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Abstract

Mammalian target of rapamycin complex 1 (nTORC1) is frequently activated in human cancers;
however, clinical trials of rapalog (the mTORCL1 inhibitors) have shown that pancreatic ductal
adenocarcinomas (PDACS) resist to the treatment. Rapalog treatment activated the extracellular
signal-regulated kinase (ERK) pathway in K-~as mt PDAC cells. K-Ras knockdown abolished the
insulin-like growth factor-1 (IGF-1)-induced ERK pathway in the K-~Ras mt PDAC cells and
enhanced the therapeutic efficacy of everolimus in treating K-~Ras mt PDAC cells-derived mouse
xenografts. The results indicate that targeting of K-Ras mutation may lead to the development of
therapies that overcome rapalog resistance in PDAC.
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1. Introduction

Mammalian target of rapamycin (mTOR) of the phosphatidylinositol 3-kinase (P13K)-
related protein kinase family [1] has recently emerged as a cancer therapeutic target [2].
mTOR exists in two distinct functional complexes: mTOR complex 1 (mnTORC1) and
mMTOR complex 2 (MTORC2). mTORC1 controls protein translation through
phosphorylation and activation of its substrates, p70S6 ribosomal kinase (p70S6K) and
eukaryotic translational initiation factor 4E (elF4E) binding protein (4E-BP1) [3]. Once
phosphorylated, 4E-BP1 dissociates from elF4E whereas p70S6K phosphorylates ribosomal
protein S6, thus promoting mRNA translation [3]. The defining component of mMTORCL1 is
the regulatory-associated protein of mMTOR (RAPTOR) that regulates mTORC1 assembly
and recruitment of its kinase substrates [4]. Rapamycin is a macrolide antibiotic that can
remove RAPTOR from mTORC1 and thus inhibits mMTORC1 phosphorylation of its
substrates [5]. This mTORCL1 pathway is activated in many cancers and drives cancer
progression [6]. The rapamycin analogs everolimus (RADO001), temsirolimus (CCI-779) and
ridaforolimus (AP23573) have therefore been developed as cancer therapeutic agents [7; 8].
In phase 111 trials, single-agent everolimus and temsirolimus prolonged overall survival of
patients with advanced renal cell carcinoma [9; 10], mantle cell lymphoma [11] and
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pancreatic neuroendocrine tumor [12]. In phase 11 trials, however, the single-agent therapies
have had limited clinical activity against glioblastomas [13], advanced melanomas [14],
breast cancers [15; 16] and pancreatic ductal adenocarcinomas (PDAC) [17; 18]. The
molecular basis of rapalog resistance in these cancers is currently under intensive
investigation.

mMTORC1 acts as a central integrator for upstream inputs from growth factors, nutrients and
stress [19]. Growth factors such as insulin and insulin-like growth factor-1 (IGF-1) can
activate mTORCL1 through their cognate receptor tyrosine kinase (RTK)-mediated
phosphorylation and activation of PI3K and Akt [19]. Akt phosphorylates its substrates
tuberous sclerosis 2 (TSC2) and proline-rich Akt substrate 40 kDa (PRAS40), thus releasing
their inhibition of MTORC1 [20; 21]. The growth factors can also signal mMTORC1 through
Ras-extracellular signal-regulated kinase (ERK) signaling pathway [22]. The Ras-ERK
pathway consists of Ras GTPase and the protein kinases Raf, mitogen-activated protein
kinase (MAPK)/ERK kinase (MEK) and ERK. RTK-mediated activation of the Ras GTPase
leads to the activation of these kinases through phosphorylation loops: Raf activates MEK,
MEK activates ERK and ERK activates p90 ribosomal S6 kinase (RSK) [22]. Both ERK and
RSK phosphorylate the mTORC1 inhibitor TSC2 [23; 24] and ERK phosphorylates
RAPTOR [25], thus promoting the activation of mTORC1. This growth factor-mTORC1
pathway is regulated through two negative feedback loops: mTORC1-S6K-mediated
phosphorylation and degradation of insulin receptor substrate (IRS) [26; 27] and mTORC1-
mediated phosphorylation of growth factor receptor-bound protein 10 (Grb10) [28]. Through
these negative feedback loops, rapalogs inhibit mMTORC1 and activate PI3K [18; 29; 30; 31]
and ERK in cancers [32], resulting in cancer resistance to the treatment.

Ras GTPases are coded by the human H-Ras, K-Ras and N-Ras genes. K-Ras, but not H-Ras
or N-Ras, is frequently mutated in nearly 95% human PDACs [33]. Mutant (mt) K-Ras
proteins exhibit constitutive GTPase activity [34] and thus contribute to the development
and progression of PDAC [35]. Here, we show that K-Ras mutations play a critical role in
the rapalog resistance in PDAC. K-Ras mutations contribute to the rapalog-induced
feedback activation of IGF-1-Ras-Raf-ERK pathway and inhibition of the mt K-Ras
abolishes the feedback ERK signal, reduces the rapalog resistance and thus enhance
inhibitory effect of rapalog on the growth of K-Ras mt PDAC cells-derived mouse
xenografts.

2. Materials and Methods

2.1. Human pancreatic carcinoma cell lines, tissues and normal pancreatic tissues

Human PDAC cell lines, BXxPC-3, Capan-2, Hs 766T, and PANC-1 were obtained from the
American Type Culture Collection (Rockville, MD). BxPC-3 was grown in RPMI-1640
medium (Invitrogen, Carlsbad, CA); Capan-2 in McCoy 5a medium (Invitrogen); and Hs
766T and PANC-1 were in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen).
Human PDAC and normal pancreatic tissue samples were collected in accordance with
protocols approved by the Institutional Review Board of the First Hospital of Jilin
University. These tissues were surgically removed from patients diagnosed with PDAC,
snap-frozen and stored at — 80°C.

2.2. Reagents and antibodies

Everolimus (RADOO01) and sorafenib from LC Laboratories (Woburn, MA) were dissolved
in dimethyl sulfoxide at a concentration of 20 mM and stored in aliquots at —80°C. NVP-
AEWS541 (hydrochloride) was purchased from Cayman Chemical (Ann Arbor, MI) and
dissolved in PBS at a concentration of 10mM and stored in aliquots at —80°C. Recombinant
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human IGF-1 (rhIGF-1) was purchased from R&D systems (Minneapolis, MN). From Cell
Signaling Technology (Beverly, MA) were the antibodies to 4E-BP1, phospho-4EBP1
(p-4E-BP1; Ser37/46), Akt, p-Akt (Serd73), p-ERK1/2 (Thr202/Tyr204), green fluorescent
protein (GFP), p-MEK1/2 (Ser217/221), mTOR, p-mTOR (Ser2448), p70S6K, p-p70S6K
(Thr389), ribosomal protein S6 (S6), p-S6 (Ser235/236), and p-RSK (Ser380). Actin and K-
Ras antibody were purchased from Santa Cruz (Santa Cruz, CA). Horseradish peroxidase
(HRP)-conjugated goat anti-mouse and goat anti-rabbit antibodies were from Jackson IR
Laboratories (West Grove, USA).

2.3. PCR and restriction fragment length polymorphism (RFLP) analysis

Total RNA was extracted from snap-frozen tissues and cell cultures by using Trizol
(Invitrogen) according to the manufacturer's protocols. cDNA was synthesized using 2j.g of
total RNA with SuperScript Il First-Strand Synthesis using oligo (dT) primer System
following the manufacturer's protocols (Invitrogen). Aliquots of the reaction mixture were
used for the subsequent PCR amplification. The primer sequences for KRAS amplification
were: sense: 5-GACTGAATATAAACTTGTGGTAGTTGGACCT-3' and antisense: 5'-
TCCTCTTGACCTGCTGTGTCG-3'. The sense primer was designed to introduce a base
substitution that created a BstNI recognition site for the WT codon 12 (GGT), but not for
codon 12 with the KRAS mutation. PCR conditions were as follows: initial denaturation at
95°C for 5 m; 30 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 60 s and
extension at 72°C for 30 s; followed by final extension at 72°C for 10 m. PCR products were
digested with BstNI (New EnglandBiolabs) at 60°C for 2 h, and were visualized using a 2%
agarose gel documentation system (Bio-Rad).

2.4. Cell viability assay

Cells were seeded and grown in 96-well plates at 8x103 cells per well in 100l of growth
medium for 24 h based on the protocol [36]. Cells were then treated or untreated for 48 h
with everolimus and sorafenib, alone or in combination. Cells were washed with phosphate
buffered saline and 100 .l buffer containing 0.2 M sodium acetate (pH 5.5), 0.1% (v/v)
Triton X-100 and 20 mM p-nitrophenyl phosphate was added to each of the well. The plates
were incubated at 37°C for 1.5 h and the reaction was stopped by the addition of 10 pl 1M
NaOH to each well and the color developed was measured at 405 nm by a microplate reader
(BioRad).

2.5. Colony formation assay

Cells in single-cell suspension were plated and grown in 6-well plates at a density of 1000
cells per well for 24 h. Cells were then treated or untreated with everolimus and sorafenib,
alone or combination. The medium was replaced every 3 d with fresh medium containing
the corresponding agents. After 12 day treatment, the medium was removed and cell
colonies were stained with 0.5% crystal violet solution.

2.6. Flow cytometric analysis and BrdU labeling

Cells were synchronized by serum starvation by growing cells in medium without serum for
2 days and then released into the cell cycle by adding 10% fetal bovine serum to the
medium. The cells were untreated or treated with 10nM everolimus for 20 h, harvested,
fixed with 70% ethanol, and stained with propidium iodide. The data were acquired using a
flow cytometry (FACSCanto Il Becton Dickinson, Franklin Lakes, NY, USA) and were
analyzed using FlowJo software (Tree Star Inc., Ashland, OR, USA). BrdU pulse labeling
was performed by synchronizing cells as described above. After release, the cells were
exposed to BrdU (10pM) for 20 h using a FITC BrdU Flow Kit based on the manufacturers'
protocol (BD Pharmingen), then fixed and permeabilized by paraformaldehyde and saponin.
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After DNA was denatured using DNase, BrdU labeling was detected using a FITC
conjugated antibody to BrdU.

2.7. RNA interference

For a vector-based RNA interference, double-stranded short hairpin RNA (shRNA) clones
specifically targeting of K-Ras gene were purchased from the Mission TRC 1.0 Library
(Sigma): TRCN0000010369, TRCN0000040148, TRCN0000040149, TRCN0000040152,
and TRCN0000018337. MISSION vector non-target ShRNA (SHC002) was used as an
empty vector control. To produce ShRNA lentivirus, each of the sShRNA plasmids and
Lentiviral Packaging Mix (Sigma, SHP001) were co-transfected into 293T cells using
Fugene (Roche). After 3 day incubation, viral supernatants were isolated and passed through
a 0.45-um cellulose acetate filter. For determination of knockdown efficiency, cells were
transduced and selected for 10 days in 1 pg/mL puromycin (Sigma) and the total protein
were extracted for western blot. Two shRNA clones with the best knockdown efficiency
were selected for further experiments.

The K-Ras knockdown PANC-1 cells were then transiently transfected either with 2 g of
p-EGFP control vector or p-EGFP/K-Ras12P using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). After 24 h, the efficiency of transfection was tested by fluorescent
microscopy of GFP. The transfected cells were examined for the expression of K-Ras¢12D
in western blot using GFP antibody and used for experiments.

2.8. Western blot and immunoprecipitation

Cell lysates were subjected to SDS-PAGE electrophoresis and transferred to nitrocellulose
membranes; the membranes were incubated overnight at 4°C with the primary antibodies, at
room temperature for 1 h with HRP-conjugated secondary antibodies and developed by
chemiluminescence. For immunoprecipitation, cell lysates were collected using 1% triton
x-100 buffer and were incubated overnight at 4°C in a rotator with 5.l of c-Raf antibody or
rabbit 1gG as a negative control. Then 40 .l of protein G agarose (Invitrogen) was added
and incubated with constant shaking at 4°C for another 4 hr. The beads were then gently
spun down and fully washed three times with lysis buffer. Bound proteins were eluted with
2x loading buffer, then boiled and separated the protein from the beads and analyzed by
western blot.

2.9. Mouse subcutaneous xenografts and treatments

The animal studies were approved by Emory University Institutional Animal Care and Use
Committee. The empty vector and K-RAS shRNA expressing PANC-1 cells (7 x 106) were
injected subcutaneously into the flank region of four to six-week old (about 20 g of body
weight) female athymic (nu/nu) mice (Taconic, Hudson, NY). The mice were allowed to
develop subcutaneous xenografts and tumor volumes were measured using calliper
measurements. When tumors reached 150-200 mm3, mice were assigned randomly to two
experimental groups (n = 6/group) and treated either with saline (control) or everolimus (4
mg/kg/day, via oral gavages). Tumor volumes were measured once every 3 days and
calculated based on the formula: VV=4/3 x 1t x (length / 2 x (width / 2)2). After a 21-day
treatment, the mice were sacrificed. The tumors were then removed and weighed. Some of
the tumors were submerged in 10% neutrally buffered formalin for immunohistochemistry
and others were snap-frozen in liquid nitrogen for protein extraction.

2.10. Immunohistochemistry

Five-micron thick paraffin sections were deparaffinised and rehydrated in deionized water.
The sections were exposed to 3% hydrogen peroxide for 5 minutes before incubation anti-p-
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ERK and p-S6 antibody at 1:50 overnight, following the approach as earlier reported [37].
The slides were then stained with secondary antibody using the R.T.U. Vectastain kit
following the manufacturer's protocol (Vector Laboratories, Burlingame, CA). The slides
were then exposed to 3,3'-diaminobenzidine chromogen for 5 minutes, and hematoxylin
counter staining for 5 minutes.

2.11. Statistical analysis

3. Results

All data were presented as means + SE. Statistical analyses were done by using GraphPad
Prism version 5.01 software programs for Windows (GraphPad Software). The difference in
means between two groups were analysed with two-tailed unpaired Student's f—test. Results
were considered to be statistically significant at P <0.05.

3.1. K-Ras mt PDAC cells are resistant to everolimus treatment

K-Ras mutations [33] and mTORCL activation [37] has been shown in PDAC tissues. In
exploring the correlation between K-Ras mutations and mTORC1 activation, we examined
these in PDAC tissues surgically removed from patients. The most common K-Ras mutation
occurs at codon 12 in PDAC tissues [33] and we confirmed this mutation in four of five
PDAC tissues by PCR-RFLP analysis (Fig. 1A). In examining mTORC1 activation, we
extracted total proteins from the tissues and analyzed the extracts by western blotting using
antibodies against S6 and p-S6, one of the substrates of MTORC1 downstream p70S6K [3].
The expression of S6 protein was consistent in PDAC and adjacent normal pancreatic tissues
tested. In contrast, western blotting revealed an increase of p-S6 protein in PDAC as
compared to normal pancreatic tissues (Fig. 1B). The expression of p-S6 protein was
detected in both K-Raswild type (wt) and mt PDAC tissues. Immunohistochemistry further
confirmed the presence of p-S6 protein in both K-Raswt and mt PDAC tissues (Fig. 1C).
These results demonstrate mTORCL activation in PDAC tissues without correlation with K-
Ras mutation in the tissues.

To examine the role of K-Ras mutation in PDAC resistance to rapalog, we selected PDAC
cell lines that carry wt (BXxPC-3, Hs776T) or mt K-Ras (Capan-2, PANC-1). K-Ras mutation
in codon 12 was confirmed in Capan-2 and PANC-1 by PCR-RFLP analysis (Fig. 2A). Each
of the cell lines was treated with everolimus in a series of dilutions for 48 h and cell viability
assay showed that the K-Ras mt cell lines, Capan-2 and PANC-1, were resistant to the
everolimus treatment as compared to the K-/aswt BxPC-3 and Hs776T cell lines (Fig. 2B).
Cell lines were then treated with 10 nM everolimus for 20 h and examined by flow
cytometry to assess cell cycle (Fig. 2C). The treated cells were also examined by colony
formation assay (Fig. 2D). The results showed that the everolimus treatment led to a
significant increase in G1 phase in the K-Raswt BXPC-3 and Hs776T but not the K-Ras mt
Capan-2 and PANC-1 lines (Fig. 2E). Colony formation assay further revealed that the
everolimus treatment significantly reduced the number of K-Raswt cell lines, but not mt cell
lines (Fig. 2F). The results suggest that everolimus treatment inhibits the cell cycle
progression in K-Raswt PDAC cells. In contrast, K-Ras mt PDAC cells are resistant to the
treatment.

3.2. Everolimus treatment activates Ras-ERK pathway in K-Ras mt PDAC cells

To define the molecular basis of the everolimus resistance in K-Rasmt PDAC cells, we first
examined whether everolimus treatment inhibited mTORC1 pathways in K-Ras mt PDAC
cell lines as compared to K-Raswt PDAC cell lines. Both K-Raswt and mt PDAC cell lines
were treated or untreated with 10 nM everolimus for 1 h. The cells were then lysed and
examined by western blotting for the presence of the phosphorylated and unphosphorylated
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proteins that are known to be part of the mTORCL1 pathway. The everolimus treatment
significantly reduced the levels of the phosphorylated proteins in mTORC1 pathway: p-
MTOR, p-p70S6K and p-S6 in both the K-Raswt BXPC-3 and Hs776T and K-Rasmt
Capan-2 and PANC-1 cell lines (Fig. 3A). The results indicate that the inhibition of
mTORC1 by everolimus shuts down the phosphorylation loops of mMTORCL1 and
downstream kinases in K-Raswt and mt PDAC cells. Of the two downstream kinases, S6
and 4E-BP1, the everolimus treatment inhibited S6, but not 4EBP1 in the PDAC cell lines,
consistent with the reports that rapalogs differentially inhibit S6K and 4E-BP1 in the
different types of cells [38; 39].

Next, we determined whether everolimus treatment activates Ras-Raf-ERK pathway in K-
Rasmt PDAC cell lines. The everolimus treated or untreated PDAC cell lines were
examined by western blotting for the presence of the phosphorylated proteins that are known
to be in the Ras-Raf-ERK pathway, in which Ras interacts with c-Raf/Raf-1 and thus
activates the phosphorylation loops [22]. The results showed that the everolimus treatment
led to an increase in the levels of the phosphorylated proteins of Ras-Raf-ERK pathway: p-
c-Raf, p-MEK, p-ERK and p-RSK in the K-Ras mt Capan-2 and PANC-1 but not K-Ras wt
BxPC-3 and Hs766T cell lines (Fig. 3B), which correlates everolimus-induced Ras-Raf-
ERK activation with K-Ras mutation in PDAC cells. To confirm this, we treated the K-Ras
wt BXPC-3 and mt PANC-1 cell lines with everolimus in a series of dilutions for 1 h.
Western blotting revealed that the everolimus treatment led to the increase of p-c-Raf, p-
MEK, p-ERK and p-RSK proteins in a dose dependent manner in the K-~Ras mt PANC-1 but
not K-Raswt BxPC-3 cell line (Fig. 4A). Next, we determined whether everolimus
treatment enhances the interaction of mt K-Ras and c-Raf for the Ras-Raf-ERK activation.
The everolimus treated and untreated K-Ras mt PANC-1 cells were immunoprecipitated
using c-Raf antibody and western blotting using K-Ras antibody revealed the increased
interaction of mt K-Ras and c-Raf protein in the everolimus treated PANC-1 cells (Fig. 4B).
Taken together, these results suggest that everolimus treatment inhibits mMTORC1 but
activates Ras-Raf-ERK pathway in K-Rasmt PDAC cells.

Rapalog treatment activates PI3K/Akt pathway in human cancers and thus leads to treatment
resistance [29; 40]. We sought to determine whether the rapalog-activated PI3K/Akt
contributed to the rapalog resistance in K-Rasmt PDAC cells. The everolimus treated K-Ras
wt and mt PDAC cell lines were examined by western blotting and the results revealed an
increase in the levels of p-Akt proteins in both K-Raswt and mt PDAC cell lines (Fig. 4C),
suggesting that the everolimus-induced PI13K/Akt feedback loop does not contribute directly
to the rapalog resistance in K-Rasmt PDAC cells.

3.3. Sorafenib reduces the rapalog resistance in K-Ras mt PDAC cells

Sorafenib is an multi-kinase inhibitor of c-Raf, vascular endothelial growth factor
receptor-1, 2, 3 (VEGFR-1,2,3), platelet-derived growth factor receptor-p (PDGFR-B), c-kit
and FIt-3 and it has been approved for clinical treatment of renal and hepatocellular
carcinomas [41]. The Rasraf-ERK pathway is activated in K-Ras mt PDAC cells and, thus,
we sought to determine whether, by inhibiting c-Raf-ERK pathway, sorafenib could release
the rapalog resistance in K-Rasmt PDAC cells. K-Raswt and mt PDAC cell lines were
treated for 1 h with 10 nM everolimus and 3 .M sorafenib, alone or in combination. The
sorafenib treatment inhibited the ERK pathway in both the K-Raswt BxPC-3 and mt
PANC-1 cell lines as evidenced by the decrease of p-MEK, p-ERK and p-RSK in the cell
lines in western blot analysis (Fig 5A). In the combination with everolimus, sorafenib
eliminated everolimus-induced ERK pathways in the K-Ras mt PANC-1 cells. In addition,
western blotting showed that everolimus inhibited mTORC1 pathway, alone or in
combination with sorafenib in the K-Ras mt PANC-1 cells (Fig. 5A).
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The cell lines were then treated with the same doses of sorafenib and everolimus, alone or in
combination, for 48 h and cell viability assay showed that the sorafenib treatment alone did
not inhibit the growth of either the K-Raswt BxPC-3 or K-Rasmt PANC-1 cells; however,
in the combination, sorafenib significantly reduced the resistance of the K-Ras mt PANC-1
cells to the everolimus treatment (Fig. 5B). The cell lines were then treated with sorafenib
and everolimus for 10 days and colony formation assay showed that the combination
treatment of sorafenib and everolimus significantly reduced the size and number of the K-
Rasmt PANC-1 cells (Fig. 5C,D). These results suggest that the combination of sorafenib
and everolimus synergistically inhibits the growth of K-Ras mt PDAC cells through the
simultaneous inhibition of mMTORC1 pathway and everolimus-induced ERK pathway.

3.4. K-Ras mutation contributes to the everolimus-induced ERK signaling

Sorafenib is a multi-kinase inhibitor that inhibits c-Raf and other RTKSs [41]. To specifically
define the role of mt K-Ras, we took a knockdown approach using two K-Ras specific
shRNA sequences. The shRNA sequences and empty vector as control were introduced,
respectively into PDAC cell lines through lentiviral infection. Western blotting revealed the
knockdown of both wt and mt K-Ras protein in the K-Raswt BxPC-3 and K-Ras mt
PANC-1 cell lines (Fig. 6A). The K-Ras shRNA expressing PDAC cell lines were treated
with everolimus and cell viability assay showed that the knockdown of wt K-Ras did not
affect the response of the K-Ras wt BxPC-3 cells to everolimus treatment (Fig. 6B). In
contrast, however, knockdown of mt K-Ras significantly reduced the resistance of the K-Ras
mt PANC-1 cells to everolimus (Fig. 6C). The shRNA and empty vector expressing cells
were synchronized for 2 days in the FBS-free culture conditions. The cells were then
released from the synchronization by adding 10% FBS in the culture medium and exposed
to 10 nM everolimus and 10 uM BrdU for 20 h. Examination of the BrdU incorporation
revealed that K-Ras knockdown significantly inhibited the BrdU labelling in the everolimus-
treated K-Rasmt PANC-1 cells (Fig. 6D) but no such a effect was seen in the everolimus-
treated K-Ras wt BxPC-3 cells (Fig. 6E).

Finally, K-Ras shRNA-expressing cells were treated with 10 nM everolimus for 1 h and
examined by western blotting. The results showed that K-Ras knockdown significantly
reduced the everolimus-induced ERK activation, as evidenced by the decrease of p-c-Raf, p-
MEK and p-ERK in the K-Ras mt PANC-1 cell line (Fig. 6F). K-Ras shRNA knocks down
both wt and mt K-Ras and, therefore, to confirm the role of mt K-Ras, the K-Ras shRNA
knockdown PANC-1 cells were transfected with GFP tagged p-EGFP/K-RasC12P. The
expression of mt K-Ras®12D was confirmed by western blot using a GFP antibody, resulting
in the restoration of the everolimus-induced ERK activation (Fig. 6G). Taken together, these
results indicate that one mechanisms by which K-Ras mutation contributes to the rapalog
resistance is through its activation of ERK pathway in PDAC cells. Targeting of mt K-Ras
blocks the everolimus-induced ERK negative feedback loop and thus enhances everolimus
inhibition of cell cycle progression of K-Ras mt PDAC cells.

3.5. IGF-1 mediates everolimus-induced EKR activation through mt K-Ras

K-Ras oncoproteins couple the RTKs of growth factors to the Raf-ERK pathway [42]. To
further examine the role of mt K-Ras in this pathway, we grew K-~as mt PANC-1 cell line
in serum-free culture conditions supplemented with growth factors, an experimental
approach that allows to examine growth factor-RKT pathway [28]. The cells grown in the
serum-free culture conditions were treated or untreated first with 10 nM everolimus for 1 h
and then 100 ng/ml epidermal growth factor (EGF), fibroblast growth factor 2 (FGF2),
hepatocyte growth factor (HGF), IGF-1 or 10% FBS as control for 15 min. The cells were
examined by western blotting and the results showed that everolimus treatment inhibited the
mTORC1 pathway in the cells grown under all of these culture conditions (Fig. 7A). In
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addition, everolimus treatment enhanced the ERK activation in the presence of 10% FBS
and IGF-1 but not EGF, FGF2, or HGF (Fig. 7A); the results suggest that everolimus-
induced ERK feedback loop occurs through IGF-1 signaling pathway.

Very recently, Ebi et al. have reported that K-Ras is an activator of the ERK pathway and
RKTs are the regulators of the PI3K pathway in K-Ras mt colorectal carcinoma cell lines
under serum culture condition [43]. To confirm the role of IGF-1, K-Ras mt PANC-1 cells
were treated with NVP-AEW541, the IGF-1 receptor inhibitor, alone or in combination with
everolimus for 8 h under our no serum culture conditions. The results showed that the
treatment of NVP-AEW541 significantly reduced the IGF-1-mediated feedback activation of
ERK and Akt (Fig. 7B).

To further examine the role of mt K-Ras, the experiment was repeated in the K-Ras shRNA
and empty vector-expressing K-Rasmt PANC-1 cells. Everolimus treatment activated ERK
pathway in the empty vector-expressing PNAC-1 cells in the presence of IGF-1 (Fig. 7C
lef?f) and stimulated the cells growth (Fig. 7D, /eff). In contrast, everolimus treatment
inhibited mTORCL1 without the ERK activation in the K-Ras shRNA expressing PANC-1
cells (Fig. 7C, right) and thus inhibited the cell growth (Fig. 7D, righf). These results suggest
that mt K-Ras is required for the everolimus-induced feedback loop of IGF-1-induced ERK
pathway. Targeting of mt K-Ras eliminates the feedback loop and thus enhances the
inhibitory effect of everolimus on the growth of K-Ras mt PDAC cells.

3.6. Everolimus inhibits the growth of mt K-Ras knockdown PDAC cells-derived xenografts

The in vitro experiments above have proved the principle that mt K-Ras contributes to the
rapalog resistance through the activation of IGF-1-ERK feedback loop in K-Ras mt PDAC
cells. To examine this /n vivo, we generated mouse subcutaneous xenografts from the K-Ras
shRNA and empty vector expressing K-Ras mt PANC-1 cells. Once the subcutaneous
xenografts formed, mice were randomized and treated either with everolimus (4 mg/kg/day)
through oral gavages in the experimental group or saline in the control group every day for
twenty-one days. The size of subcutaneous xenografts were measured every three days and
the results showed that everolimus treatment significantly reduced the volumes of the
xenografts derived from the K-Ras shRNA expressing PANC-1 as compared with the empty
vector-expressing PANC-1 cells (Fig. 8A, B).

The xenografts were removed and total protein was extracted. Western blotting confirmed
the K-Ras knockdown and the inhibition of the mTORC1 pathway in the everolimus treated
xenografts of the K-Ras ShRNA expressing PANC-1 cells (Fig. 8C). The xenografts were
also embedded in paraffin blocks and paraffin sections were examined for ERK activation
using antibody to p-ERK. Immunohistochemistry confirmed the presence of p-ERK protein
in the xenografts derived from the empty vector but not ShRNA expressing PANC-1 cells
(Fig. 8D), indicating that knockdown of mt K-Ras inhibits the ERK activation in the
xenografts. In contrast, the everolimus treatment enhanced p-ERK activation in the
xenografts derived from empty vector but not in ShRNA expressing PANC-1 cell lines.
Taken together, these results indicate that targeting of mt K-Ras can eliminate the
everolimus-induced ERK feedback loop and thus enhances the therapeutic efficacy of
everolimus in treating K-Ras mt PDACs through its inhibition of mMTORCL1 pathway.

4. Discussion

PDAC is the fourth leading cause of cancer death in the United States. Surgical resection of
primary PDAC remains the only potential cure; unfortunately, however, the majority of
PDAC:s are presented at advanced states. Current standard gemcitabine therapy and
radiotherapy improve survival of patients with advanced PDAC only for up to a few months
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[44; 45]. In the last decade, novel therapeutic agents have been developed targeting cancer
core pathways. mTORCL1 pathway is activated in human cancers [1] and thus rapalogs have
been developed to target the pathway for cancer therapies [2]. The mTORC1 activation has
been reported in PDAC tissues [37]; however, clinical trials have failed to show antitumor
activity of rapalogs in treating PDAC patients [17; 18]. By examining K-Ras wt and mt
PDAC cells in culture and xenografts, we show here that rapalog treatment activates IGF-1-
mediated Ras-Raf-ERK pathway through mt K-Ras, resulting in the rapalog resistance in K-
Rasmt PDAC cells.

Ras-ERK pathway is commonly dysregulated in PDACSs and targeting of this pathway may
lead to the cure of the cancers [35]. Ras activation requires the post-translational
modification of its C-terminal with a farnesy! isoprenoid lipid catalyzed by farnesyl
transferase (FTase) [42]. Phase Il or 111 trials, however, have shown a limited anti-PDAC
activity of tipifarnib, a FTase inhibitor [46; 47] and sorafenib, a Raf inhibitor [48; 49], alone
or in combination of gemcitabine. In accordance with these clinical findings, we show here
that the treatment of sorafenib alone inhibits ERK but not mMTORC1 pathway and the
inhibition of ERK pathway alone fails to control the growth of both K-Raswt and mt PDAC
cells. K-Rasmt PDAC cells resist everolimus treatment. However, by inhibiting the Ras-
Raf-ERK feedback loop, sorafenib treatment can reduce rapalog resistance in mt K-Ras
PDAC cells and thus enhance the inhibition effect of rapalog on cell growth. The study
suggests that the combination of sorafenib and everolimus may provide potential therapy in
treating PDAC where K-Ras mutation is nearly universal [35].

The results presented here show that mMTORC1 pathway is activated in both K-~aswt and
mt PDAC tissues and cell lines. K-Raswt PDAC cells respond moderately to rapalog
treatment. In contrast, K-Ras mt PDAC cells are resistant to this treatment. These findings
suggest the role of mt K-Ras in rapalog resistance, consistent with observations in clinical
trials of rapalog treatment of human PDACs that harbour K-Ras mutation [17; 18] and
studies of K-/as®12D engineered mouse ovarian and colonic cancers [50; 51]. Recent
studies have identified two negative feedback loops in the mTORC1 signaling pathway and
suggest these feedback loops may be responsible for rapalog resistance. The mTORC1
pathway is negatively regulated by mTORC1-S6K-IRS [26; 27] and mTORC1-Grb10
feedback loops [28]. By inhibiting mTORCL, rapalogs shut down these two negative
feedback loops and thus activate PI3K/Akt pathway in normal and cancer cells [29; 30; 31].
Genetic ablation of mt K-Ras in cancer cells restores the cell response to the rapalog
treatment through inhibition of rapalog-induced feedback activation of PI3K pathway [31].
In addition, prolonged rapamycin treatment seems to inhibit mMTORC2 assembly and the Akt
pathway [52]. These studies are therefore in accordance with the recent report that the dual
PI3K and mTOR inhibitor NVP-BEZ235 inhibits the xenograft growth of primary
pancreatic cancers [53].

Examination of the tumor samples from patients treated with everolimus has shown ERK
activation for the first time [32]. In this study, we further show that the rapalog treatment
activates ERK pathway in K-Rasmt PDAC cells. Knockdown of mt K-Ras blocks the
rapalog-induced ERK signal, reduces the rapalog resistance, and thus enhances the
therapeutic efficacy of rapalog in treating the mouse xenografts generated from K-Ras mt
PDAC cells. IGF-1 activates mTORC1 through its RTK-mediated ERK phosphorylation and
ERK-mediated inhibition of the mTORCL inhibitors, TSC2 and RAPTOR in normal cells
[22]. Recently, IGF-1 axis gene polymorphisms [54] and protein expressions [55] have been
associated with the PDAC risk and aggressiveness. The results presented here further show
that rapalog-induced ERK activation occurs through the IGF-1 signaling pathway and mt K-
Ras is required for the rapalog-induced IGF-1-ERK activation and thus contributes to the
rapalog resistance in K-Rasmt PDAC.
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In conclusion, the findings presented here provide the rationale for a combination of K-Ras
and mTORCL1 inhibitors in the treatment of PDAC where K-Ras mutations are nearly
universal. K-Ras mutations contribute to rapalog-induced feedback activation of IGF-1-ERK
pathway and thus targeting of mt K-Ras blocks the feedback ERK signal, reduced rapalog
resistance and thus enhances therapeutic efficacy of rapalogs in treating human PDAC. New
cancer therapeutic agents are indeed currently under development for the combination
therapies that simultaneously target the multiple core pathways in cancers [8].
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The activation of mMTORC1 in PDAC tissues. (A) PCR-RFLP analysis of K-Rasmt (186-bp

DNA fragment) and wt (156-bp DNA fragment) in five PDAC tumors (T) and matched

adjacent normal pancreatic tissues (N). (B) Western blot analysis of S6 and p-S6 protein in

PDAC tumors (T) and normal pancreatic tissues (N). Actin was used as a loading control.
(C) IHC examination of p-S6 protein in the K-Raswt and mt PDAC tumors and matched
normal pancreatic tissues (bar, 20 wM).
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Fig. 2.

K-Ras mutations in PDAC correlate to rapalog resistance. (A) PCR-RFLP analysis of K-Ras
mt and wt in four PDAC cell lines, BxPC-3, Hs766T, PANC-1 and Capan-2. (B) Cell
viability assay of the response of the K-Raswt Hs766T and BxPC-3 and K-Ras mt PANC-1
and Capan-2 cell lines to everolimus treatment. (C) Flow cytometry cell cycle analysis of
PDAC cell lines untreated (OnM) or treated with 10nM everolimus. The cells in G/G1, S and
G2/M phase were presented in the percentage. (D) Colony formation assay of PDAC cell
lines treated or untreated with everolimus, showing the colony densities in the culture wells.
(E) The data from flow cytometry as presented in C above were statistically analyzed. The
experiment was repeated three times and the percentage of G1 cells was presented as mean +
SD. **, p < 0.01. F. The colony formation data as presented in D above were statistically
analyzed. The experiment was repeated three times and the number of colonies was
presented as mean + SD. **, p < 0.01.
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Fig. 3.

Everolimus inhibits mMTORC1 but activates ERK pathway in K-Ras mt PDAC cells.

Page 16

Everolimus treated or untreated K-Raswt and mt PDAC cell lines, as indicated on the top of
the panel, were examined by western blotting using antibodies to the unphosphorylated and
phosphorylated (p-) proteins in the mTORCL1 (A) and Raf-ERK pathway (B), as indicated to

the left of the panel.
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Fig. 4.

Everolimus treatment enhances the interaction of K-Ras and c-Raf. (A) The K-Raswt
BxPC-3 and K-Ras mt PANC-1 were treated with everolimus in a series of dilutions and
examined by western blotting for the unphosphorylated and phosphorylated (p-) proteins in
the Raf-ERK and mTORC1 pathways. (B) The everolimus treated and untreated K-Ras mt
PANC-1 cells were immunoprecipitated using c-Raf antibody and then examined by western
blotting using K-Ras and c-Raf antibody for the interaction of K-Ras and c-Raf proteins. (C)
The K-Ras wt BXxPC-3 and Hs766T and K-Ras mt PANC-1 and Capan-2 cell lines were
treated with everolimus and examined by western blotting using p-Akt and Akt antibodies.
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Fig. 5.

Sorafenib reduces rapalog resistance through inhibition of Raf-ERK pathway. (A) The K-
Ras wt BXPC3 and K-Ras mt PANC-1 cell lines were treated with everolimus and sorafenib,
alone or in combination, as indicated on the top of the panel, and then examined by western
blotting using antibodies to the unphosphorylated and phosphorylated (p-) proteins in the
Raf-ERK and mTORC1 pathway. (B) The K-Ras wt BXPC-3 and mt PANC-1 were treated
with everolimus and sorafenib, alone or in combination, and examined by cell viability assay
(NS, not significant; **, p < 0.01). (C) The treated or untreated cells as described above
were further examined by colony formation assay. (D) The experiment was repeated three
times and statistically analyzed. The number of colonies was presented as mean + SD (NS,
not significant; **, p < 0.01).
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Fig. 6.

Knockdown of mt K-Ras reduces rapalog resistance through eliminating everolimus-induced
ERK loop. (A) BxPC-3 and PANC-1 cell lines (WT) were introduced with empty-vector as
control (vector-ConT) and K-Ras shRNA sequence 1 (sh1) and 2 (sh2) and examined by
western blotting using K- Ras antibody for the K-Ras knockdown. (B & C) The empty vector
and K-Ras shRNA expressing BxPC-3 (B) and PANC-1 cells (C) were treated with
everolimus and examined by cell viability assay. (D & E) The vector and K-Ras shRNA
expressing BxPC-3 (D) and PANC-1 cells (E) were treated with everolimus and examined
by BrdU labeling. The BrdU incorporated cells were presented in the percentage. The
experiment was repeated three times and the data was presented as mean = SD. **, p < 0.01.
(F) The vector and K-Ras shRNA expressing BxPC-3 and PANC-1 cells were treated with
everolimus and examined by western blotting using antibodies to the phosphorylated and
unphosphorylated proteins in the Raf-ERK and mTORC1 pathways. (G) PANC-1 K-Ras
knockdown cells were transfected with p-EGFP vector or p-EGFP/K-Ras®12D, treated with
10nM Everolimus for 1h and subjected to western blot analysis. The GFP-K-RasG12D
protein was indicated to the right side of the panel.
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Figure7.

K- Ras mutations contribute to the everolimus-induced ERK signal. (A) The K-Rasmt
PANC-1 cells were subjected to western blotting after treated first with everolimus and then
exposed to 10% FBS, EGF, FGF2, HGF and IGF-1, as indicated on the top of the panel. (B)
The experiment was repeated with using NVP-AEW541. (C) The empty vector and K-Ras
ShRNA expressing PANC-1 cells were examined by western blotting after treated first with
everolimus first and then with IGF-1. (D) The empty vector and K-Ras shRNA expressing
PANC-1 cells, treated as described above in B, were examined by by BrdU labeling assay.
The experiment was repeated three times and the data was presented as mean + SD. ** p <
0.01.
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Figure 8.

K-Ras knockdown enhances the therapeutic efficacy of everolimus in treating PDAC
xenografts. (A) Mouse subcutaneous PDAC xenografts were generated from empty vector
and K-Ras shRNA sequence 2 (sh2) and treated either with everolimus (4 mg/kg/day) in the
experimental group or saline in the control group for the days as indicated. The tumor
volumes from the same group mice were presented as mean+SD and statistically analysed.
*, p <0.05and **, p < 0.01 as compared with control and #, p < 0.05 and ##, p < 0.01 as
compared with everolimus treatment. (B) The representative xenografts were shown from
the experimental and control group. (C) The vector or K-Ras shRNA cells-derived
xenografts, treated or untreated with everolimus, were examined by western blotting using
antibodies to K-Ras, p-S6, S6 and actin as a loading control. (D) The xenografts were also
embedded in paraffin blocks and paraffin sections were examined by immunohistochemistry
using p-ERK antibody.
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