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Background: To study the molecular mechanism regulating sensitivity to MEK inhibition in pancreatic cancer cell lines.

Methods: A growth inhibition assay determined sensitivity to MEK162 in a panel of 29 pancreatic cancer cell lines. For the same
panel, KRAS mutational status and copy-number variation (CNV) was determine using PCR, array CGH and FISH. Two sensitive and
two resistant cell lines were further interrogated for difference in baseline and MEK162-induced gene expression, as well as signal
transduction using microarray and western blotting. Cell cycle and apoptosis analysis was measured by flow cytometry.

Results: We report a strong correlation between both specific KRAS mutational subtype and CNV, and sensitivity to MEK
inhibition. Cell lines with a KRAS (V12) mutation and KRAS gains or loss (n¼ 7) are B10 times more resistant than those having
neither a KRAS (V12) mutation nor KRAS CNV (n¼ 14). Significant differences in baseline and MEK162-induced gene expression
exist between the sensitive and resistant lines, especially in genes involved in RAS, EGF receptor and PI3K pathways. This was
further supported by difference in signal transduction. MEK 162 blocked ERK1/2, as well as inhibited PI3K and S6 and increased
p27KIP1 levels in the sensitive lines.

Conclusions: Given the potency of MEK162, it may be a promising new therapy for patients with pancreatic cancer and KRAS
mutational subtypes, and CNV may serve as important biomarkers for selecting patients that benefit from MEK-targeting based on
these preclinical data.

Pancreatic epithelial cancer is the fourth leading cause of cancer-
related death, and 5-year survival is o7%. The incidence rate
(44 030 cases per year) is very near the annual death rate (37 660
patients per year) underscoring a lack of effective treatment
options for those diagnosed with the disease (Siegel et al, 2011).
Newer and more effective therapies are definitely needed.
Activating mutations in components of the KRAS signalling
pathway have been observed in the tumour tissue of all patients
with this malignancy, and these alterations are thought to have a
major role in pancreatic cancer initiation and/or progression
(Jones et al, 2008). Ninety percent of patients have activating
mutations in KRAS, resulting in an abnormal RAS protein that is

‘locked’ in the activated form. This leads to aberrant activation of
the RAS-mediated proliferation and survival signalling pathways.
Although effectively targeting KRAS itself has proven challenging
to date, targeting the downstream effector MEK1/2, a dual-specific
kinase required for activation of ERK1/2, has proven to be effective
preclinically in both in vitro and in vivo preclinical studies (Dudley
et al, 1995; Sebolt-Leopold et al, 1999; Davies et al, 2007; Daouti
et al, 2010). These data led to the development of over 10 small-
molecule inhibitors of MEK that are now being studied in
preclinical or clinical trials to treat various diseases (reviewed in
(Fremin and Meloche, 2010)). Thus far attempts to ‘drug’ this
pathway have also been challenging (Rinehart et al, 2004),
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suggesting either the molecules evaluated to date are not active or
that better predictive markers of response are required.

The most prevalent and well-studied mutation in KRAS is at
codon 12. The glycine to valine (V12) and glycine to aspartic acid
(D12) mutations account for B90% of codon 12 mutations (Smit
et al, 1988). Clinical outcome data from pancreatic, colorectal and
lung cancers all indicate that some KRAS mutational subtypes have
prognostic value evidenced by their association with overall
survival (Keohavong et al, 1996; Span et al, 1996; Kawesha et al,
2000). However, no group has assessed them for their use as
predictive biomarkers of response to targeted therapy in pancreatic
cancer.

In addition, a recent study in colorectal cancer cell lines showed
that acquired resistance to the MEK inhibitor selumetinib is
mediated by amplification of KRAS (Little et al, 2011). Resistance
was specific to MEK inhibition as the cells displayed normal
sensitivity to cytotoxic drugs including paclitaxel, 5-fluorouracil
and cisplatin, however, the predictive value of CNV in KRAS for de
novo response was not answered.

In this study, we assess the anti-proliferative effects of the MEK
inhibitor MEK162 in vitro, in a panel of 29 pancreatic cancer cell
lines. MEK162 is a novel, orally active, potent, selective, non-ATP-
competitive inhibitor of MEK1/2, the dual-specific kinase down-
stream of both Ras and Raf and required for activation of ERK1/2.
We also fully characterised the panel for KRAS mutational and
CNV status, and explored whether the type of KRAS codon
mutation and/or KRAS CNV are associated with sensitivity to a
MEK inhibitor with the objective of determining whether such data
could serve to identify biomarkers for selecting patients likely to
benefit from MEK162 therapy.

MATERIALS AND METHODS

Cell lines, cell culture and reagents. MEK162 was studied in 29
human pancreatic cancer cell lines in vitro. Lines ASPC-1, BxPC-3,
Capan-1, Capan-2, CFPAC-1, HPAC, Hs 766T, Hs 700T, MIA
PaCa-2, Panc 02.03, Panc 02.13, Panc 03.27, Panc 04.03, Panc
05.04, Panc 08.13, PANC-1, Panc 10.05, PL45, SU.86.86, and
SW1990 were obtained from ATCC (American Type Culture
Collection, Rockville, MD, USA). Lines DAN-G, HUP-T3, HUP-
T4, PATU-8902, PATU-8988S, PATU-8988T and YAPC were
obtained from DSMZ (Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH, Braunschweig,Germany). The line MUTJ
was a gift from the Arizona Cancer Center and PSN-1 was
obtained from Japan.

Cells were cultured in DMEM, RPMI (Cellgro, Manassas, VA,
USA), L-15, or IMDM media according to the manufacture’s
protocol, supplemented with 10% heat-inactivated fetal bovine
serum, 2 mM l� 1 glutamine and 1% antibiotic–antimycotic solu-
tion (Gibco/Invitrogen, Carlsbad, CA, USA). Before any experi-
ments were performed, all cell lines were screened for mycoplasma
using previously established methods (Kobayashi et al, 2005).
Mitochondrial DNA regions of each cell line were also sequenced
to confirm individuality using previously established methods (Lee
et al, 2005).

Proliferation assays. Cells were seeded in duplicate in 24-well
plates at densities of 10 000 cells per well. Cells were treated 24 h
after initial seeding. MEK162 was added at 10 mM with 10-fold
dilutions over six dilutions (ranging from 10 mM to 0.0001mM). At
the time of treatment, one set of untreated cells was collected via
trypsinisation and placed in isotone solution for immediate
counting using a Coulter-Z1 particle counter (Beckman Coulter
Inc., Fullerton, CA, USA). The remaining wells were counted 6
days after seeding. Growth inhibition was calculated by percent

generational inhibition (Ather et al, 2013). All growth inhibition
experiments were performed at least twice.

The combination index (CI) was calculated using the Chou–
Talalay method (Chou, 2008). Data were analysed using the
Calcusyn software (Biosoft, Cambridge UK) to score synergistic
relationships for combination treatments. CIo1, CI¼ 1, and
CI41 indicate synergistic, additive, and antagonistic effects,
respectively.

Transfection of synthetic small interfering RNA. Kras (S7939),
p27KIP (s2838) and Negative Control No.1 Silencer Select
Validated siRNAs were purchased from Life Technologies (Grand
Island, NY, USA). YAPC, MIAPACA2, and PANC0203 cells were
transfected with the respective siRNAs using Lipofectamine
RNAiMAX Transfection (Life Technologies) Reagent using the
manufactures protocol. The next day, cells with treated with
control, 100 nM and 500 nM of MEK162. Two days after treatment,
cells were collected for analysis. There were a total of 15 K cells
plated per well in the 24-well plates.

KRAS mutation analysis. Aliquots of each cell line were collected
from culture, washed in PBS and then pelleted. Genomic DNA was
extracted and purified using the DNeasy Blood & Tissue Kit
(Qiagen, Germantown, MD, USA). PCR for exon 1 of KRAS was
performed according to previously established methods (Neumann
et al, 2009). Primers were synthesised by Invitrogen. After the PCR
procedure, products were purified using the QiaQuick PCR
Purification Kit (Qiagen) to remove unwanted constituents, such
as primer-dimers. All sequencing was performed by the UCLA
Genotyping and Sequencing Core utilising a 3730 capillary
automated sequencer (Applied Biosystems, Foster City, CA,
USA) using the forward primer and reverse primer for each
product. Sequences were analysed using the Applied Biosystems
System Scanner Software and compared with wild-type sequences
obtained from the NCBI Entrez Gene database (Bethesda, MD,
USA).

KRAS forward primer: 50-GTGGAGTATTTGATAGTGTATT
AAC-30

KRAS reverse primer: 50-TGTATCAAAGAATGGTCCTGCA-30.

DNA isolation and oligonucleotide array comparative genomic
hybridisation (aCGH) analysis. Extraction of genomic DNA was
performed from frozen cell pellets using the DNeasy Blood and Tissue
Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions. Agilent (Santa Clara, CA, USA) 105 K oligo aCGH was
performed as described (Konecny et al, 2011).

Fluorescence in situ hybridisation (FISH). Copy number of the
KRAS gene was assessed using FISH in 29 pancreatic cancer cell
lines. Briefly, cells in culture were collected with trypsin and
subjected to 0.67 M KCL hypotonic solution Then the cells were
fixed in a 3 : 1 methanol:acetic acid solution. Preparation of
samples, hybridisation and microscopy were performed using
previously established methods (Ather et al, 2013). KRAS Texas
Red and CEN12q FITC probes were used (Abnova, Walnut, CA,
USA), and samples were counterstained with 40,6-diamidino-
2-phenylin-dole (DAPI).

Microarray analysis. Agilent microarray analyses were used to
assess baseline gene expression for 25 pancreatic cancer cell lines.
Briefly, cells were grown to log phase. RNA was extracted using
the RNeasy Kit (Qiagen). Purified RNA was eluted in 30 to 60 ml
DEPC water, and the quantity of RNA was measured by spectral
analysis using the Nanodrop Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). RNA separation via capillary
electrophoresis using the Agilent 2000 Bioanalyzer was conducted
to determine RNA quality.

For the baseline arrays, cyanine-50-UTP-labelled RNA from an
individual cell line was compared with a cyanine-30-UTP-labelled
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RNA from a reference pool (consisting of equal amounts of RNA
from 29 pancreatic cancer cell lines) on a single slide. For the
treatment arrays, cyanine-50-UTP-labelled RNA from a cell line
treated with 100 nM of MEK162 for 24 h was compared with
cyanin-30-labelled RNA from control cells on a single array.

Microarray slides (whole-human genome 4� 44 K chips) were
read using an Agilent Scanner. Calculation of gene expression
values was conducted using Agilent Feature Extraction software
version 7.5. Extracted data were imported into Rosetta Resolver 5.1
(Ceiba, Boston, MA, USA) to create expression profiles for each
individual cell line experiment. ANOVA and cluster analysis was
conducted in Resolver. Baseline (GSE) and treatment (GSE 8) array
data have been submitted and accepted in the Gene Expression
Omnibus repository.

Statistical methods. Baseline gene expression analyses. Twelve cell
lines with KRAS (D12) were compared with 10 cell lines with
KRAS (V12) mutation using an error-weighted ANOVA with the
Rosetta Resolver software on probes with greater than two-fold
change and P-value o0.01 in at least one experiment. A P-value
cutoff of 0.01 was used as the significance cutoff. The same method
was applied when comparing two sensitive cell lines to two
resistant cell lines.

Gene expression changes in response to MEK162. Two sensitive
cell lines were compared with two resistant cell lines using an
error-weighted ANOVA with the Rosetta Resolver software on
probes with greater than two-fold change and P-value o0.01 in at
least one experiment. A P-value cutoff of 0.01 was used as the
significance cutoff.

Pathway enrichment analysis. Gene names associated with
significant probes were evaluated for pathway enrichment analysis
using Panther Gene Ontology (http://www.pantherdb.org/) as
previous (Hamidi et al, 2011). Those pathways with significant
enrichment (P-valueo0.05) and that we defined as ‘detectable’
were considered in the figures. We defined ‘detectable’ as those
pathways with an ‘expected’ score of at least 1 in all the sets
analysed. This would indicate that the gene set associated with that
pathway in the Panther database was large enough to evaluate in
our data set. Heatmaps representing pathway enrichment were
generated using Dchip (Li and Wong, 2001) using –log (P-value).

Western blots. Cultured cells in log-phase growth were treated
with 100 nM of MEK162 for 10 min, 24 and 48 h. The plates were
then washed twice with ice-cold PBS, lysed and collected using
mild lysis buffer. Lysates were centrifuged at 10 000 r.p.m. at 4 1C
for 10 min to clear insoluble material, and the resulting supernatant
was collected and quantified using a bicinchoninic acid assay
(Pierce Biochemicals, Rockford, IL, USA). Protein was resolved by
SDS–PAGE and transferred to nitrocellulose membranes (Invitro-
gen). Anti-phospho-AKT (Thr308 cat # 9275), anti-total AKT (cat
# 92725), anti-phospho-ERK1/2 (T202/Y204 cat # 9101), anti-total
ERK1/2 (cat # 9102), anti-phospho-S6 ribosomal protein (Ser235/
236 cat # 2211), anti-total S6 Ribosomal Protein (SG10 cat # 2217),
anti-phospho-RB (Ser780 cat # 9307), anti-total RB (cat # 9309),
anti-cyclin D1(cat # 2921), anti-phospho cyclin D1 (cat # 2922),
anti-phospho-FoxO1(Thr24)/FoxO3a (Thr32) (cat # 9464), anti-
p27kip (cat # 2552), anti-beta-actin (cat # 4967), and anti-alpha-
tubulin (cat # 2144) antibodies were obtained from Cell Signaling
Technologies (Danvers, MA, USA).

Cell cycle analysis. The effects of MEK162 on the cell cycle were
investigated using Nim-DAPI staining (NPE Systems, Pembroke
Pines, FL, USA). Cells were plated evenly in control and
experimental wells and treated 24 h later with 100 nM MEK162
for 24 or 48 h. After aspirating media, cells were washed with PBS,
released with trypsin and centrifuged at 3000 r.p.m. for 5 min. The
supernatant was removed and 100 ml of the Nim-DAPI solution
was added. The solution was gently vortexed and allowed to

incubate at room temperature for 5 min before analysis with UV
using a Cell Lab Quanta SC flow cytometer (Beckman Coulter,
Brea, CA, USA).

RESULTS

Association of specific KRAS mutations with sensitivity to MEK
inhibition. Given the known heterogeneity of structural muta-
tions in KRAS, we wanted to assess whether there was any
predictive association between these alterations and sensitivity to
MEK inhibition. We determined the association of KRAS
mutational status at codons 12 and 13 with MEK162 sensitivity,
as determined by growth inhibition assays for all 29 lines in the
pancreatic cancer cell line panel (Figure 1A). We defined 500 nM as
the sensitivity cutoff. There were 15 cell lines with IC50 values
o500 nM, 14 with an IC50 4500 nM and 1 (PATU-8988T) in
which the IC50 was not achieved at the maximum concentration of
10 mM. These data were then evaluated for any association between
sensitivity to MEK inhibition and type of KRAS mutations. There
were no detectable mutations at codon13 within the panel. Four
cell lines had wild-type KRAS, whereas 25 had a missense mutation
at codon 12 (Table 1). Among the 25 of 29 cell lines (86%) with
KRAS mutations, 12 had a KRAS (V12) mutation, 10 had a KRAS
(D12) mutation, 2 had the KRAS (R12) mutation and 1 had a
KRAS (C12) mutation (Table 1). This distribution of KRAS
mutational subtypes in the pancreatic cancer cell line panel mimics
the frequency of these subtypes seen in tumours from pancreatic
cancer patients (Smit et al, 1988; Grunewald et al, 1989; Nagata
et al, 1990), indicating that this panel is an appropriate
representation of KRAS mutations in the human disease.

Analysing MEK162 response by the type of amino-acid
alteration indicated that having a valine KRAS (V12) mutation
significantly decreased sensitivity to MEK162 when compared with
KRAS (D12) (Po0.02) (Figure 1B). In general, a mutation
resulting in a polar amino acid at codon 12 will make the cells
more sensitive than having a nonpolar amino acid (P-valueo0.02).
The presence or absence of KRAS mutation alone did not predict
for sensitivity. We compared the average IC50 of the two groups
and found no statistical difference between those with mutant vs
wild-type KRAS (P¼ 0.5271) (Figure 1C).

Next, we compared the gene expression profile of the 12
pancreatic cancer cell lines with KRAS (D12) mutation with the 10
with KRAS (V12) mutations. There were 428 probes with
significant differences in expression (ANOVA P-valueo0.01).
The dendrogram in Figure 1D shows that these probes cluster in
two groups based on whether their expression associated with the
KRAS (D12) or KRAS (V12) cell lines. We observed that the 219
probes associated with KRAS (V12) were significantly enriched
(P-valueo0.05) for genes involved in the Wnt, p53, amyloid,
presenilin and PI3 kinase pathways (Figure 1E). In addition to
genotype-specific gene expression, we compared five KRAS (D12)
cells with different sensitivity to MEK162, but similar genotypes
(KRAS (D12) and no KRAS copy-number variation). Comparing
the resistant Panc0403 and PL-45 cells with the sensitive cell lines
PANC05.04, SW1990 and PANC10.05 resulted in 2507 differently
expressed probes ((ANOVA P-valueo0.01), which grouped into
two clusters (Figure 1F). The sensitive associated genes are
enriched in many growth signalling pathways, including EGF
receptor, RAS, FGF, insulin/IGF, and PDFG pathways (Figure 1G).

In addition to structural mutations in KRAS, alterations in copy
number are reported for this gene. We assessed whether these
might be associated with sensitivity to MEK inhibition. High-
resolution oligonucleotide array CGH was performed on the 29
pancreatic cell lines (Table 2). Analysis of these data indicated that
only CNVs in KRAS are also associated with sensitivity to
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Figure 1. Association of MEK162 sensitivity with specific KRAS mutations in pancreatic cancer cell lines. (A) In vitro sensitivity of MEK162.
Pancreatic cancer cell lines (29) with logIC50 represented in mM. Error bars represent 95% confidence intervals. *IC50 value was 410mM (highest dose
tested). (B) Average IC50 based on the type of mutant amino acid at KRAS codon 12. Average IC50s of cell lines with KRAS (D12) were compared with
average IC50s of cell lines with KRAS (V12) to determine the P-value. (C) Cell lines with wild-type KRAS (n¼ 4) vs cell lines with mutant KRAS (n¼ 25).
The P-values were estimated using a Kruskal–Wallis test. Boxplots are average centred IC50 values of pancreatic cell lines with given KRAS mutation
type. Sensitivity cutoff (IC50¼500 nM) is marked by a red line. (D) Heatmap showing a cluster of 428 probes differentially expressed between the 12
cell lines with KRAS (D12) and 10 cell lines with KRAS (V12) mutations. Probes were identified using ANOVA with a P-value cutoff of 0.01. (E) Pathway
enrichment analysis of the KRAS (D12)- and KRAS (V12)-associated genes. (F) Heatmap showing a cluster of 2507 probes differentially expressed
between the three sensitive and two resistant cell lines, with KRAS (D12) and normal KRAS copy number. Probes were identified using ANOVA with a
P-value cutoff of 0.01. (G) Pathway enrichment analysis of the sensitivity- and resistance-associated genes. Heatmaps show clustering of pathways that
were significantly enriched (P-valueo0.05) and detectable (expected value40.5) in the analysed probe sets.
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MEK162. Although the observed CNVs included loss of CDKN2A
(Schutte et al, 1997) and SMAD4 (Hahn et al, 1996) along with
MYC amplification (Schleger et al, 2002), which have been
documented as characteristic of pancreatic cancer, these alterations
were not associated with MEK162 sensitivity in this study
(Table 2). FISH analysis was used to confirm all observed CNVs
(data summarised in Table 2). In the 15 cell lines with IC50

o500 nM, defined as sensitive, only 2(13%) had detectable copy-
number gains (SU-86.86 and PSN-1 contained amplification),
whereas 13(87%) had a normal KRAS copy number. In the 14 cell
lines with IC504500 nM, defined as resistant, 10(71%) had
detectable CNVs (gains and losses), whereas only 4(29%) had
normal KRAS copy numbers, indicating that cell lines with KRAS
CNV have reduced sensitivity to MEK162 (Figure 2A). Moreover,
KRAS CNVs were only found in those cell lines with KRAS
mutations (Table 2) and this was significant (Fisher’s exact test,
P¼ 0.002). The average IC50 in cell lines (n¼ 12) with CNVs,
either gains or losses, was B3 mM as opposed to 0.629 mM for cell
lines (n¼ 17) with no change in copy number (Po0.002)
(Figure 2A). Cell lines with KRAS CNV also had higher
levels of KRAS mRNA compared with cell lines with no CNV

(Kruskal–Wallis Test, P-value¼ 0.0041)(Figure 2B). In the two
lines with copy-number loss, KRAS was mutated. Previously
published data indicate that an absence of the normal allele
facilitates transformation by oncogenic KRAS (V12) and has the
phenotypic effect of a KRAS (V12) gain (Hegi et al, 1994). In our
studies, the two cell lines with KRAS loss were as resistant as those
with a KRAS gains.

As KRAS (V12) mutations and KRAS CNV both predict
resistance to MEK inhibition, we next wanted to evaluate whether
they occur together or are mutually exclusive. Figure 2C graphs the
average IC50 for all the possible KRAS mutational subtype and
KRAS copy-number combinations. Clearly the seven cell lines with
both KRAS V12 mutation and KRAS CNV are most resistant to
MEK162. Figure 2C reduces the possible combination to ±KRAS
(V12) and ±KRAS CNV. Cells with a KRAS CNV and KRAS
(V12) mutation were less sensitive than cells having neither KRAS
CNV nor KRAS (V12) mutations (Kruskal–Wallis test, P¼ 0.0007)
(Figure 2C). Finally, Figure 2E reduces the combination to three:
cell lines with neither KRAS (V12) nor KRAS CNV (n¼ 14), cell
lines with either a KRAS (V12) or KRAS CNV (n¼ 8) and finally
cell lines with both a KRAS (V12) and KRAS CNV (n¼ 7).

Table 1. IC50 values for MEK162 in human 29 pancreatic cancer cell lines, with KRAS copy-number variation, and KRAS codon 12 mutation status, amino-
acid type and polarity

Cell lines MEK162 IC50 S/R KRAS:CEN (FISH) KRAS CNV (CGH) Codon 12 (GGT) Codon 12 AA AA polarity

PANC 05.04 0.0027 S 5:5 NC c.35G4A ASP Polar

MIAPACA-2 0.0092 S 4:2 NC c.34G4T CYS Polar

ASPC1 0.0280 S 2:3 NC c.35G4A ASP Polar

HS766T 0.0283 S 2:2 NC Wild type GLY Nonpolar

CAPAN-2 0.0316 S 4:4 NC c.35G4T VAL Nonpolar

PANC 02.03 0.0322 S 3:3 NC c.35G4A ASP Polar

HUP-T4 0.0344 S 3:3 NC c.35G4T VAL Nonpolar

SU 86.86 0.0775 S AMP:2 AMP c.35G4A ASP Polar

MUT-J 0.1850 S 3:3 NC Wild type GLY Nonpolar

PSN-1 0.1964 S AMP:3 High AMP c.34G4C ARG Polar

SW1990 0.2159 S 2:2 NC c.35G4A ASP Polar

HPAC 0.2214 S 3:3 NC c.35G4A ASP Polar

BXPC3 0.2420 S 3:3 NC Wild type GLY Nonpolar

HUP-T3 0.3792 S 2:1 NC c.34G4C ARG Polar

PANC 10.05 0.4158 S 4:4 NC c.35G4A ASP Polar

PL-45 0.5585 R 4:4 NC c.35G4A ASP Polar

HPAF-II 0.7352 R AMP:4 AMP c.35G4A ASP Polar

PATU-8902 0.7844 R AMP:5 AMP c.35G4T VAL Nonpolar

PANC 04.03 0.8179 R 3:2 NC c.35G4A ASP Polar

PANC 03.27 0.8401 R 5:3 GAIN c.35G4T VAL Nonpolar

PATU-8988S 1.4050 R 2:3 LOH c.35G4T VAL Nonpolar

PANC 08.13 1.4134 R 4: 2 GAIN c.35G4A ASP Polar

CAPAN-1 3.3215 R 2: 2 NC c.35G4T VAL Nonpolar

HS700T 3.4879 R 4:6 NC wildtype GLY Nonpolar

PANC1 4.4236 R 6: 3 AMP c.35G4A ASP Polar

YAP-C 5.0654 R AMP:3 AMP c.35G4T VAL Nonpolar

DAN-G 6.1748 R AMP: 2 AMP c.35G4T VAL Nonpolar

CFPAC1 8.5259 R 8:4 GAIN c.35G4T VAL Nonpolar

PATU-8988T 410 R 2:3 LOSS c.35G4T VAL Nonpolar

Abbreviation: S/R¼ sensitive/resistant. Bold¼ significant copy-number variations (copy-number gains (14log2ratio40.5), amplification (24log2ration41), high amplification (log2ratio42),
hemizygous deletions (� 0.8olog2ratioo� 1), homozygous deletions (log2ratioo� 2)], KRAS mut¼KRAS mutations at codon 12.
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Cell lines with a KRAS (V12) mutation and KRAS gains or loss (n¼ 7)
have an average IC50 of 4.7mM and are B10 times more resistant than
those having neither a KRAS (V12) mutation nor KRAS CNV
(n¼ 14), which had an average IC50¼ 0.47mM (Figure 2C and E).
Similarly, those cell lines with normal KRAS copy number and either a
KRAS (D12), KRAS (R12) or KRAS (C12) mutation or no KRAS
(V12) mutation are sensitive to MEK162 (Figure 2C–E). These
mutational scenarios represented 72% of the pancreatic cancer cell
lines investigated. The remainder of the lines had either a KRAS (V12)
mutation with normal copies of KRAS or did not have KRAS (V12)
mutation and had KRAS copy-number gains. Their sensitivity was
intermediate to that of the other groups (Figure 2E).

To assess whether KRAS knockdown resensitises resistant cells
to MEK162, we transfected YAPC with negative control and KRAS
siRNAs. YAPC is a resistant cell line with a KRAS amplification
and KRASV12 mutation. YAPC cells transfected with KRAS

siRNA were responsive to 100 nM and 500 nM MEK162 treatment
and displayed a significant decrease in cell number after 48 h
(Figure 2F). The same effect was not observed in the cells
transfected with negative control siRNA.

Finally, to assess whether KRAS CNV variations are associated
with sensitivity to other MEK inhibitors in pancreatic cancer cell
lines, we compared the Cancer Cell Line Encyclopedia (Barretina
et al, 2012) IC50 data for PD0325901 and AZD6244. KRAS CNV
variations were associated with sensitivity to PD0325901
(Figure 2G), but not AZD6244 (data not shown). Pancreatic
cancer cell lines were not sensitive to AZD6244, as nearly half (12/
25) of the cell lines did not reach IC50 in the tested concentration.

Downstream mediators of RAS signalling determine duration of
MEK inhibition. To further evaluate sensitivity to MEK162, we
selected two sensitive (Panc 02.03 and MIAPACA-2) and two

Table 2. Copy-number variation status of KRAS, MYC, CDKN2A and SMAD4 genes in 29 human pancreatic cancer cell lines with MEK162 IC50 values

Chr name chr12 chr8 chr9 chr18

Cytoband p12.1 q24.21 p21.3 q21.2

Start 25259753 128818041 21958041 46814353

Stop 25259812 128818100 21958099 46814412

Cell line IC50 (lM) KRAS mut S/R KRAS MYC CDKN2A SMAD4

PANC 05.04 0.00 35G4A S 0.00 0.00 �2.38 �4.15

MIAPaCa 2 0.01 34G4T S 0.00 0.53 �3.15 0.00

ASPC1 0.03 35G4A S 0.00 0.50 �1.46 �1.42

HS-766T 0.03 WT S 0.00 0.00 �3.77

CAPAN-2 0.03 35G4T S 0.00 0.00 �0.89 �0.85

PANC 02.03 0.03 35G4A S 0.00 0.92 �0.86 �0.90

HUP-T4 0.03 35G4T S 0.00 0.00 �2.11 0.00

SU 86.86 0.08 35G4A S 1.30 0.00 �3.73 �1.40

MUT-J 0.19 WT S 0.00 0.00 0.00 �0.91

PSN-1 0.20 34G4C S 2.70 5.47 �1.37 �4.03

SW1990 0.22 35G4A S 0.00 0.00 �2.70 �1.35

HPAC 0.22 35G4A S 0.00 0.00 0.00 � 0.53

BXPC3 0.24 WT S 0.00 0.00 �3.19 �4.36

HUP-T3 0.38 34G4C S 0.00 2.06 �2.20 0.00

PANC 10.05 0.42 35G4A S 0.00 0.85 0.00 � 0.52

PL-45 0.56 35G4A R 0.00 0.52 0.00 �0.88

HPAF-2 0.74 35G4A R 1.78 0.53 0.00 0.00

PATU 8902 0.78 35G4T R 1.27 0.82 0.00 �0.89

PANC 04.03 0.82 35G4A R 0.00 0.00 � 0.51 �1.41

PANC 03.27 0.84 35G4T R 0.56 0.00 �2.93 �2.73

PATU 8988S 1.41 35G4T R �0.79 0.00 �1.68 �4.57

PANC 08.13 1.41 35G4A R 0.72 1.15 �2.24 �0.78

CAPAN-1 3.32 35G4T R 0.00 1.34 �2.93 � 0.53

HS-700T 3.49 WT R 0.00 2.32 0.00 0.00

PANC-1 4.42 35G4A R 0.90 0.00 �2.95 � 0.50

YAP-C 5.07 35G4T R 1.11 0.00 �3.33 �1.70

DAN-G 6.18 35G4T R 1.55 0.00 �3.75 � 0.62

CF-PAC 1 8.53 35G4T R 0.51 0.88 �0.86 �4.86

PATU 8988T 10.00 35G4T R �0.53 0.00 � 0.61 �4.52

P-value 0.02 0.715 0.99 1.00

Abbreviation: S/R¼ sensitive/resistant. Bold¼ significant copy-number variations (copy-number gains (14log2ratio40.5), amplification (24log2ration41), high amplification (log2ratio42),
hemizygous deletions (� 0.8olog2ratioo� 1), homozygous deletions (log2ratioo� 2)), KRAS mut¼KRAS mutations at codon 12.
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Figure 2. Association of MEK162 sensitivity with KRAS copy-number variation in pancreatic cancer cell lines. Boxplots represent MEK162 IC50

(A) and KRAS mRNA levels (B) of cell lines with normal copies (NC) of KRAS (n¼17) vs cell lines with copy-number variation (CNV) in KRAS (n¼12).
(C) Cell lines with different combinations of KRAS CNV and mutational subtypes. (D) Cell lines with or without KRAS (V12) and with or without KRAS
CNV (gains and losses). (E) Cell lines with KRAS (V12) and KRAS CNV (CNV and VAL), with KRAS (V12) or KRAS CNV, or without either KRAS (V12)
or KRAS CNV. The P-values were estimated using a Kruskal–Wallis test. Boxplots are median centred. (F) KRAS knockdown resensitises the
resistant cell line YAPC to MEK162. Cells transfected with either negative control or KRAS siRNA. The cells were then treated for 48 h with 100 or
500 nM of MEK162 and compared with untreated controls cells. The P-values were obtained using a one-sided t-test comparing treated cells with
controls. **P-valueo0.01. (G) Sensitivity to the MEK inhibitor PD0325901 is also associated with KRAS CNV. Boxplots of the average PD0325901
IC50 of cell lines with normal copies (NC) of KRAS (n¼15) vs cell lines with CNV in KRAS (n¼11). The P-values were estimated using a
Kruskal–Wallis test. CNV¼KRAS gain or loss and NC¼normal copies of KRAS.
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resistant cell lines (CFPAC1 and YAPC) to analyse changes in gene
expression and proteomics.

First, we identified genes’ expression patterns associated with
MEK162 sensitivity by comparing baseline gene expression
patterns. There were 3207 probes with significant differences in
expression (ANOVA P-valueo0.01). The dendrogram in
Figure 3A shows that the 3207 probes cluster in two groups based
on whether their expression associated with the sensitive or
resistant cell lines. We observed that the 1496 sensitivity-associated
probes with high expression in the two sensitive lines and low
expression in the resistant lines (Figure 3A) were enriched in genes
associated with the EGF receptor pathway, as well as the ubiquitin
proteasome and integrin pathways (Figure 3B). MEK inhibition is
essentially targeting the EGF receptor signalling pathway and those
cell lines whose growth is more dependent on this target pathway,
as indicate by higher expression of genes associated with the

pathway would be more sensitive. The resistant cell lines are
probably more dependent on parallel growth signalling pathways.
We observed that the 1711 resistance-associated probes
(Figure 3A) were enriched in the Ras pathway as well as the
PDGF, cadherin, PI3 kinase, and insulin/IGF pathway (Figure 3B).
These alternate growth signalling pathways may compensate for
MEK inhibition of the MAPK pathway. Genes associated with the
RAS, EGF and PI3K pathways show differential expression based
on the sensitivity of the four cell lines (Figure 3C).

In addition to assessing baseline gene expression, we also
showed that MEK162-induced gene expression is also correlated
with sensitivity to MEK162. There were 1246 probes that were
differentially expressed (ANOVA P-valueo0.01) between the two
sensitive and two resistant cell lines. This indicated that the
baseline gene expression difference noted previously results in
major differences in how the cells respond to MEK inhibition.
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Figure 3. Gene expression analysis of MEK162-sensitive and -resistant pancreatic cancer cell lines. (A) Baseline gene expression predicts for
MEK162 sensitivity. Heatmap showing a cluster of 3207 probes differentially expressed between the two sensitive (PANC 02.03 and MIAPACA-2)
and two resistant lines (CFPAC1 and YAPC). Probes were identified using ANOVA with a P-value cutoff of 0.01. (B) Pathway enrichment analysis of
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The dendrogram in Figure 3D shows that the 1246 probes cluster
into two major groups. MEK162 treatment increased the signal
from 646 probes in the sensitive lines. The sensitivity-associated
probes were enriched for the integrin, wnt and cadherin pathways
as well as angiogenesis (Figure 3E). In the resistant cell lines,
MEK62 treatment increased the signal of 600 probes. The
resistance-associated probes were associated with the TGF-beta
and integrin pathways, as well as apoptosis (Figure 3E).

Using western blot analysis, we assessed the effect of MEK162
on signal transduction involving the MAPK, PI3K, and mTOR
pathway-associated protein. First, we tested whether MEK162
sensitivity was associated with its ability to inhibit phosphorylation
of ERK1 and ERK2, the immediate targets of MEK1/2. Treatment
with 100 nM of MEK162 for 10 min inhibited phosphorylation of
ERK1 and ERK2(Figure 4A) regardless of the anti-proliferative
effect of the drug (Figure 1A), suggesting that sensitivity of cell
lines is independent of the ability of MEK162 to solely inhibit MEK
signalling to these intermediaries.

To assess whether changes could be detected at longer time
points, two sensitive and two resistant lines were treated for 24 and
48 h (Figure 5). At these longer time points, treatment with 100 nM

of MEK162 inhibited phosphorylation of ERK1 and ERK2 in the
sensitive lines PANC 02.03 and MIAPaCa-2, but not in the
resistant lines YAPC and CFAC1 (Figure 5A), suggesting that
sensitivity to MEK162 treatment may be dependent on its ability to
maintain inhibition of MEK signalling.

It has been shown that RAS activates the PI3K and raf/MEK/
ERK signalling pathways and that the PI3K pathway may
compensate for loss of raf/MEK/ERK signalling (reviewed in
Steelman et al, 2011). After treatment with 100 nM MEK162 for
10 min (Figures 3C and 4B), no changes in AKT or S6
phosphorylation were detected. At longer time points, however,
(Figure 5B and C), treatment with 100 nM of MEK162 inhibited
phosphorylation of AKT in the sensitive line PANC 02.03, but not
in MIAPaCa-2 nor in the resistant lines YAPC and CFAC1
(Figure 5B). Additional evaluation of the two sensitive lines
demonstrated that PANC 02.03 had high basal levels of phospho-
AKT that decreased after treatment with MEK162 (Figure 5B),
whereas MIAPaCa-2 had low baseline levels of phospho-AKT that
did not change after treatment. In the two resistant lines there was
a different pattern. Basal phospho-AKT levels were low in YAPC
cells and increased significantly after treatment with MEK162,
whereas CFPAC1 cells had high basal phospho-AKT levels that
were not affected by MEK162 treatment (Figure 5B). These data
suggest that in sensitive lines the ability of MEK162 to maintain
inhibition of the MEK pathway depends on blocking PI3K
signalling.

S6 ribosomal protein phosphorylation at Ser235 and Ser236 is
associated with cell growth and proliferation, and pS6 is the
downstream effector protein of the mTOR, AKT and raf/MEK/
ERK pathways (Peterson and Schreiber, 1998). Similar to AKT
phosphorylation, levels of pS6, and total S6 were not changed after
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short-term (10 min) treatment with 100 nM of MEK162 in either
sensitive or resistant lines (Figure 4C), but prolonged exposure to
MEK162 resulted in significant decreases in pS6 levels in sensitive

lines (Figure 5C). The resistant cell line YAPC had no detectable
basal levels of pS6 and the more prolonged treatment did not cause
any change, whereas the CFPAC1 cell line, which has high basal
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pS6 levels, showed a noticeable decrease in pS6 after 48 h of
exposure to MEK162 (Figure 5C). Low basal levels of pS6 may
indicate that proliferation in the YAPC cell line is S6 independent.
No noticeable changes in total AKT or total S6 were noted when
using either short- or long-term MEK162 exposure in any tested
cell lines.

We also assessed the contribution of these downstream
signalling pathways to MEK162 resistance using pharmacological
inhibitors. The resistant cell line YAPC was treated with the
mTOR inhibitor RAD001, the PI3K inhibitor BYL or the PI3K/
mTOR inhibitor BEZ alone or in combination with MEK162
(Figure 5D). MEK162 in combination with any of these inhibitors
was more effective then treatment with any single agent alone.
MEK162 displayed strongest synergy with the mTOR inhibitor
RAD001(Figure 5E).

MEK inhibition promotes cell cycle arrest via RB hyper-
phosphorylation and p27KIP1 expression. MEK162 induced cell
cycle arrest, but not apoptosis, in the pancreatic cancer cell lines
tested (apoptosis data not shown). Treatment with 100 nM of
MEK162 significantly increased percent of cells in G0/G1 in
sensitive, but not resistant cell lines (Figure 6A). To determine how
MEK162 may induce cell cycle arrest, western blot analyses were
performed on key cell cycle-associated proteins. Although ERK1/2
signalling is known to promote cell cycle progression by increasing
the amount of cyclin-D, we did not observe any association
between cyclin-D1 levels and MEK162 sensitivity (Figure 6B).
Phosphorylation of cyclin-D1 at Thr286 is associated with
ubiquitin-mediated proteolysis (Shao et al, 2000), and we observed
an accumulation of phospho-cyclin-D1 in the resistant but not
sensitive lines; however, treatment with 100 nM of MEK162 did not
change levels of phospho cyclin-D1 in any of the four tested cell
lines. In contrast, we did observe a correlation between RB levels
(both total RB and phospho-RB) and MEK162 sensitivity.
Hyperphosphorylation of RB is a necessary step to progress
through the G1/S checkpoint in ERK1/2-mediated cell cycle
progression. These data indicate an association between MEK
inhibition and hypophosphorylation of RB in the two sensitive, but
not the two resistant cell lines (Figure 6B). This observation is
consistent with MEK162-induced cell cycle arrest in sensitive lines.
A concurrent decrease in total RB was also noted in association
with MEK162 sensitivity (Figure 6B).

We also assessed the levels of the cell cycle inhibitor p27KIP1
(Figure 6C), which is associated with MEK inhibition (Yip-
Schneider and Schmidt, 2003). Activated KRAS and Akt
phosphorylation of p27KIP1 leads to the translocation of
p27KIP1 from the nucleus to the cytoplasm, where it becomes
degraded, resulting in cell cycle progression (Liu et al, 2000; Fujita
et al, 2002; Kamura et al, 2004; Besson et al, 2006).

In the two sensitive lines with low basal levels of p27KIP1,
treatment with 100 nM of MEK162 increased p27KIP1 protein levels
at both the 24 and 48 h time points (Figure 6B) and is in
juxtaposition with data showing that the two MEK162-resistant lines
that had low basal levels of p27KIP1, and the MEK162 induction of
p27KIP1 is inhibited. To assess whether p27KIP1 knockdown
desensitised the sensitive cell line PANC0203 and MIAPACA2 to
MEK162, both cell lines were transfected with p27KIP1 or negative
control siRNA and treated with either control or 100 nM of MEK162
for 48 h. PANC0203 and MIAPACA transfected with negative
control siRNA were responsive to 100 nM of MEK162 and displayed
a significant decrease in cell number after 48 h (Figure 6D). The
same effect was not observed in the cells transfected with p27KIP1
siRNA. This result provides evidence that p27KIP1 has a critical role
in MEK162-mediated cell cycle arrest.

Alteration of p27KIP1 levels has been associated with PI3K
signalling via Akt, which inhibits p27KIP1 protein levels
(Yang et al, 2012) and blocks transcription of p27KIP1 by

phosphorylating forkhead transcription factors (Medema et al,
2000). Furthermore, activation of forkhead transcription factor
may mediate the antiproliferative effects of MEK inhibitors (Yang
et al, 2010). We did not observe an association between the levels
of phospho-FOXO3a (Thr 32) and FOXO1(Thr24) levels and
p27KIP1 levels (Figure 6C). We also did not observe an association
between levels of phospho-FOXO3a (Thr 32) and FOXO1(Thr24)
and sensitivity to MEK162(Figure 6C).

DISCUSSION

In this study, the biologic and molecular effects of MEK inhibition in
29 human pancreatic cancer cell lines were evaluated using the novel
MEK162 inhibitor. The resulting data demonstrate MEK162
sensitivity was associated with KRAS mutational subtypes and CNVs
in the pancreatic cancer cell lines. Cells sensitive to MEK162 have a
greater degree of G0/G1 arrest, reduced phosphorylation of RB and
increased levels of p27KIP1 after exposure. They also displayed
differences in both baseline and MEK162-induced gene expression.

KRAS mutations and subsequent hyperactivation of RAS
signalling pathway is a molecular hallmark of pancreatic cancer.
As a result, this presumptive pathogenic molecular alteration could
potentially be targeted using an inhibitor of a critical downstream
component, that is, MEK. Our data indicate that MEK162 is an
effective small-molecule inhibitor of MEK signalling significantly
reducing phosphorylation of ERK1 and ERK2 in pancreatic cancer
cell lines, regardless of the growth inhibitoryeffects of the drug. The
current study indicates that prolonged inhibition of MEK
signalling is critical in conferring sensitivity to MEK162 and this
prolonged inhibition is absent in resistant lines. These data indicate
that the apparent molecular heterogeneity of pancreatic cancer
requires a more complex analysis of the RAS signalling pathway
rather than simply assessing for the presence or absence of KRAS
mutations.

Our data suggest that patients with normal KRAS copy number
and either a KRAS (D12), KRAS (R12) or KRAS (C12) mutation
may be most sensitive to MEK162. These mutational scenarios
represent 48% of pancreatic cancer cells tested. Moreover, patients
with KRAS (D12) mutation have lower survival rates than those
with KRAS (V12) mutation (Kawesha et al, 2000), and our data
indicate that MEK162 might be most effective in this subgroup of
pancreatic cancer.

In addition, the current findings emphasise the importance of
testing for the nature of specific KRAS mutational status. KRAS
mutations were originally detected in lung cancer (Rodenhuis et al,
1987) and since then have been assessed as a potential marker of
survival in colorectal, ovarian and pancreatic cancers. However,
our report is the first to suggest that specific KRAS mutational
subtypes can also be used to predict response to targeted therapy.

It is interesting that our baseline gene expression data showed
major difference in gene expression between sensitive and resistant
cell lines (Figure 3A). This supports the notion that the molecular
context of the cell line determines the cell’s reaction to inhibitors.
Those cell lines with the appropriate molecular circuitry that is
reliant on the targeted pathway are more likely to respond.
Sensitive cell lines also responded differently to MEK162 than
resistant cell lines (Figure 3D). There were over 1200 genes with
differential expression in response to MEK162 treatment.

Our findings suggest that cancers harbouring KRAS (V12) and
KRAS copy-number variation (both gains and loss) may be less
likely to respond to MEK162. These KRAS alterations may lead to
sustained PI3K signalling and inhibition of p27KIP1 levels. PI3K
signalling via AKT can regulate p27KIP1 levels by inhibiting p27
protein levels (Yang et al, 2012). This is a plausible explanation for
our findings, as PI3K signalling was found to be either high at
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baseline or increased in response to MEK162 treatment in
MEK162-resistant cell lines (Figure 5B). The resistant line YAPC
had low levels of phospho-AKT and the levels increased
significantly after treatment with MEK162, whereas the resistant
line CFPAC1 had very high basal levels of phospho-AKT and the
levels were unaffected by MEK162 treatment. High levels of
phospho-AKT may be indicative of active PI3K signalling and
could account for inhibition of p27KIP1 in the resistant lines.

Conversely, in the sensitive lines, phospho-AKT levels were
either low and remained low with MEK162 treatment, or were high

and markedly reduced with MEK162 treatment. This suggests two
mechanisms for the role of the PI3K pathway in sensitive cell lines.
In some lines it is not very active at baseline, whereas in others,
PI3K signalling is active and MEK162 treatment leads to a
reduction. Both scenarios may result in relieving PI3K inhibition of
p27KIP1 protein levels.

PI3K signalling can also inhibit FOXO-mediated transcription
of p27KIP1 by phosphorylating FOXO transcription factors
(Medema et al, 2000). On the basis on our assessment of
phospho-FOXO3a and FOXO1 levels, this hypothesis is not
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supported by the data. Phospho-FOXO3a and FOXO1 levels
(Figure 6C) did not associate with p27KIP (Figure 6C) nor
phospho-AKT levels (Figure 5B).

We defined our sensitivity cutoff at 500 nM. Achievable Cmax in
patients is 466 ng ml� 1 (Ascierto et al, 2013) or about 1 mM and,
our conservative cutoff of 500 nM is well within the range of this
upper limit. Previous studies of the kinase inhibitor U0126, with
MEK inhibitory activity, have demonstrated that sensitivity to this
compound is associated with the ability to induce p27KIP1
(Yip-Schneider and Schmidt, 2003; Gysin et al, 2005) albeit at
doses of 2–10mmol l� 1, which is 100- to 250-fold greater than the
concentration of MEK162 used in this study to show the same
effect, confirming that MEK162 is a more potent MEK inhibitor.

In summary, using molecularly characterised human pancreatic
cancer cell lines, we have generated a hypothesis for patient
selection that may be useful in clinical evaluation of MEK
inhibition. Clearly, prospective clinical confirmation of this
hypothesis will be required, but the preclinical data would support
evaluation of such a strategy.
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