors can lead to activation of the
ERK pathway, thus adding a new level of complexity to
the previously described negative feedback loop involv-
ing mTORC]/PI3K/AKT, On the basis of experiments
using inhibitors of PI3K (LY294002) and a dominant-
negative form of RAS (RASN'), Carracedo and collea-
gues (17) concluded that ERK overactivalion in response
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to rapamycin depended on the function of PI3K/RAS but
the mechanismis) was not defined. In all the experiments
presented, the cells were exposed to the rapamycin for at
least 24 hours (17). Thus, it is not clear whether the
putative PI3K-dependent pathway is an acute effect of
unleashing a rapid feedback loop or a slow feedback loop
involving a transcriptional response {see below),

A recent study with breast cancer cells harboring
PEECA mutant or HERZ amplification but without RAS
mutations suggest a possible mechanism by which PI3K
can lead to ERK pathway activation {18). Specifically,
PI3K-mediated PIP; accumulation increased the activity
of RACT{RACI-GTP) via PIP;-dependent RAC exchanger
1 {P-Rex1) and of its effector PAK] leading to phosphor-
ylation of RAF1 at the activating Ser*™™, These findings
imply that robust PI3K-mediated RAC/PAK1 can
enhance RAF stimulation and thereby promote MEK/
ERK overactivation (Fig. 1). It will be of interest to deter-
mine whether rapamycin-induced ERK is correlated to P-
Rex1 expression, RAC-GTP, and RAF Ser™® phosphory-
lation. A putative alternative pathway of PIPs-dependent
ERK activation involves the recruitment of the adaptor
GRBZ-associated binder 1 {(GAB1) which in turn recruits
GRB2-808, leading to RAS/RAF activation (19). In this
context, it is also relevant that long-term exposure to
rapamycin also initiates transcriptional upregulation of
PI3K subunits, e.g, p8oa and pl10§ (20), potentially
reinforcing the PI3K-mediated signaling to RAC/FAK1
and/or GAB1/GRB2/S505 which can lead to MEK/ERK
overactivation in response to rapamycin.

Another mTORCl-mediated negative feedback loop
restrains the expression of PDGF receptor (PDGFR). Acti-
vation of PI3K or AKT or deletion of PTEN in mouse
embryonic fibroblasts suppresses PDGFR expression,
whereas rapamycin increases PDGFR expression (21). In
hepatocellular carcinoma cells, prolonged (»6 hours) treat-
ment with rapamycin induced ERK signaling through
increased expression and phosphorylation of PDGFRR
{22). The role of this PDGFRB-dependent loop leading to
ERK signaling in other cancer cells requires further exper-
imental work. The remodeling of the signaling network in
response to rapalogs is illustrated in Fig, 2A.

Compensatory Activation of PI3K and ERK
Signaling in Response to Active-Site mTOR
Inhibitors and Dual PI3K/mTOR Inhibitors

As discussed above, the potential anticancer activity of
rapamycin {or analogs) can be counterbalanced by release
of feedback inhibition of PI3K/AKT and ERK activation.
Furthermore, rapamycin incompletely inhibits 4E-BFP1
phosphorylation (23, 24). Specifically, most cells (iisPl;?{
a high basal level of 4E-BP1 phosphorylation at Thr 7448
that is not further increased by growth factor stimulation
nor inhibited by rapamycin (25). However, cell stimula-
tion reduced the mobility of 4E-BF1 in SDS/PAGE, a
response suggestive of increased phosphorylation at oth-
er sites. Indeed, growth factor stimulation of pancreatic

cancer cells markedly stimulated 4E-BP1phosphorylation
onThr'®,a response blocked by treatment with rapamycin
{25). These results revealed an unappreciated regulation
of 4E-BP1 phosphorylation on different residues in
response o external signals and demonstrate that rapa-
mycin inhibits inducible but not constitutive 45-BP1 phos-
phorylations, More studies are needed to determine
whether 4E-BP1 is subject to constitutive and inducible
phosphorylations at different sites in different cancer
cells,

In an effort to target the mTOR pathway more effec-
tively, novel ATP-competitive inhibitors of mTOR that act
at its catalytic active site {active-site mTOR inhibitors)
have been identified, including PP242 (26), Torin {27),
KU®3794 (28), and its analog AZDB055 (29). These com-
pounds inhibit 4E-BP1 phosphorylation at rapamycin-
resistant sites (e.g., Thr*’/*®) and block AKT phosphory-
lation at Ser’™, in line with the notion that mTORC2 is the
major protein kinase that phosphorylates AKT at this
residue. Active-site inhibitors proved more effective inhi-
bitors of cell proliferation than rapamycin in a variety of
model systems. However, active-site mTOR inhibitors
also eliminate negative feedback loops that restrain PI3K
activation and, consequently, their therapeutic effective-
ness can also be diminished by activation of upstream
pathways that oppose their antiproliferative effects (Fig.
2B). Specifically, aclive-site mTOR inhibitors enhance
PI3K/PDK-dependent AKT phosphorylation at its acti-
vation loop (Tht”™) and, consequently, these agents do
not completely block AKT activity (30).

Surprisingly, short-term exposure of a variety of cell
types, including human pancreatic cancer cells (25) and
multiple myeloma cells (31}, to active-site mTOR inhibi-
tors, such as KU63794 or PP242, induced a striking over-
activation of ERK. The mTOR inhibitors also induced
MEK overactivation, as scored by assessing the phosphor-
ylation of Ser™7 and Ser™! in the MEK activation loop, and
MEK inhibitors abrogated the overactivation of MEK. In
conlrast, treatment with rapamycin at concenlrations that
completely prevented the mTORCI /S6K axis, as scored
by phosphorylation of S6K on The™® did not cause any
change in ERK phosphorylation in cells harboring RAS
mutations {25, 31). These resulls indicated that first and
second generations of mTOR inhibitors promote over-
activation of different upstream pro-oncogenic pathways
in a cell context=dependent manner,

Further evidence supporting that active-site inhibitors
enhance ERK overactivation through a PI3K-independent
feedback loop was obtained by determining the effect of
KUG3794 or PP242 on ERK activity in multiple myeloma
cells treated with wortmannin (31) or pancreatic cancer
cells treated with A66, a selective inhibitor of the p110a
catalytic subunit of PI3K {25). Inhibition of PI3K did not
prevent enhancement of ERK activation in response to
active-site mTOR inhibitors. These results identified a
Pl3K-independent feedback loop regulating the cross-talk
between the mTOR and MEK/ERK pathways which is
different from the loop previously identified with
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Figure 2. A, compensstory
overactivation of signal
transduction pathweays induced
by rapamycin-mediated
suppression ofnegative feedback
Ioops. Rapamyein triggers

PBK actvation and AKT
phosshorylation st Th*® and
Ser*™ via suppression of
mTORGT/SBK-mediated
phosphorylation of IRS-1 and
SIN1 {loop 1} MTORG2-mediated
phosghorylation of AKT at Ser?™
in response to rapamyein can be
further enhanced by eliminating
negative cross-talk from SEK
{loop 2). Futhermore, mTORG2
hegatively feads back to IRS-1 via
control of its stability {loop 3).
some cancer cells, rEpalogs aso
induce MEK/ERK via the PI3K-
dependent pathway that could
involve RAG/PAKT andior
PDGFR. B, compensatory
overactivation of sighal
transduction pathways induced
by active-site mTOR inhibitors.
Active-site mTOR inhibitors that
block both mTORGT and
mTORG2 also eliminate feedback
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rapamycin (17). The remodeling of the signaling network
in response to active-site mTOR inhibitors is illustrated
in Fig, 2B.

The fact that PI3K and mTOR have high homology in
their kinase domains has made possible the development
of dual active-site inhibitors (PI3K,/TOR-KIs), including
NMPV-BEZ235(32), PKI-5387 {33), and GDC-0980(34), Addi-
tional PI3K/TOR-KIs that are being tested in preclinical
and clinical trials include XL765, NVP-BKM120, XL147,
SF1126, GSK2126458, V5-5584, and PF-04691502, As men-
tioned above, overactivation of the ERK pathway induced
by active-site mTOR inhibitors is mediated through a
PI3K-independent pathway (25, 31). Therefore, it could
be expected that dual PI3K and mTOR inhibitors also
promote ERK overactivation, In line with this prediction,
our current studies demoenstrate ERK overactivation in
pancreatic cancer cells treated with multiple clinically
relevant PI3K/TOR-Kls, incuding NPV-BEZ235, PKI-
587, and GDC-0980 {H. P. Socares et al., unpublished).
These results with dual PI3K and mTOR catalytic kinase
inhibitors provide conclusive evidence identifying a nov-
el PI3K-independent feedback loop that restrains the
activity of the MEK/ERK pathway. The remodeling of
signaling in response to active-site PI3K /mTOR inhibitors
is illustrated in Fig. 3A.

Mechanisms by Which mTOR and PI3K/mTOR
Inhibitors Stimulate MEK/ERK Signaling

A plausible mechanism by which active-site mTOR
inhibitors or dual PI3K/mTOR inhibitors relieve a negative
feedback on receptor tyrosine kinases that leads to RAF/
MEK/ERK has been suggested by recent phosphoprotec-
mic studies demonstrating that mTORC1 directly phos-
phorylates the adaptor protein growth factor receptor—
bound protein 10 (GRB10) at multiple sites (35, 36). GRB10
is known to suppress signaling induced by insulin and
IGFs (37) and mice lacking GRBI10 are larger than normal
and exhibit enhanced insulin sensitivity (38). In addition to
inhibiting insulin/ IGFI receptor tyrosine kinase activity by
direct binding, GRB10 also mediates degradation of these
receptors through ubiquitination (39). The phosphoryla-
tion of GRB10 by mTORC] enhances ils stability and
capacity to inhibit insulin/IGF signaling. The sites phos-
phmél.'iled by mTORC1 were mapped to Ser'™ Ser'™,
Thr'®, Ser®®, and Ser*™ (35). While active-site mTOR
inhibitors blocked phosphorylation of GRBID at all five
sites, rapamycin only prevented GRB10 phosphorylation
at Ser'™ (35). Therefore, GRB10, like 4E-BP1, is an mTORC1
substrate with both rapamycin-sensilive and -insensitive
sites. As the phosphorylation of GRB10 potentiates its
inhibitory activity on insulin/1GF receptor signaling, acute
suppression of GRB10 phosphorylation at all sites (by
divect mTOR inhibitors or dual PI3K/mTOR inhibitors)
eliminates its ability to attenuate insulin/IGF signaling
{Fig. 1, loop 4) thereby leading to MEK/ERK activation.

Another potential mechanism by which active-site

mTOR or dual PI3K/mTOR inhibitors could promote

MEK/ERK signaling is via enhanced EGFR activity. The
EGFR tyrosine kinase activity and affinity for its ligand is
known to be negatively regulated by PRCa via phosphor-
ylation at The 5% {40). Recent studies indicated that
mTORC2 mediates PKCa phosphorylation of both the
turn and hydrophobic motifs {41, 42). Interestingly, the
mTORC2-dependent phosphorylation of PKCa plays an
important role in its maturation, stability, and signaling
{41, 42). It is plausible, therefore, that suppression of
mTORC2-mediated posttranslational processing of PKCo
interferes with negative feedback of PKCe on EGFR
thereby leading to hyperactivation of EGFR and over-
activation of ERK signaling in response to EGFR agonists
or GPCR transactivation {43), as illustrated in Fig 1, loop 5.

A recent study examining the role of AKT in EGFR
trafficking elucidated a novel negative feedback mecha-
nism {44). Specifically, EGF-induced activation of AKT
promotes progression of internalized EGFR through the
early endosomes and EGFR degradation. In cells treated
with inhibitors of PI3K or AKT, EGFR trafficking was
impaired and accumulated in the early endosomes, result-
ing in increased ERK activation {44). It is conceivable that
AKT inhibition interferes with this negative feedback loop
{Fig. 1, loop 6) thereby promoting EGFR accumulation
and enhanced ERK signaling in cells with a hyperactive
EGFR signaling system. Accordingly, it will be of interest
o determine whether EGFR inhibitors potentiate the
inhibitory effects of AKT inhibitors,

In addition to MEK/ ERK, dual PI3K,/mTOR inhibitors
can also induce compensatory activation of other signal-
ing pathways that mediale resistance to these drugs. In
triple-negative breast cancer (TNBC), a clinically aggres-
sive subtype of breast cancer defined by lack of expression
of estrogen and progesterone receptors and HER2 ampli-
fication, PI3K,/mTOR inhibition induced feedback activa-
tion of JAK2/5TATS and secretion of IL8 in cell lines and
primary breast tumors (45). In TNBC, inhibition of JAK2
abrogated this feedback loop and combined PI3K/mTOR
and JAKZ2 inhibition synergistically reduced cancer cell
number and tumor growth (45).

Mechanisms by Which MEK Inhibitors Stimulate
PI3K/AKT Signaling

It is pertinent that cross-talk between PI3K/AKT/
mTOR and MEK/ERK pathways also functions in the
opposite direction. Specifically, MEK inhibitors have been
shown toinduce PI3K / AKT activation via EGFR {46), thus
revealing a negative feedback loop mediated by ERK
phosphorylation of EGFR (e.g., at Tht®™) that restrains
PI3K/AKT activation and PIP: accumulation {47). This
negative feedback (Fig. 1, loop 7) could alse underlie the
different responses of colon and melanoma cancer cells
(both with BRAF V600OE mutations) to BRAF inhibitors
{48, 4%). While melanomas are highly sensitive to BRAF
inhibitors, colon cancers harboring the identical BRAF
VeOOE mutation are resistant to these agents, Two nlvganl
studies demonstrated that the drug resistance of colon
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Figure 3. A, compensatory
overactivetion of signal
transduction pathways induced
by dual PIBK/MTOR inhibitors.
Dual PI3K/MTOR inhigitors
disable feedback lvops 1, 2, 3, 4,
5, 6, and 10. Acute exposure of a
variety of cell types to dual PIBK/
mTOR inhibitors indused
overactivation of the MEK/ERK
pathway via a PI3K-independent
pethway, probably involving
GRE2/S0S-medizsted RAS
activetion as aresult of TRK and/
ot IRS activation. Ghronic
exposure to these agents also
promotes FOXO-mediated
expression of TRKs and adaptors.
B, compensatory overactivation
of signal transduction pathways.
induced by MEK inhibitors. These
inhibitors disable feadback loops
7,8, and 9 leading to RAS/RAF
and PISK/AKT overactivation.
See text for detalled description.
Inhibitory connections are in red.
Stirmulatory connections are in
green. Pathways activated by
suppression of negative feedback
Ioops are highlighted in yellow.

EGF

13K B1 ) Grb2
,,\II i ) S o)) | .
7 y i
; i
> Ras i
}
PI3K —» Rac — PAK1 + Raf

s

PDK-1
-

‘@----@+ ------- -t MEK‘

(=)

© 2014 American Association for Cancer Research

AR

85



Rozengurt et al.

cancercells s due to increased expression and signaling of
EGFR in these cells (48, 49). Previously, we mentioned that
EGFR signaling is negatively regulated by PKCa (40),
Interestingly, PKCr is expressed in melanoma {50) but
decreased in most colorectal cancers (51), suggesting
another mechanism by which EGFR signaling could be
stronger in colon cancers following release of feedback
inhibition. Consequently, release of feedback inhibition
by BRAF inhibitors induces stronger EGFR activation in
colon cells thereby recovering ERK pathway activation via
alternative pathways (CRAF instead BRAF) as well as
enhancing EGFR-induced PI3K /AKT signaling.

Another feedback loop could also involve the ERK-
regulated p90RSK which has been shown to phosphorylate
{at Ser™®Y) and inhibit IRS-1 (52) and ERK-mediated feed-
back of RAS/RAF activation, for example, via phosphor-
ylation of SOS (Fig. 1, loop 8). More recent work has
demonstrated that MEK] is an essential regulator of the
lipid /protein  phosphatase  PTEN, through which it
restrains PIF; accumulation and AKT signaling. MEK1
has been shown to be required for PTEN membrane
recruitment as part of a temary complex containing the
multidomain adaptor MAGI1 (53). Complex formation
depends on phosphorylation of MEK1 at Thr*™ by acti-
vated ERK. Consequently, ERK inhibition by MEK inhi-
bitors prevents 'ITEN membrane recruitment, increasing
PIP; accumulation and AKT activation (Fig. 1, loop 9).

Reciprocal feedback loops connecting PISK/AKT/
mTOR and MEK/ ERK pathways provide further impetus
for developing combination of inhibitors that cotarget
both pathways. Indeed, phase I clinical trials colargeting
these pathways with MEK inhibitors plus PI3K/mTOR
inhibitors are ongoing fe.g., Clinicaltrial.gov identifiers
NCT01347866; NCTD1390818). The remodeling of the sig-
naling network in response to MEK inhibitors is illustrat-
ed in Fig. 3B.

Chronic Exposure to PI3K/PDK1/AKT Inhibitors
Suppresses a Feedback Loop That Mediates
Repression of TRK and Survival Protein
Expression

In addition to ERK and AKT overactivation in response
to acute mTOR pathway inhibition, a number of studies
demonstrated that long-term treatment with PI3K, AKT,
or PI3K/mTOR inhibitors induces a transcriptional
response that also leads to drug resistance (54-59). The
forkhead box O (FOXO) transcription factors, which
include FOX01, 3, 4, and 6 in mammals, are major down-
stream targets of the AKTs, The phosphorylation of FOXO
by AKT creates docking sites for 14-3-3 proteins. The
binding of 14-3-3 to FOXO promotes its translocation
from the nucleus to the cytoplasm. Reciprocally, inhibition
of AKT activity releases a feedback loop that promotes
nuclear localization of the FOXO transcription factors (Fig,
1, loop 10). Nuclear FOXO family members stimulate
transcription of several TRKs, including EGFR, IGFR, and
insulin receplor in a spectrum of tumor cells (54). Fur-

thermore, a recent study showed that FOXOs upregulated
the expression of RICTOR, thereby enhancing mTORC2
and AKT phosphorylation at Ser™™ (A0), thus creating an
amplification loop. At least in some cancer cells, FOXO-
mediated transcription cooperates with enhanced cap-
independent translation mediated by Pim-1 (58).
Accordingly, recent preclinical and dinical studies
revealed that suppression of PI3K, AKT, or PI3K/
mTORC1 initiates transcriptional responses that lead to
the overexpression of TRKs or adaptor proteins, including
HER3, IGFR, FGFR and in some cases, consequent
enhancement of ERK. Dimerization of HER3 with EGFR
or HER2 then promotes resistance to a number of inhibi-
tors of PI3K signaling {61). Chronic exposure of HERZ2-
positive breast cancer models to NPV-BEZ235 induced
activation of HER family of receptors and adaptors lead-
ing to ERK overactivation, as shown by increased expres-
sion of HER3 and phosphorylation of HERZ and HER3
{56). In these breast cancer cells, ERK overactivation was
completely prevented by inhibitors of MEK or HER2,
suggesting clear combinatorial strategies to circumvent
resistance to PI3K/AKT inhibition. Compensatory acti-
vation of HER3 and ERK has been corroborated in clinical
samples following treatment with GDC-0068, an inhibitor
of AKT catalytic activity (59). In contrast, treatment with a
PI3K inhibitor {(XL147) promoted expression of several
TRKs but did not stimulate ERK overactivation (55). In
ovarian cancer cells, NVP-BEZ235 alsoinduces a program
leading to expression of receptors and survival proteins,
at least in part due to enhanced cap-independent trans-
lation, but do not appear to stimulate ERK signaling (57).
In conclusion, treatment of a variety of tumor cells with
inhibitors that block the PI3K/AKT/mTOR pathway at
each level induces a concerted transeriptional response
mediated, al least in part, by FOXO family members that
oppose the anticancer effects of these agents. This gene
expression loop should be distinguished from the rapid
MEK/ERK overactivation induced by mTOR and dual
PI3K/mTOR inhibitors in other cell types (25, 31). The
FOXO-mediated transcriptional response on signaling in
response to active-site mTOR inhibitors and dual PI3K/

mTOR inhibitors are highlighted in Figs. 2 and 3.

Metformin Inhibits mTORC1 but Does Not Elicit
AKT or ERK Overactivation: Role of AMPK

Metformin (1,1-dimethylbiguanide hydrochloride) is
the most widely prescribed drug for treatment of type 2
diabetes mellitus {(T2DM) worldwide but its mechanism
of actionremains incompletely understood. At the cellular
level, metiormin indirectly stimulates AMP-activated
protein kinase {(AMPK) activation via inhibition of mito-
chondrial complex I (62), though other cellular mechan-
isms of action have been proposed, especially at high
concentrations {63, 64). AMPK is a conserved regulator
of the cellular response to low energy, and it is activated
when the ATP concentration decreases and 5'-AMP and
ADF concentrations increase. AMPK, a potent inhibitor of
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anabolic metabolism, is also implicated in the regulation
of epithelial cell polarity {65). The tumor suppressor LKB-
1/STK11 {(Liver kinase Bl/serine—threonine kinase;
ref. 11) is the major kinase phosphorylating the AMPK
activation loop at Thr!™.

Recent epidemioclogic studies are linking administra-
tion of metformin with reduced incidence, recurrence,
and mortality of a variety of cancers in patients with
T2DM (66). Although epidemiologic associations do not
establish causation, they provide an important line of
evidence that supports the need for mechanistic studies,
The protective effects of metformin in human cancers
could be mediated by direct suppression of mitogenic
signaling through AMPK-dependent and/or AMPK-
independent pathways. It is well established that metfor-
min inhibits mTORC1 activation in a variety of cancer cell
types {67). At low concentrations of metformin, the inhib-
itory effect on mTORC] is prominent in cells incubated in
medium containing physiologic concentrations of glucose
{68). Studies in witre demonstrated that AMPK inhibils
mTORC] activation at several levels: (i) AMPK stimulates
TSC2 function via phosphorylation on Ser'®5 (59), leading
to accumulation of RHEB-GDPF (the inactive form) and
thereby lo inhibition of mTORCI; (i) AMPK directly
phosphorylates RAPTOR {on Ser™ and Ser™), which
disrupts its association with mTOR, leading to dissocia-
tion of mTORC1 (70); (iii) metformin has also been pro-
posed to inhibit mTORC] via AMPEK-independent path-
ways, targeting RAG GTPases or cyclin D1 but these
effects were elicited at very high concentrations. Direct
effects of metiormin at clinically relevant doses are of
great significance because they imply that this drug will be
a useful anticancer agent not only for patients with T2DM
but also for nondiabetic patients.

Although metformin inhibits the mTORC1/ 86K axis,
its effects on feedback loops regulating AKT and ERK
activation are very different from rapalogs, active-site
mTOR inhibitors, and dual PI3K/mTOR inhibitors (25).
For example, metformin, in conlrast lo rapamycin,
did not overstimulate AKT phosphorylation on Ser'™
although both rapamycin and metformin  strongly
inhibited the mTORC1 /56K axis. Although the precise
mechanism explaining this difference is not fully under-
stood, it is relevant that AMPK directly phosphorylates
IRS-1 on Ser™, a site that interferes with PI3K activation
(71, 72). In addition, mTORC2 phosphorylates AKT not
only at Ser™ but also at the turn motif site (Thr™) of
AKT required for its proper folding (41, 42). A recent
study demonstrated that a high level of cellular ATP
levels is required to maintain the integrity of mTORC2-
mediated phosphorylation of AKT on the turn motif
The*™ site (73). Because metformin inhibits mitochon-
drial ATP production, it is conceivable that a small
decline in ATP levels induced by this biguanide inter-
feres with the integrity of mTORC2 and with its ability
to phosphorylate AKT at Ser®™, another mechanism
that would prevent AKT overactivation even when the

mTORC1 /56K axis is suppressed.

An important difference between the effects of metfor-
min and mTOR inhibitors is that metformin inhibited
rather than overactivated MEK/ERK in response to
growth factors (25). A plausible mechanism underlying
the inhibitory effect metformin on MEK/ERK activation is
suggested by a recent study showing that AMPK phos-
phorylates BRAF at Ser™ (74). The phosphorylation of
this site promotes the assoctation of BRAF with 14-3-3
proteins and disrupts its interaction with the KSR1 scaf-
folding protein leading to decrease in the activity of the
MEK /ERK pathway. Interestingly, ERK signaling was not
decreased by AMPK in BRAF-mutant tumors (74). Cal-
lectively, these studies in vitro imply that metformin has
considerable advantages in promoting mTOR inhibition
without unleashing feedback loops that oppose its anti-
proliferative effects, though these effects are likely depend
on cell context and oncogenic mutations. A number of
clinical trials in progress, combining metformin with
established anticancer agents, will determine whether
metformin is useful in cancer therapeutics. Because
AMPK appears to prevent tumor development rather
than to inhibit advanced malignancies, it is conceivable
that metformin will be more useful in chemoprevention
rather than in a therapeutic setting,.

Concluding Remarks and Clinical Implications

One of the first indications that cells can be stimulated to
reinitiate DINA synthesis through different molecular
pathways that act in a combinatorial manner was oblained
from studies using multiple growth factors in Swiss 3T3
fibroblasts (75). Subsequent studies substantiated the
concept that multiple parallel pathways that cross-talk
and converge on key signaling nodes lead to proliferation
of both normal and cancer cells. A corollary of this concept
is that release of negative feedback loops and consequent
compensatory overactivation of promitogenic pathways
in response Lo signal inhibitors can circumvent the mito-
genic block imposed by targeting only one pathway.
Consequently, the elucidation of the network of feedback
loops that regulate signal transduction outputs of com-
plex signaling networks has emerged as an area of fun-
damental importance for the rational design of effective
anticancer combinations of inhibitors. In recent years, it
has become apparent that most signaling pathways are
controlled by negative feedback loops that fine tune the
signaling network and that in many cases, the success of
therapies targeting one pathway is thwarted by the com-
pensatory overactivation of upstream pathw.’l}m that
remodeled the network.

Here, we discussed that inhibition of mTOR or PI3K/
mTOR induces rapid signaling in a variety of cancer cells
lhmugh compensatory overactivation of pr[r(m(ngunin'
and prosurvival pathways mediated by unleashing feed-
back inhibition of upstream signaling (Figs. 2 and 3),
Specifically, rapamycin triggers PI3K activation and AKT
phosphorylation at Thr™® and Ser®™ via suppression of
mTORC1/5eK phosphorylation of IRS-1 and SINI. In
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some cancer cells, rapalogs also induce MEK/ERK via
PI3K-dependent pathway that could involve RAC/PAKI,
Active-site mTOR inhibitors induce PI3K activation and
AKT phosphorylation at The™ but not at Ser*™ most
likely via suppression of GRB10-mediated feedback inhi-
bition of insulin/IGF receptors and/or suppression of
PRCa negative regulation of EGFR. In turn, dual PI3K/
mTOR inhibitors promote robust overactivation of the
MEK/ERK pathway, maost likely via suppression of
GRB10- and mTORCZ-mediated feedback loops.

Chronic exposure to the same agents initiates a program
of FOXO-mediated transcriptional derepression leading
to increased expression of multiple TRKs, including
HER3, IGFR, and insulin receptor. The distinction
between short-term and long-term consequences in
response to inhibitors is important for defining strategies
to overcome drug resistance, including the dosing sched-
ule of the drug and the pathways that should be cotar-
geted for optimal response. Itis reasonable to propose that
rapid overactivation of ERK signaling will be important in
mediating resistance when strong but intermittent inhi-
bition of mTOR is used. In this case, inhibition of mTOR
should be associated with MEK inhibition. Reciprocally,
slow FOXO-mediated transcriptional derepression of
TREK expression is likely to be important when mTOR or
dual PI3K/ mTOR inhibitors are administrated to produce
constant inhibition of these targets. In this case, inhibitors
of EGFR and HERZ {e.g., lapatinib) and/or IGFR might be
the drugs of choice for combinatory therapy (i.e., mTOR or
dual PI3K/mTOR inhibitors with either lapatinib or IGFR
inhibitor).

Although  metformin  inhibits stimulation of the
mTORC1 /S6K axis in vitro, its effects on feedback loops
regulating AKT and ERK activation ave very different
from rapalogs, active-site mTOR inhibitors or dual
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Conclusions

Pancreatic ductal adenocarcinoma is one of the most lethal human diseases, with
overall 5-year survival rate of only 5%. As we mentioned in the chapter I, so far therapies that
target either elements of the MAPK pathway or PI3K/AKT/mTOR pathways have been
disappointing in pancreatic cancer clinical trials. (1) (2) (3,4) (5) In order to have significant
impact in clinical outcomes, a detailed understanding of the signaling mechanisms that
promote survival, proliferation and invasiveness and the complex feedback mechanisms that
mediate drug resistance are key to the development of novel and effective target-therapy
strategies for this devastating disease. This thesis dissertation investigates the different
strategies to target the PI3K/AKT/mTOR pathway. Although all the inhibitors tested are
capable to inhibit signaling downstream of mTOR as anticipated, we identified a novel
negative feedback loop leading to over-activation of ERK by active-site mTOR inhibitors and
dual PI3K/mTOR inhibitors. More importantly, this work suggests possible strategies to
abrogate the activation of this feedback loop, consequently avoiding one of the mechanisms
leading to treatment resistance.

In chapter II, we demonstrate that treatment of PANC-1 or MiaPaCa-2 pancreatic
cancer cells with either rapamycin (an allosteric inhibitor of mTOR, part of the first
generation of mTOR inhibitors) or active-site mTOR inhibitors (second generation of mTOR
inhibitors) suppressed S6K and S6 phosphorylation induced by insulin and the GPCR agonist
neurotensin. Rapamycin caused a striking increase in Akt phosphorylation at Ser*” while the
active-site inhibitors of mTOR (KU63794 and PP242) completely abrogated Akt
phosphorylation at this site. Conversely, active-site inhibitors of mTOR caused a marked

increase in ERK activation whereas rapamycin did not have any stimulatory effect on ERK
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activation. The results imply that first and second generation of mTOR inhibitors promote
over-activation of different pro-oncogenic pathways in PDAC cells, suggesting that
suppression of feedback loops should be a major consideration in the use of these inhibitors
for pancreatic adenocarcinoma therapy. In contrast, metformin, which inhibit mTOR activity
differently (see chapter II and IV), abolished mTORCI1 activation without over-stimulating
Akt phosphorylation on Ser” and prevented mitogen-stimulated ERK activation in PDAC
cells. Metformin induced a more pronounced inhibition of proliferation than either KU63794
or rapamycin while, the active-site mTOR inhibitor was more effective than rapamycin. Thus,
the effects of metformin on Akt and ERK activation are strikingly different from allosteric or
active-site mTOR inhibitors in PDAC cells, though all these agents potently inhibited the
mTORCI1/S6K axis. In this chapter, we verified that a class I PI3K inhibitor (called A66) was
unable to abrogate ERK over-activation. We therefore suggest that the over-activation of ERK
by active-site mTOR inhibitors was independent of PI3K kinase. This finding was of special
interest, as in other tumor types, over-activation of ERK with the use of mTOR inhibitors was
linked to PI3K activity. (6)

In chapter III, we studied the third generation of inhibitors, so called dual PI3K and
mTOR kinase inhibitors. Their dual activity is based on the structural similarities of the
catalytic domain of mTOR and the p110 subunit of PI3K, providing the potential advantage
of targeting the pathway at two levels (suppressing mTOR in both the mTORCI1 and
mTORC2 complexes, and PI3K). (7) Although these inhibitors are well suited to prevent
activation of PI3K/AKT caused by suppression of mTORCI1/S6K, much less is known
about negative feedback loops impinging on other pro-oncogenic pathways (e.g.

MEK/ERK) and/or concerning mTORC?2 instead mTORCI1. In this chapter, we showed
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that the dual PI3K/mTOR inhibitors, including NVP-BEZ235, PKI-587 and GDC-0980
also induce MEK/ERK pathway over-activation in human pancreatic adenocarcinoma cell
lines.

To confirm that this phenomenon was independent of PI3K activity we performed
mechanistic studies assessing PI3K activity in single cells. Such studies verified that dual
PI3K/mTOR inhibitors act through a PI3K-independent pathway. Doses of dual
PI3K/mTOR inhibitors that enhanced MEK/ERK activation coincided with those that
inhibited mTORC2-mediated AKT phosphorylation on Ser*”, suggesting a role of
mTORC2. To investigate further, we performed knockdown of Rictor (a key component of
the mMTORC2 complex) via transfection of siRNA and detected a marked attenuation of the
enhancing effect of NVP-BEZ235 on ERK phosphorylation. We propose that dual
PI3K/mTOR inhibitors suppress a novel negative feedback loop mediated by mTORC2
thereby leading to enhancement of MEK/ERK pathway activity in pancreatic cancer cells.
We also demonstrated that MEK inhibitors, such as U126 or PD0325901, prevented ERK
over-activation induced by dual PI3K/mTOR inhibitors. Additionally, the combination of
NVP-BEZ235 and PD0325901 caused a more pronounced inhibition of cell growth than
that produced by each inhibitor individually. These results suggest that combinatorial

therapy might be a more effective approach to treat this disease.

In chapter IV, we explored alternative strategies for targeting mTOR. We studied

berberine (a phytochemical extracted from a variety of medicinal plants) in comparison to

metformin as both compounds have been described to have anti-diabetic (8, 9) and anti-cancer

effects. (10-12) We demonstrated that berberine inhibited mTORCI1 activity in PDAC cells,

as shown by monitoring the phosphorylated state of S6K at Thr**’
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S6. Furthermore, berberine also inhibited ERK activation in PDAC cells. The inhibitory
effects of berberine on mTORC1 and ERK were elicited at doses that hampered mitochondrial
function, reduced intracellular levels of ATP and activated AMPK within intact pancreatic
adenocarcinoma cells. Furthermore, berberine dose-dependently inhibited mTORCI1
(phosphorylation of S6K at Thr*® and S6 at Ser”*”***) and ERK activation in PDAC cells
stimulated by insulin and neurotensin or fetal bovine serum. Knockdown of a; and a, catalytic
subunit expression of AMPK reversed the inhibitory effect produced by treatment with low
concentrations of berberine on mTORCI1, ERK and DNA synthesis in PDAC cells. However,
at higher concentrations, berberine inhibited mitogenic signaling (mMTORC1 and ERK) and
DNA synthesis through an AMPK-independent mechanism. Similar results were obtained
with metformin used at doses that induced either modest or pronounced reductions in
intracellular ATP levels, which were virtually identical to the decreases in ATP levels
obtained in response to berberine. Therefore in this chapter, we propose that berberine and
metformin inhibit mitogenic signaling in pancreatic cancer cells through dose-dependent
AMPK-dependent and independent pathways.

In chapter V, we reviewed the pathways that undergo compensatory over-activation in
response to PI3K/AKT/mTOR or MAPK pathway inhibition and underscore the importance
of unintended pathway activation in the development of drug resistance to clinically relevant
inhibitors of such pathways. This chapter highlights the importance of discovering signaling
feedbacks to anticipate mechanisms of tumor resistance to new drugs and gives insights of
how investigators could develop strategies that can overcome treatment resistance. The
majority of our work has been done investigating short courses of inhibitors exposure to cell

lines. Chronic effects of mTOR inhibition have been described by others. (13-18) The
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distinction between short-term and long-term consequences in response to inhibitors are
complemental for defining strategies to overcome drug resistance, including the dosing
schedule of the drug and the pathways that should be co-targeted for optimal response.
Future directions:

The characterization and kinetics of ERK over-activation following the use of active-
sitt mTOR or dual PI3K/mTOR inhibitors, as well the mechanistic understanding of such
phenomena, could translate to patients in several aspects: a) guide the development of drug
combinations for patients with pancreatic cancer; b) guide timing of treatment e.g.: is
sequential or intermittent treatment better than chronic treatment with drug combinations; c)
guide development of new drugs based on novel feedback loops/targets identified here.

Our work investigated the effects of targeting mTOR in pancreatic cell lines.
Logically, one of the next steps would be assess the effects of such inhibitors in vivo. Studies
in the literature demonstrated that chronic mTOR inhibition will lead to in vivo ERK
activation, (19, 20) however, characterization of acute versus chronic effects of mTOR
inhibition in vivo is little understood, particularly in pancreatic cancer. Therefore, we could
characterize the acute and chronic effects of mTOR pathway inhibition using different
generations of inhibitors, including rapamycin, NVP-BEZ235 and GDC-0980, using
xenograft nude mouse model. (21) Additionally, would be of interest to assess the effects of
drug withdrawal after chronic exposure. Naturally, studying combination of these inhibitors
in combination with MEK inhibitors would of interest. Additionally, based on our data
showing that metformin and berberine cause inhibition of ERK in addition to mTORCI
inhibition, we suggest to study the combination of active-site or dual PI3K/mTOR inhibitors

and such drugs both in vitro and in vivo models.
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Our work is extremely relevant clinically. In fact, there are several trials currently
studying dual PI3K/mTOR inhibitors in human subjects, including in patients with pancreatic
cancer. It would be of significant value if one could assess the status of activation of the
AKT, mTOR and ERK by assessing the phosphorylation status of these proteins tissue
biopsies of patients by immunohistochemistry pre and post inhibitors treatment. So far, it
appears that only pre inhibitors tissue samples from patients that have participated on related
trial have been collected for future analysis. Although they would have value as predictors of
treatment response, the examination of post treatment samples would help to understand
treatment failure and mechanisms of drug resistance.

Mechanistically, we were the first to describe that ERK over-activation with the use of
dual PI3K/mTOR inhibitors is linked to mTORC2. Although the mechanism by which that
occurs is not understood, we hypothesize that mTORC2 could repress ERK over-activation
through two mechanisms: “directly”; by protein-protein interaction that inhibit RAS activity
or “indirectly”, by modulation of downstream substrates. To explore this hypothesis, we
could assess in detail if AKT and/or PKCa, downstream substrates of mTORC2, (22, 23) are
responsible for this negative feedback regulation. If AKT is responsible for repressing ERK
over-activation, we would anticipate that the use of AKT inhibitors will unleash ERK over-
activation. We also can argue that mTORC2-mediated phosphorylation of PKCa, required
for its activity, inhibits EGFR by phosphorylation of EGFR at Thr 654 (24) (25) and that this
inhibition contributes to feedback loop of EGFR-mediated Ras/MEK/ERK activation.
Therefore, we could expose cells to dual PI3K/mTOR and PKCa inhibitors (including Ro
32-0432) and determine whether ERK over-activation in response to dual PI3K/mTOR

inibition is abrogated. Alternatively, we could investigate whether the dual PI3K/mTOR
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inhibitors affect the protein-to-protein interaction in the mTORC2 complex, composed by
the key elements mTOR, Rictor and Sinl. Sinl is known to contain a Raf-like Ras-binding
domain (RBD) and a pleckstrin homology (PH) domain, both considered functional in the
human Sinl protein. (26) In other cell lines Sinl co-localizes with KRAS at the cell
membrane and inhibits its activity. (26) Thus, the disruption of the complex and
consequently the Sinl-RAS interaction could unleash the MAPK pathway downstream.
Consequently we could first assess if dual PI3K/mTOR inhibitors affect the integrity of the
mTORC2 complex by preventing mTOR to bind to Rictor and/or Sinl. We could also test
the complex formation between mTOR and Rictor and Sinl by co-immunoprecipitation in
the presence and absence of the PI3K/mTOR inhibitors. If the inhibitors indeed disrupt the
mTORC2 complex, we could evaluate if Sinl and Ras interact (e.g. by co-
immunoprecipitation and co-localization) and assess the impact of PI3K/mTOR inhibition
on Ras-GTP levels and RAF-kinase activity (27). Understanding the mechanism by which
mTORC?2 leads to ERK over-activation has significant translational importance as can lead

to the development of more specific inhibitors.
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