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BACKGROUND: MEK is activated in B40% colorectal cancer (CRC) and 20–30% non-small cell lung cancer (NSCLC). Selumetinib is a
selective inhibitor of MEK1/2, which is currently in clinical development.
METHODS: We evaluated the effects of selumetinib in vitro and in vivo in CRC and NSCLC cell lines to identify cancer cell characteristics
correlating with sensitivity to MEK inhibition.
RESULTS: Five NSCLC and six CRC cell lines were treated with selumetinib and classified according to the median inhibitory
concentration (IC50) values as sensitive (p1mM) or resistant (41mM). In selumetinib-sensitive cancer cell lines, selumetinib treatment
induced G1 cell-cycle arrest and apoptosis and suppression of tumour growth as xenografts in immunodeficient mice. Evaluation of
intracellular effector proteins and analysis of gene mutations showed no correlation with selumetinib sensitivity. Microarray gene
expression profiles revealed that the activation of cAMP-dependent protein kinase A (PKA) was associated with MEK inhibitor
resistance. Combined targeting of both MEK and PKA resulted in cancer cell growth inhibition of MEK inhibitor-resistant cancer cell
lines in vitro and in vivo.
CONCLUSION: This study provides molecular insights to explain resistance to an MEK inhibitor in human cancer cell lines.
British Journal of Cancer (2012) 106, 1648–1659. doi:10.1038/bjc.2012.129 www.bjcancer.com
& 2012 Cancer Research UK

Keywords: selumetinib; PKA; gene expression; gene mutations; cancer cell resistance

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

The current approach to drug design in oncology is aimed at
modulating specific cell signalling pathways that are important for
tumour growth, survival, invasion, and metastasis (Hahn and
Weinberg, 2002; Hanahan and Weinberg, 2011). In cancer cells,
these pathways become deregulated resulting in aberrant signal-
ling, inhibition of apoptosis, increased metastasis, and increased
cell proliferation (Adjei and Hidalgo, 2005). Although normal cells
integrate multiple signalling pathways for controlled growth and
proliferation, tumours seem to be heavily reliant on activation of
one or more pathways. It is conceivable that tumours that are
‘driven’ by a particular pathway will respond to therapeutics that
target components of that pathway. One of the most challenging
aspects of anticancer therapy is that patients may exhibit intrinsic
or acquired drug resistance and, for most anticancer agents,
despite intensive preclinical and clinical studies, the bases for drug
resistance remain poorly understood. Therefore, it is crucial to
identify biomarkers that may be used to predict cancer cell
sensitivity to molecular targeted agents to recognise a molecular

profile of patient’s tumour to guide appropriate therapeutic
choices (Downward, 2006).
The RAS/RAF/MEK/ERK signalling pathway is constitutively

activated in several cancers, leading to uncontrolled cell pro-
liferation, resistance to apoptosis and association with a more
aggressive neoplastic phenotype (Sebolt-Leopold, 2004). Constitu-
tive activation of the MAPK pathway may also contribute to
cancer cell resistance to chemotherapy in several types of human
malignancies, including pancreatic, colon, lung, thyroid, and
breast cancers (Hoshino et al, 1999; Mueller et al, 2000). Signalling
through this pathway occurs following activation of cell surface
growth factor receptors by extracellular ligands, constitutive
activation of cell surface growth factor receptors by gene mutation
or protein overexpression, or through gain-of-function gene
mutations of BRAF and RAS family members (Adjei, 2001).
Activating mutations in RAS and BRAF typically shows mutual
exclusivity in tumours, suggesting that the proteins encoded by
these genes deregulate a common effector pathway. Mutations in
KRAS gene occur in 40% colorectal cancer (CRC) and 20–30%
of non-small cell lung cancer (NSCLC). Mutations in KRAS are
associated with resistance to epidermal growth factor receptor
(EGFR) inhibitors in CRC (Pao et al, 2005; Lievre et al, 2006;
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Massarelli et al, 2007; Allegra et al, 2009; De Roock et al, 2010). The
three RAF isoforms (RAF1, ARAF, and BRAF) activate both MEK1
and MEK2. Moreover, BRAF activating gene mutations are less
common in CRC and NSCLC with incidence of 5–10% and o5%,
respectively (Brose et al, 2002; Yuen et al, 2002).
Selumetinib (AZD6244, ARRY-142886) is an oral, non-adeno-

sine-5’-triphosphate (ATP) competitive inhibitor and is highly
specific for MEK1/2. It is a potent, tight-binding, non-competitive
MEK inhibitor with an median inhibitory concentration (IC50) of
14.1 nmol L� 1 against purified MEK1 with no observed inhibition
at 10mmol L� 1 against440 other serine/threonine kinases (Davies
et al, 2007; Yeh et al, 2007). Selumetinib inhibits both basal and
induced levels of ERK1/2 phosphorylation in numerous cancer cell
lines such as colorectal, pancreatic, hepatocellular, non-small cell
lung, and melanoma. It has also shown efficacy in different tumour
models. Sustained inhibition of ERK activity in tumour can be
achieved at a dose of 10mg kg� 1 per day in mice xenograft studies
(Shannon et al, 2009). The safety profile and tolerability of
selumetinib has been evaluated in a two-part, multi-centre,
increasing dose, phase I clinical study (Adjei et al, 2008). This
trial demonstrated the tolerability of selumetinib, with the most
common related toxicities being rash, diarrhoea, nausea, and
fatigue. Several studies are ongoing to evaluate the activity of
selumetinib, as a single agent or in combination with chemother-
apy in a variety of tumour types including CRC and NSCLC
(Hainsworth et al, 2010; Bekaii-Saab et al, 2011; Bennouna et al,
2011; O’Nail et al, 2011).
Based on the role of the MAPK signalling pathway in CRC and

NSCLC, the first objective of the present study has been to evaluate
the sensitivity to selumetinib in vitro and in vivo in these two types
of cancers by using a panel of different cancer cell lines. Following
this initial screening, the goal of the present study has been to
identify specific profiles for gene mutations, gene expression and/or
intracellular signalling protein expression, which could allow to
define different molecular patterns of either sensitivity or resistance
to MEK inhibition in a model of 11 CRC and NSCLC cell lines.

MATERIALS AND METHODS

Drugs

The MEK1/2 inhibitor selumetinib was generously provided by
Astra Zeneca (Macclesfield, UK). 8-cloro-cAMP (8-Cl-cAMP) was
purchased from the BioLog Life Science Institute (Bremen,
Germany). Synthesis of antisense 18-mer mixed backbone
oligonucleotide (MBO) targeted to the 50-terminal 8–13 codons
of human RIa regulatory subunit messenger RNA of cAMP-
dependent protein kinase A (PKAI) (Tortora et al, 1997a) was
previously described (Agrawal et al, 1997). The PKAI antisense
oligonucleotide, designated HYB 190, had the following sequence:
50-GCGTGCCTCCTCACTGGC-30 (Tortora et al, 1997a). A control
PKAI antisense oligonucleotide containing four mismatched
nucleotides was designated as HYB 239. The mismatched
nucleotides in HYB 239 are underlined: 50-GCATGCATCCGCA
CAGGC-30 (Tortora et al, 1997a). Both HYB 190 and HYB 239
contain phosphorothioate- and methylphosphonate-internucleo-
tide linkages. The identity of each oligonucleotide was confirmed
by 31P nuclear magnetic resonance. Chemical purity of each MBO
was determined by capillary gel electrophoresis, hybridisation
melting temperature, and A269/mass ratio (Agrawal et al, 1997).

Cell lines

Five human NSCLC cell lines (GLC82, A549, Calu3, H460, H1299)
and six human CRC cell lines (GEO, HCT15, HCT116, SW480,
SW620, LS174T) were obtained from the American Type Culture
Collection (ATCC) (Manassas, VA, USA). All cancer cell lines,

except GLC82, GEO, SW620, and LS174T, were cultured in RPMI-
1640 medium (Invitrogen, Milan, Italy) supplemented with 10%
fetal bovine serum (Lonza, Milan, Italy), 100Uml� 1 penicillin/
streptomycin (Lonza) and were maintained in a humidified
incubator. GLC82, GEO, SW620, and LS174T cancer cells were
grown in McCoy medium (Lonza) supplemented with 20% fetal
bovine serum (Lonza), 100Uml� 1 penicillin/streptomycin (Lonza).
Cancer cell lines were tested by evaluating the mitochondrial DNA
immediately after purchase from ATCC and then tested at various
intervals to ensure that the mitochondrial DNA had not changed.

Proliferation assay

Cell proliferation was measured with the 3-(4, 5-dimethylthiazol-
2-yl)-5-(3-carboxymethxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium
(MTT) assay. Briefly, cell suspensions (2000ml) containing
10 000–15 000 viable cells were plated into each well and incubated
for 48 h before exposure with different concentrations of selume-
tinib (0.01, 0.05, 0.25, 1, 5, and 10mM), 8-Cl-cAMP (0.01, 0.05, 0.25,1,
2.5, and 5mM), oligonucleotide HYB 190 (0.01, 0.05, 0.25,1, 2.5, and
5mM), or oligonucleotide HYB 239 (0.01, 0.05, 0.25,1, 2.5, and 5mM),
as previously reported (Morgillo et al, 2011). Each experiment was
done in triplicate. The IC50 values were determined by using the
CurveExpert 1.3 software (Curve Expert, Mississippi, MS, USA) and
plotted in a dose response curves. For the combination experi-
ments, cancer cells were treated with different concentrations of
selumetinib (0.01–5 mM) plus 8-Cl-cAMP (0.01–5 mM), HYB 190
(0.01–5 mM), or HYB 239 (0.01–5mM) plus selumetinib each day, for
a total of 3 days, at the fixed drug ratio selumetinib 8-Cl-cAMP of
1 : 1, and selumetinib HYB190 or HYB 239 of 1 : 1. The results of the
combination treatment with selumetinib and 8-Cl-cAMP were
analysed according to the method of Chou and Talalay by using the
CalcuSyn software programme (Biosoft, Cambridge, UK).

Apoptotic assay and analysis of cell cycle

HCT116, HCT15, Calu3, and H460 cells were collected in six-well
plates, treated for 24, 48, and 72 h with selumetinib (0.25 mM for
HCT116, 0.05mM for Calu3, and 10 mM for both HCT15 and H460)
and stained with Annexin V–FITC. Apoptotic cell death was
assessed by counting the numbers of cells that stained positive for
Annexin V–FITC and negative for propidium iodide using an
Apoptosis Annexin V–FITC Kit (Invitrogen), coupled with
fluorescence-activated cell sorting analysis. Cell-cycle analysis
was done by using flow cytometry on cell pellets that were fixed
in 70% ethanol, washed in PBS, and mixed with RNase
(Invitrogen) and propidium iodide (Invitrogen). Each experiment
was done in triplicate. Student’s t-test was used to evaluate the
statistical significance of the results. All P-values represent two-
sided tests of statistical significance. All analyses were done with
the BMDP New System statistical package version 1.0 for Microsoft
Windows (BMDP Statistical Software, Los Angeles, CA, USA).

Immunoblotting

HCT116, HCT15, Calu3, and H460 cells were seeded into 100mm3

dishes 24 h before treatment with selumetinib (0.05 mM). The
analysis was done as previously described (Morgillo et al, 2011).
We used the following antibodies from Cell Signalling Technology
(Beverly, MA, USA): EGFR, phospho-EGFR (Tyr1068), MEK1/2,
phospho-MEK1/2, p44/42 MAPK, phospho-p44/42MAPK, AKT,
p-AKT (Ser473), 4E-BP1 and phospho-4E-BP1 (Thr37/46). The
anti-human RIa mouse antibody was purchased from Transduc-
tion Laboratory (Lexington, NY, USA). The following secondary
antibodies from Invitrogen were used: goat anti-rabbit IgG and
rabbit anti-mouse IgG. Immunoreactive proteins were visualised
by enhanced chemiluminescence (ECL plus; Amersham Italia,
Milan, Italy). Each experiment was done in triplicate. Student’s
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t-test was used to evaluate the potential relationships expression of
proteins and selumetinib response. The analysis was done with the
BMDP New System statistical package version 1.0 for Microsoft
Windows (BMDP Statistical Software).

Tumour xenografts in nude mice

Four- to six-week-old female balb/c athymic (nuþ /nuþ ) mice
were purchased from Charles River Laboratories (Milan, Italy).
The research protocol was approved and mice were maintained in
accordance with the institutional guidelines of the Second
University of Naples Animal Care and Use Committee. The mice
were injected subcutaneously with 2.5� 106 HCT116, HCT15,
Calu3, and H460 cancer cells that have been diluted in 200 ml of
matrigel (BD Biosciences, Milan, Italy). Resulting xenograft
tumours were measured daily until tumour volumes
of 100–150mm3 were reached. Mice (n¼ 10 per group) were then
randomised to treatment groups to receive vehicle control (10%
ethanol/10% cremophor EL/80%), selumetinib (25 or 50mg kg� 1;
oral gavage), twice a day (BID), 8-Cl-cAMP (0.5mg kg� 1;
intraperitoneal injection) twice a week or the combination of both
drugs for 21 days. The body weights were monitored daily. At
doses of 25 or 50mg kg� 1 twice daily, selumetinib did not cause
any apparent harm to the mice. Monitoring of tumour growth
was continued until tumours reached 2000mm3, when mice were
killed. Tumour size was evaluated twice per week by calliper
measurements using the following formula: p/6� larger
diameter� (smaller diameter)2. Student’s t-test was used to
evaluate the statistical significance of the results.

Microarray gene expression analysis of cancer cell lines

Agilent microarray analyses were done to assess baseline gene
expression profile for each cancer cell line using a one colour
labelling microarray system as described before (Morgillo et al,

2011). Data were extracted from slide image by using Agilent
Feature Extraction software (v.10.5, Agilent Technology Italy,
Milan, Italy). The raw data and associated sample information
were loaded and processed by Gene Spring 11.5X (Agilent
Technology Italy). For identification of genes significantly altered
in resistant cells, total detected entities were filtered by signal
intensity value (upper cutoff 100th and lower cutoff
20th percentile) and flag to remove very low signal entities.
Data were analysed using Student’s t-test (Po0.05) with a
Benjamini–Hochberg multiple test correction to minimise selec-
tion of false positives. Of the significantly differentially expressed
RNA, only those with greater than two-fold increase or two-fold
decrease as compared with the controls were used for further
analysis. Subsequently, hierarchical clustering (condition tree) was
applied to the data files. In this way, the relationships between the
different groups are shown. The condition tree was displayed as a
heat map, based on the expression levels of the probe sets.
Functional and network analyses of statistically significant gene
expression changes were performed using Ingenuity Pathways
Analysis (IPA) 8.0 (Ingenuity Systems, http://www.ingenuity.com).
Analysis considered all genes from the data set that met the two-
fold (P-valueo0.05) change cut-off and that were associated with
biological functions in the Ingenuity Pathways Knowledge Base.
The significance of the association between the data set and the
canonical pathway was measured in two ways: (1) Ratio of the
number of genes from the data set that map to the pathway divided
by the total number of genes that map to the canonical pathway is
displayed and (2) Fisher’s exact test was used to calculate a P-value
determining the probability that the association between the genes in
the data set and the canonical pathway is explained by chance alone.

Evaluation of gene mutations

All cell lines were plated in 100mm3 dishes and after 24 h DNA was
extracted using the DNAeasy Mini Kit (Qiagen Inc., Milan, Italy)
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Figure 1 Effects of selumetinib on cell proliferation in the panel of human (A) NSCLC and (B) CRC cell lines. Cells were treated with increasing
concentrations of selumetinib (0.01–10mM) for 48, 72, and 96 h and evaluated for proliferation by MTT staining, as described in Materials and Methods. The
results are average ±s.d. of three independent experiments each done in duplicate.
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following manufacturer’s instructions. We used the COSMIC
database (Wellcome Trust Sanger Institute, Catalogue of somatic
mutations in cancer. http://www.sanger.ac.uk/genetics/CGP/
cosmic, accessed 15 October 2008) for mutations in KRAS, NRAS,
BRAF, PIK3CA, p53, PTEN, MAP2K4 (MEK), AKT, EGFR,
occurring in lung and CRC and selected the most frequent
mutations per gene. Genomic positions of the mutated nucleotides
were downloaded from Ensembl, and 200 bp upstream and
downstream sequences were used for primer design with the
Sequenom Mass ARRAY, Assay Design 3.1 software (Sequenom,
Inc., Hamburg, Germany) using default parameters. Multiplex PCR
was performed in a 5-ml volume containing 0.5 units of Hotstar
Taq polymerase, 5–10 ng of genomic DNA, 100 nM of each PCR
primer, and 500mM of dNTP. Thermocycling was performed at
95 1C for 15min, followed by 45 cycles of 94 1C for 20 s, 56 1C for
30 s and 72 1C for 60 s, followed by a final extension of 72 1C for
3min. Unincorporated dNTPs were deactivated using 0.3 units of
shrimp alkaline phosphatase at 37 1C for 40min and primer
extension was carried out using 7–14 mM of each primer extension
probe (depending on the mass), 1 unit of iPLEX termination mix,
and 1 unit of iPLEX enzyme. Reactions were cycled at 94 1C for
30 s, followed by 40 cycles of 94 1C for 5 s, 52 1C for 5 s and 80 1C
for 5 s, followed by a final extension at 72 1C for 3min. After the
addition of a cation exchange resin to remove residual salt from
the reactions, 20 ml of water was added and the extension product
was spotted onto a matrix pad (3-hydroxypicoloinic acid) of a
Spectro CHIP (Sequenom). After analysing the Spectro CHIPs
using a Bruker MALDI-TOF mass spectrometer, spectra were
processed by the Spectro READER software (Sequenom) and

transferred to the Mass ARRAYTyper 4 Analyser (Sequenom) for
further analysis. Genotyping for every sample was performed using
the default settings of the Mass ARRAYTyper 4 Analyser.
Automated genotyping calls were generated using the Mass ARRAY.
The sensitivity of Sequenom gene mutation detection was between
5% and 15% and was determined by using DNA from different cell
lines. Fisher’s exact test was used to determine potential relationships
between mutational status and selumetinib response.

RESULTS

In-vitro inhibition of cell proliferation by selumetinib
treatment in NSCLC and CRC cell lines

We first evaluated the sensitivity to the selective MEK1/2 inhibitor,
selumetinib, in a panel of five NSCLC (GLC82, H460, A549, H1299,
Calu3) and six CRC (GEO, HCT15, HCT116, SW480, SW620,
LS174T) cell lines by using the MTT assay. Cancer cells were
treated with selumetinib at concentrations ranging from 0.01 to
10 mM for 48, 72, and 96 h. As shown in Figure 1, there was a wide
range of sensitivity, with IC50 values varying between 0.01 and
410 mM. We classified as sensitive (S) or resistant (R) the cancer
cell lines according to selumetinib IC50 at 96 h p1 or 41 mM,
respectively. This concentration was chosen based on the data
from phase I studies, which indicated that 1 mM was within the
average plasma concentrations of selumetinib achieved in patients
at the maximum tolerated dose for this agent (Adjei et al, 2008).
Overall, 67% (four of six) CRC and 40% (two of five) NSCLC cell
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Figure 2 Effects of selumetinib treatment on cell-cycle distribution (A) and on apoptotic induction (B). HCT116, HCT15, Calu3, and H460 were treated
with selumetinib (0.25 mM for HCT116, 0.05 mM for Calu3, and 10mM for both HCT15 and H460) for 24, 48, and 72 h. (A) Flow cytometric analysis of cell-
cycle distribution was performed as described in Materials and Methods. Percentages of cells in G1, S, and G2 phases of the cell cycle are shown. (B)
Apoptosis was evaluated with Annexin V staining, as described in Materials and Methods. The rate of apoptosis was expressed as a percentage of the total
cells counted. Columns, means of three independent experiments; *Po0.05; **Po0.005; ***Po0.0005.
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lines had a selumetinib IC50 of p1 mM. In particular, among the
sensitive cancer cell lines there were four, two NSCLC (Calu3 and
H1299) and two CRC (HCT116 and SW620), extremely sensitive to
selumetinib with an IC50 of p0.01mM (Figure 1A and B). To
investigate the mechanisms underlying the different sensitivities to
the drug, we conducted experiments on a group of four cancer cell
lines representing both selumetinib-sensitive (HCT116 and Calu3)
and selumetinib-resistant (HCT15 and H460) models.

Effects of selumetinib treatment on cell-cycle distribution
in NSCLC and CRC cell lines

We conducted flow cytometric analysis to compare the cell-cycle
distribution following treatment of the selumetinib-sensitive
HCT116 and Calu3 cancer cell lines and of the selumetinib-
resistant HCT15 and H460 cancer cell lines. Cancer cells were
treated with selumetinib at the IC50 values for inhibition of cell
proliferation for 24, 48, and 72 h. Twenty-four hours selumetinib
treatment caused cell accumulation in the G1 phase and
concomitant reduction in the S phase as compared with controls
in selumetinib-sensitive cancer cell lines (Figure 2A). The arrest in
the G1 phase was significantly increased with longer (48 and 72 h)
treatment with selumetinib in both HCT116 and Calu3 cells. This
effect was also paralleled by a time-dependent reduction in the S
phase in both selumetinib-sensitive cancer cell lines (Figure 2A).
In contrast, no effect was observed on cell-cycle distribution in the
two selumetinib-resistant HCT15 and H460 cells (Figure 2A).
These results were supported also by Garon et al (2010), in which
the block in G1 phase inducted by selumetinib is evident only in
sensitive cell lines.

Effects of selumetinib treatment on the induction of
apoptosis in NSCLC and CRC cell lines

Several preclinical models have demonstrated that selumetinib act
as a cytotoxic drug rather than cytostatic by inducing proapoptotic
activity (Huynh et al, 2007a; Huynh et al, 2007b; Meng et al, 2009;
Meng et al, 2010). To confirm this effect, the induction of
apoptosis was evaluated using an FACS-based assay for Annexin V
and PI staining. After 24 h of selumetinib treatment, a significant
induction of apoptosis was detected in the sensitive HCT116 and
Calu3 cancer cell lines, which was maximal following 72 h of
treatment (Figure 2B). Moreover, apoptosis was not detectable
following treatment with selumetinib in the two resistant HCT15
and H460 cancer cell lines (Figure 2B).

Effects of selumetinib treatment on intracellular signalling
in NSCLC and CRC cell lines

To assess the effects of selumetinib treatment on key intracellular
downstream signalling pathways, western blots were performed to
assess total and phosphorylated EGFR and downstream effectors
(total MEK1/2, phospho-MEK1/2, total MAPK, phospho-MAPK,
total AKT, phospho-AKT, total 4EBP1, and phosho-4EBP1).
Cancer cells were evaluated at baseline and at different time
points after treatment with selumetinib at 0.05mM. No change in
total and phosphorylated EGFR expression was observed in both
selumetinib-sensitive and selumetinib-resistant cancer cell lines
(Figure 3A–D). Treatment with selumetinib caused a time-
dependent inhibition in phospho-MEK1/2 with a complete signal
suppression within 60 or 15min of treatment in HCT116 and Calu3
cells, respectively (Figure 3A and B). This inhibition was sustained

Hours

p-EGFR

MAPK

p-MAPK

EGFR

p-MEK1/2

MEK1/2

60 12030 6150 5 10

Minutes

60

HCT15HCT116 Calu3 H460

12030 6150 5 10

Minutes Hours

12030 6150 5 10

Minutes Hours

12030 6150 5 10

Minutes Hours

6060

pAKT

AKT

p-4EBP1/2

4EBP1/2

HCT15HCT116 Calu3 H460

12030 6150 5 10

Minutes Hours

12030 6150 5 10

Minutes Hours

12030 6150 5 10

Minutes Hours

6060 60 60 12030 6150 5 10

Minutes Hours

9090 90 90

90909090 24 24 24 24

24242424

A B C D

E F G H

Figure 3 (A–H). Western blot analysis of intracellular signalling proteins in selumetinib-sensitive and selumetinib-resistant CRC and NSCLC cell lines.
Analysis of intracellular signalling pathways was done by western blotting in two sensitive (HCT116 and Calu3) and two resistant (HCT15 and H460) cancer
cells treated with 0.05 mM selumetinib for the indicated time periods. Total cell protein extracts were fractionated through 4–12% SDS–PAGE, transferred
onto nitrocellulose filters, and incubated with the appropriate antibodies as described in Materials and Methods. Immunoreactive proteins were visualised by
enhanced chemiluminescence. Experiments were repeated three times with similar results.
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for 24 h of selumetinib treatment in both cancer cell lines. In
contrast, MEK1/2 inhibition of protein phosphorylation was less
effective with only a slight reduction in pospho-MEK1/2 in the two
selumetinib-resistant HCT15 and H460 cancer cell lines (Figure 3C
and D). Moreover, MAPK phosphorylation was completely blocked
following selumetinib treatment in HCT116 and Calu3. In contrast,
in the two selumetinib-resistant HCT15 and H460 cells MAPK
phosphorylation was only reduced but never completely abrogated
(Figure 3C and D). We next assessed the levels of AKT, phosphor-
AKT, 4EBP1 and poshospho-4EBP1, which are downstream
effectors of the PI3 kinase (PI3K) pathway. Previous reports have
suggested that resistance to selumetinib treatment in CRC and
NSCLC cell lines was associated with baseline increased PI3K
signalling (Balmanno et al, 2009). However, as depicted in
Figure 3E–H, we failed to segregate the panel of 11 NSCLC and
CRC cell lines into selumetinib-sensitive and selumetinib-resistant
groups, by using the PI3K pathway.

Effects of selumetinib treatment on NSCLC and CRC
tumour xenografts in nude mice

As shown in Figure 4A and B, HCT116 and Calu3 xenograft growth
was significantly inhibited by selumetinib treatment in a dose-
dependent manner. As an example, at day 50 from the injection of
cancer cells, the mean tumour volume in mice bearing HCT116
tumour xenografts and treated with selumetinib, 25 or 50mg kg� 1

were 40% and 15%, respectively, as compared with control
untreated mice. Similarly, at day 50 from the injection of cancer
cells, the mean tumour volume in mice bearing Calu3 tumour
xenografts and treated with selumetinib, 25 or 50mg kg� 1 were
22% and 8%, respectively, as compared with control untreated
mice. In contrast, selumetinib treatment was unable to affect

tumour growth in both HCT15 and H460 tumour xenografts
(Figure 4C and D).

EGFR, RAS, MEK, and AKT protein expression and
selumetinib sensitivity in NSCLC and CRC cell lines

Identification of predictive biomarkers is becoming a fundamental
aspect in the development of targeted agents. So far, several
preclinical studies have been published trying to address this
aspect for the sensitivity to MEK inhibitors, but, since different
results have been reported, no univocal interpretation could be
made (Balmanno et al, 2009; Dry et al, 2010; Garon et al, 2010;
Tendler et al, 2010). To identify specific profiles, which could allow
identifying different molecular patterns of sensitivity or resistance
to MEK inhibition, we first screened the intracellular signalling
status of each cell lines. As depicted in Supplementary Figure 1A,
the NCSLC and CRC cell lines displayed highly variable basal levels
of total and phosphorylated EGFR, RAS, MEK, and AKT. As
illustrated in Supplementary Figure 1B, there was no apparent
correlation between basal levels of total and phosphorylated
proteins listed above in both tumour types.

Gene mutations and selumetinib sensitivity in NSCLC and
CRC cell lines

Activation of the classic MAPK cascade (RAS-RAF-MEK-ERK) is a
common event in colorectal and lung cancer. Some genes within
this pathway are mutated or aberrantly expressed. Moreover,
the MAPK pathway can be indirectly activated by mutations of
genes encoding for PI3K/PTEN/AKT and p53. We have screened
the panel of 11 NSCLC and CRC cell lines for mutations in
KRAS, NRAS, BRAF, PIK3CA, p53, PTEN, MEK1/2, AKT, EGFR
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Figure 4 Effects of selumetinib on human CRC and NSCLC xenografts. Mice bearing (A) HCT116, (B) Calu3, (C) HCT15, and (D) H460 cancer cells
were treated with vehicle or selumetinib (25 or 50mg kg� 1, oral, BID) for 21 days (n¼ 10 mice per group). Treatments started when tumour reached
volumes of 100–150mm3. Animals were killed when tumour reached 2000mm3 in size. ** Po0.005; ***Po0.0005.

Resistance to a selective MEK inhibitor is mediated by PKA

T Troiani et al

1653

& 2012 Cancer Research UK British Journal of Cancer (2012) 106(10), 1648 – 1659

T
ra
n
sl
a
ti
o
n
a
l
T
h
e
ra
p
e
u
ti
c
s



(Table 1; Supplementary Table 1A–F). In NSCLC cell lines, two out
of five (40%) harboured a KRAS mutation, which was located in
codon 12 or 13. Moreover, three out of five (60%) of NSCLC cells
harboured a PI3KCA mutation, which were located in exon 9 or 20.
A concomitant mutation in KRAS and PI3KCA gene was found in
two out of five (40%) NSCLC. One NSCLC cell line had an NRAS
mutation (Table 1; Supplementary Table 1A–F). In the panel of six
CRC cell lines, all of them harboured a KRAS gene mutation that
was located in codon 12 or 13. Moreover, half of CRC cell lines had
both a PI3KCA mutation in exon 9 or 20 and a KRAS mutation.
None of the CRC cells had an NRAS mutation. No BRAF mutations
were observed in the whole panel of NSCLC and CRC cells. As
reported in Supplementary Table 1E and F, no other gene
mutations were found in both NSCLC and CRC cell lines. After
this screening, we tried to correlate the mutational status with
selumetinib sensitivity. The analysis was made either considering
separately the two sets of cell lines (data not shown) or all together
(Supplementary Figure 2A and B). Sensitivity to selumetinib did
not seem to correlate with any specific gene mutations in this panel
of NSCLC and CRC cell lines.

Identification of gene expression profiles that could be
predictive of response to selumetinib in NSCLC and CRC
cell lines

RNAs from the 11 cancer cell lines were extracted and used for
microarray gene expression analysis. Using Student’s t-test with
Benjamini–Hochberg multiple test correction, 21 and 18 genes
were identified as upregulated or downregulated, respectively,
in selumetinib-resistant cancer cell lines (t-test, Po0.05)
(Supplementary Figure 3). Table 2 lists the differentially expressed
genes in selumetinib-resistant cancer cell lines. Among the
21 genes that were upregulated in selumetinib-resistant cancer
cell lines, we identified two genes, ADCY7 and AKAP13, which are
involved in the cAMP-dependent protein kinase (PKA) pathway
(Table 2A; Supplementary Figure 3). The ADCY7 gene encodes
a membrane-bound adenylatecyclase that convert ATP into
3’, 5’-adenosine monophosphate (cAMP) and pyrophosphate
(Supplementary Figure 4). The cAMP is a second messenger that
has a key role in intracellular signalling transduction. A major
function in mammalian cells is the activation of the PKA (Tasken
et al, 1997). The AKAP13 gene encodes the A-kinase anchor
protein 13 that has the function of binding to the regulatory
subunits of PKA (Supplementary Figure 4). Moreover, four genes
(NCOA3, TAF3, NR1H2, and RXRA), which are upregulated in

selumetinib-resistant cancer cell lines, belong to the retinoic acid
pathway, which is also activated by PKA (Altucci et al, 2007).

Treatment with selective PKA inhibitors sensitises
selumetinib-resistant cancer cell lines to selumetinib

To functionally evaluate if the cAMP-dependent PKA could
mediate resistance to MEK inhibitor treatment, we have treated
the panel of NSCLC and CRC with 8-Cl-cAMP, a site-selective
cAMP analogue, which specifically inhibits PKAI, the PKA isoform
that is directly involved in mitogenic signalling and the
transformed phenotype (Tortora and Ciardiello, 2000; Naviglio
et al, 2009). A dose-dependent inhibition of growth was observed

Table 1 Mutation status and sensitivity to selumetinib in a panel of
NSCLC and CRC cell lines

Cell line Gene Amino-acid change Sensitivity

GLC82 PIK3CA p.H1047R R
H460 PIK3CA p.E545K R

KRAS p.Q61H
A549 KRAS p.G12S R

PIK3CA p.Q546K
H1299 NRAS p.Q61K S
Calu3 — — S
HCT15 KRAS p.G13D R

PIK3CA p.E545K
LS174T KRAS p.G12D R

PIK3CA p.H1047R
GEO KRAS p.G12A S
SW480 KRAS p.G12V S
HCT116 KRAS p.G13D S

PIK3CA p.H1047R
SW620 KRAS p.G12V S

Abbreviations: CRC¼ colorectal cancer; NSCLC¼ non-small cell lung cancer;
R¼ resistant; S¼ sensitive; —¼ no mutations.

Table 2 List of the genes that are upregulated (A) and downregulated
(B) in selumetinib-resistant CRC and NSCLC cell lines

Gene
symbol Gene name FC P-value

(A)
LGALS8 Lectin, galactoside-binding, soluble, 8 17 265 0.000759
TBX3 T-box 3 9565 0.00085
RHOBTB1 Rho-related BTB domain containing 1 534 0.010506
EFNA1 Ephrin-A1 5065 0.00475
CD14 CD14 molecule 4655 0.015522
RGP1 RGP1 retrograde golgi transport homologue

(S. cerevisiae)
459 0.0035

CKAP4 Cytoskeleton-associated protein 4 432 0.000852
AKAP13 A kinase (PRKA) anchor protein 13 3955 0.00117
RXRA Retinoid X receptor, alpha 3935 0.00101
VASN Vasorin 3865 0.00355
ADCY7 Adenylate cyclase 7 3835 0.004585
ZNF516 Zinc finger protein 516 348 0.003229
TAF3 TAF3 RNA polymerase II, TATA box binding

protein (TBP)-associated factor, 140 kDa
3235 0.001045

ZNF618 Zinc finger protein 618 322 0.0168
NCOA3 Nuclear receptor co-activator 3 306 0.020052
BRWD1 Bromodomain and WD repeat domain

containing 1
2955 0.023051

AHCYL2 Adenosylhomocysteinase-like 2 2855 0.01875
TAOK1 TAO kinase 1 274 0.0035
NLK Nemo-like kinase 266 0.000501
FTL Ferritin, light polypeptide 232 0.0033
NR1H2 Nuclear receptor subfamily 1, group H,

member 2
232 0.00385

(B)
TNIK TRAF2 and NCK interacting kinase � 1707 0.0065
SH3TC2 SH3 domain and tetratricopeptide repeats 2 � 9605 0.005501
SOBP Sine oculis binding protein homologue

(Drosophila)
� 577 0.006542

S100A2 S100 calcium binding protein A2 � 5635 0.016571
FERMT1 Fermitin family homologue 1 (Drosophila) � 5335 0.00084
EMILIN2 Elastin microfibril interfacer 2 � 515 0.024016
GNL1 Guanine nucleotide binding protein-like 1 � 347 0.015001
HNRNPD Heterogeneous nuclear ribonucleoprotein D

(AU-rich element RNA binding protein 1)
� 3275 0.00345

INF2 Inverted formin, FH2 and WH2 domain
containing

� 3175 0.0072

KLF6 Kruppel-like factor 6 � 2985 0.016502
SMTN Smoothelin � 297 0.024001
KRR1 KRR1, small subunit (SSU) processome

component, homologue (yeast)
� 2705 0.014356

MXD1 MAX dimerisation protein 1 � 27 0.0257
RAB3IP RAB3A interacting protein (rabin3) � 2525 0.01735
SMAGP Small cell adhesion glycoprotein � 2325 0.006003
FAM82B Family with sequence similarity 82, member B � 2265 0.002593
ZNF180 Zinc finger protein 180 � 2245 0.01795
RPS6KA4 Ribosomal protein S6 kinase, 90 kDa,

polypeptide 4
� 2125 0.0229

Abbreviations: CRC¼ colorectal cancer; NSCLC¼ non-small cell lung cancer.
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in all cancer cell lines with a different degree of sensitivity, as
illustrated in Figure 5A.
To evaluate the interaction between selumetinib and 8-Cl-cAMP,

combination analyses were done. The CRC and NSCLC cancer
cells were treated with different concentrations of selumetinib
(range, 0.01–10 mM) and 8-Cl-cAMP (range, 0.01–5 mM) each day,
for a total of 3 days at a fixed drug ratio selumetinib to 8-Cl-cAMP
of 1 : 1. In all selumetinib-resistant cancer cell lines, the combi-
nation treatment caused synergistic growth inhibitory effects.
In fact, the CI values for the combinations treatments ranged
between 0.013 and 0.350. This was significantly different in the
selumetinib-sensitive cancer cells in which the combination
treatment was clearly antagonistic with CI between 1.3 and 3.6
(Figure 5B).
We next assessed the phosphorylation state of MEK and MAPK

following treatment with selumetinib, 8-Cl-cAMP as single agents
or in combination with HCT15 and H460 cancer cell lines. As
shown in Figure 3C, single agent selumetinib or 8-Cl-cAMP slightly
inhibited p-MEK and p-MAPK, whereas the combination induced
a significant inhibition of both phosphorylated proteins.
A genetic approach to inhibiting PKAI expression was devel-

oped by the use of phosphorothioate antisense oligonucleotides
targeting the synthesis of the PKAI regulatory subunit RIa. These

oligonucleotides inhibit growth of several human cancer cell
lines in vitro and in vivo (Yokozaki et al, 1993; Nesterova and
Cho-Chung, 1995; Tortora et al, 1997a). Therefore, HYB 190, an
18-mer MBO antisense to the N-terminal 8–13 codons of the RIa
subunit of PKAI, and the control HYB 239, containing four
mismatched bases, were tested to study the effect on the growth of
NSCLC and CRC cell lines. All cancer cell lines treated with HBY
190 displayed a dose-dependent inhibition of growth by MTT
assay (Figure 6A). Growth inhibition was more pronounced in
selumetinib-resistant cancer cell lines (IC50 between 0.25 and
1 mM), while the IC50 values were 45 mM in the selumetinib-
sensitive cancer cells. In contrast, the control oligonucleotide, HYB
239, at doses up to 5 mM, showed only 5–15% growth inhibition
among all of the cell lines tested (Figure 6A). To determine
whether a combination of selumetinib and oligonucleotide HYB
190 could enhance the antiproliferative effect compared with either
agent alone, selumetinib-resistant cells were treated with different
combinations of the two agents at a fixed drug ratio of 1 : 1. As
shown in Figure 6B, the combination treatment caused synergistic
growth inhibitory effects. To determine whether the growth
inhibitory effect of oligonucleotide HYB 190 correlated with a
reduction in RIa protein levels, we performed protein blots on
total cell extracts prepared from H460 cells treated with
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Methods.
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oligonucleotide HYB 190, oligonucleotide HYB 239, selumetinib,
and combinations. Compared with untreated H460 cells, RIa levels
were substantially unchanged, even in cells treated with a higher
dose of the control oligonucleotide HYB 239 (1mM) and
selumetinib (5 mM). However, reduction of RIa expression was
seen when H460 cells were treated with oligonucleotide HYB 190
(Figure 6C). Moreover, a complete inhibition of RIa expression
was seen in the combination treatment (Figure 6C).
We finally evaluated whether the combined inhibition of both

PKA and MEK pathways would have antitumour activity in vivo in
selumetinib-resistant HCT15 and H460 xenografts (Figure 7). At
day 50 from cancer cell injection, the mean tumour volume in mice
bearing HCT15 and H460 tumour xenografts and treated with
selumetinib, 25mg kg� 1, and 8-Cl-cAMP, 0.5mg kg� 1, were 20%
and 16%, respectively, as compared with control untreated mice.

DISCUSSION

Advances in the understanding of cancer biology have led to the
development of novel and more selective anticancer therapies that
are aimed to target specific cancer cell signalling pathways. In this
respect, cancer patient selection is a key issue for the optimal use
of these drugs. Therefore, identification of biomarkers that could

be used to predict response to targeted agents is a crucial challenge
in cancer drug development. The key role of the RAS/RAF/MEK/
ERK signalling pathway in cancer cell biology and its potential as a
therapeutic target in human cancer has been well established in
preclinical models and clinical trials (Adjei et al, 2008; Balmanno
et al, 2009; Bennouna et al, 2011; Bekaii-Saab et al, 2011; Dai et al,
2011; Dry et al, 2010; Hainsworth et al, 2010; Tendler et al, 2010;
O’Nail et al, 2011). Highly selective small molecule MEK inhibitors
have shown clinical activity in different cancers including colon
and lung cancer in early clinical trials (Hainsworth et al, 2010;
Bennouna et al, 2011).
In this study, we have used selumetinib, a selective inhibitor of

MEK1/2 kinases, in a panel of five human NSCLC and six human
CRC cell lines. We observed a wide range of in-vitro sensitivity to
selumetinib. We considered selumetinib-sensitive cancer cell lines
those in which the in-vitro IC50 for cell growth inhibition was
41 mM. Cell growth inhibition in selumetinib-sensitive cancer cell
lines was paralleled by the induction of apoptosis, suggesting a
cytotoxic rather than a cytostatic effect of selumetinib. These
data are consistent with previous studies that demonstrated
that selumetinib-induced apoptosis is mediated by activating the
caspase pathways (Huynh et al, 2007b). Moreover, the inability of
selumetinib to completely inhibit the phosphorylation of MEK1/2
and MAPK in selumetinib-resistant cancer cell lines suggests that
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the activation of alternative signalling pathways may be respon-
sible of this effect.
We have extensively searched in the panel of NSCLC and CRC

cells for mutations of genes coding for proteins involved in the
intracellular signalling pathways regulating survival and prolifera-
tion and for the expression of the corresponding proteins in an
attempt to identify different molecular patterns which could
predict sensitivity or resistance to MEK inhibition by selumetinib.
No correlation was found between the presence of gene mutations
(KRAS, NRAS, BRAF, MEK 1 and 2, p53, PI3KCA, EGFR, PTEN) or
protein expression and/or functional activation (MEK, MAPK,
RAS, AKT) and sensitivity to selumetinib.
Activation of oncogenes or inactivation of tumour suppressor

genes often results in a complex regulation of different cell
signalling pathways. Therefore, gene expression profiles could
provide more comprehensive means by which to assess the
functional consequence of gene mutations and, therefore, may be a
more effective tool for a personalised therapeutic approach.
Although there are examples for which pathway activation and
drug response can be predicted by a single oncogene mutation, it
seems more likely that genomic analyses will be necessary to
accurately predict response to molecular targeted agents (Lynch
et al, 2004; Paez et al, 2004). Analysis of gene expression profiles in
the panel of NSCLC and CRC cell lines identified a number of

genes whose expression was upregulated or downregulated in
selumetinib-resistant cancer cell lines as compared with selume-
tinib-sensitive ones. Interestingly, several genes which code for
proteins that are key regulators of the cAMP-dependent PKA
pathway resulted upregulated in selumetinib-resistant cancer cells.
PKA is an intracellular enzyme with serine-threonine kinase

activity that has a key role in cell growth and differentiation. The
PKA holoenzyme is a tetramer formed of two regulatory (R)
subunits and two catalytic (C) subunits. Upon cAMP binding to
the R subunits, the active C subunit is released and activated
(Taylor et al, 1990). PKA is also involved in neoplastic
transformation. In this respect, type I PKA (PKAI), which contains
the RIa regulatory subunit, is generally upregulated in human
cancer cell lines and primary tumours and is induced following
transformation by certain oncogenes, such as RAS (Cho-Chung
et al, 1995). Moreover, PKAI overexpression has been correlated
with poor prognosis in cancer patients (Miller et al, 1993).
Inhibition of PKAI expression and function by specific pharma-
cologic agents such as the site-selective cAMP analogue 8-Cl-cAMP
induces growth inhibition in vitro and antitumour activity in vivo
in various human cancer cell lines (Rohlff et al, 1993; Tagliaferri
et al, 1988). Experimental evidence has been provided on a
functional link between EGFR/RAS-RAF-MEK-ERK pathway and
PKAI expression and activity (Ciardiello et al, 1996; Tortora and
Ciardiello, 2000). The interaction between EGFR and PKAI occurs
through direct binding of the RIa subunit to the Grb2 adaptor
protein. Therefore, PKAI seems to function downstream to the
EGFR, and experimental evidence suggests that PKAI is acting
upstream to the MAPK pathway (Tortora et al, 1997b). In
particular, PKAI provides a relevant contribution to the propaga-
tion of EGFR-activated mitogenic intracellular signalling. In fact,
overexpression of PKAI in MCF-l0A human breast cells determines
a constitutive activation of MAPK, mimicking the effect of EGF
addition to quiescent MCF-10A cells. In contrast, inhibition of
PKAI-mediated signalling by 8-Cl-cAMP significantly reduces
MAPK activation in EGF-stimulated MCF- 10A cells (Tortora
et al, 1997b). The combined blockade of EGFR and PKAI with
selective inhibitors, such as the anti-EGFR blocking monoclonal
antibody cetuximab and 8-Cl-cAMP, has a cooperative antitumour
activity on human cancer cell lines in vitro and in vivo (Ciardiello
et al, 1996). A role of PKAI in neoplastic transformation could be
mediated either by the functional and structural connect with
ERGF pathway and/or by its relationship with other signalling
molecules such as bcl-2-dependent apoptotic pathway and such as
tumour-induced neoangiogenesis (Tortora and Ciardiello, 2000).
In the present study, we have shown that treatment with 8-Cl-

cAMP, a cAMP analogue that specifically inhibits PKAI, is able to
overcome the resistance to MEK inhibition in selumetinib-
resistant cancer cell lines both in vitro and in vivo. These results
suggest that the PKA pathway could be activated in human cancer
cells with intrinsic resistance to selective MEK inhibitors and
represents a rationale for the investigation of combining MEK and
PKA inhibitors in cancer treatment.
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Figure 7 Combined treatment with selumetinib and 8-Cl-cAMP
significantly inhibit tumour growth in selumetinib-resistant human tumour
xenograft models. (A) HCT15 and (B) H460 cells were grown as tumour
xenografts in nude mice. After tumour establishment (100–150mm3), mice
were treated with selumetinib (25mg kg� 1; oral gavage), twice a day (BID),
8-Cl-cAMP (0.5mg kg� 1; intraperitoneal injection), twice a week or the
combination of both drugs for 21 days. Animals were killed when tumours
achieved 2000mm3 in size. **Po0.005; ***Po0.0005.
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