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Abstract
Epidermal growth factor receptor (EGFR) signaling plays an important role in non-small cell lung
cancer (NSCLC) and therapeutics targeted against EGFR have been effective in treating a subset
of patients bearing somatic EFGR mutations. However, the cancer eventually progresses during
treatment with EGFR inhibitors, even in the patients who respond to these drugs initially. A large
variety of distinct irreversible inhibitors have been developed, which may combat therapeutic
resistance. Nonetheless, major challenges in tailoring patient-specific treatment regimens involve
predicting the most effective inhibitors and monitoring for acquisition of resistance. A patient-
customized, predictive diagnostic that quantifies the effects of specific anti-EGFR therapies may
improve outcomes in cancers where EGFR plays a mechanistic role. In this study we used an
EGFR-phosphorylatable peptide, AEEEEYFELVAKKK, immobilized within a polyacrylamide
hydrogel as a substrate for profiling the activation status of EGFR in the cellular extracts of
erlotinib-resistant cancer cells. The hydrogel array was able to detect therapeutic resistance as well
as identify inhibitors capable of combating therapeutic resistance. These findings establish the
potential of this protein-acrylamide copolymer hydrogel array to not only evaluate EGFR status in
cancer cell lysates but also to screen for the most promising therapeutics for individual patients
and monitor effects of treatment on acquisition of resistance to EGFR inhibitors.
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1. Introduction
Lung cancer is the leading cause of death globally. The first line of treatment involving
platinum-based chemotherapeutics yields a response rate of only 30% in advanced non small
cell lung cancer (NSCLC) (Schiller, 2002). Frequent abnormal amplification or activation of
epidermal growth factor receptor (EGFR) in NSCLC has been correlated with hallmarks of
cancer including increased cell proliferation, angiogenesis, invasion and metastasis (Laskin
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and Sandler, 2004; Yarden, 2001). EGFR is a member of the ErbB family of receptor
tyrosine kinases (RTKs) which is comprised of EGFR (ErbB1), HER2/neu (ErbB2), HER3
(ErbB3), and HER4 (ErbB4). Ligand binding leads to homo or heterodimerization of these
receptors which in turn initiates downstream signaling cascades involving the
phosphatidylinositol-3-kinase (PI3K), Akt, mitogen activated protein kinase (MAPK),
phospholipase cγ and STAT pathways (Laskin and Sandler, 2004; Yarden, 2001).

Identification of the oncogenic potential of EGFR spawned the development of several
therapeutics directed against EGFR. Two small molecule EGFR tyrosine kinase inhibitors
(EGFR-TKI), gefitinib (Iressa, AstraZeneca International) and erlotinib (Tarveca, OSI
Pharmaceuticals) have been evaluated in patients with NSCLC (Inoue et al. 2006; Shepherd
et al. 2005). These ATP competitive, reversible EGFR-TKIs have been effective only in a
small subset of NSCLC patients (10-15% of Caucasian and 30-40% of Asian) bearing
somatic mutations in the kinase domain of EGFR (Sequist et al. 2007). EGFR mutations
associated with increased sensitivity to erlotinib and gefitinib are found in exons 18-21, a
region that encodes the EGFR tyrosine kinase domain (Lynch et al. 2004; Paez et al. 2004;
Pao et al. 2004). Deletions in exon 19 and the L858R mutation constitute around 90% of
these mutations. These mutations impart increased affinity for gefitinib or erlotinib as well
as decreased affinity for ATP. Nevertheless, patients initially responding to TKI therapy
invariably develop resistance to these drugs, thereby limiting the progression-free survival to
approximately 9-13 months with a median survival of 2 years (Rossell et al. 2009). Studies
have been undertaken to identify the biomolecular properties associated with drug resistance
in tumor specimens and also in resistant cell lines. Different molecular techniques involving
direct sequencing, subcloning or cycleave PCR, PCR- restriction fragment length
polymorphism (PCR-RFLP), Scorpion amplified refractory mutation system (SARMS) as
well as immunohistochemical detection using mutation specific antibodies have been
employed to identify the mechanisms of de novo or acquired resistance (Balak et al. 2006;
Engleman et al. 2006; Kitamura et al. 2010; Kobayashi et al. 2005; Kosaka et al. 2006;
Kuang et al. 2009; Pao et al. 2005). Moreover, mutation scanning based on enzymatic
digestion of PCR products by SURVEYOR enzymes combined with HPLC chromatography
or real time melting curve analysis has also been used for mutational analysis (Kuang et al.
2009; Li J 2007). These studies revealed that 50% of drug resistant tumors are associated
with the emergence of a secondary mutation, substitution of methionine for threonine at the
position 790 (T790M), in the EGFR kinase domain (Kobayashi et al. 2005; Pao et al. 2005).
By increasing ATP affinity, the T790M mutation negates the sensitivity of reversible TKIs
and generates a resistance to the achievable clinical doses of the drugs. Studies have also
identified the presence of other secondary mutations in the resistant tumors, including
D716Y, L747S, E884K, and T854A, although these mutations occur less frequently than
T790M (Balak et al. 2006; Choong et al. 2006; Costa et al. 2008). An additional survival
mechanism adopted by NSCLC cells in 20% of therapeutic resistance to EGFR-TKIs
involves amplification of the MET proto-oncogene (Bean et al. 2007; Engelman et al.
2007a). The molecular mechanism involved in 30-40% of drug resistance cases is yet to be
unraveled, illustrating the need to develop assays to directly monitor EGFR activity in
cancer cells treated with EGFR-TKIs.

Some EGFR the secondary mutations, such as L747S or D761Y, confer substantially less
resistance to gefitinib or erlotinib compared with the T790M mutation, and administering
alternative EGFR-TKIs can be beneficial (Choong et al. 2006; Costa et al. 2008). One study
showed that while switching to erlotinib overcame gefitinib resistance in a NSCLC patient
with L858R+L747S mutations, it failed for a gefitinib refractory patient with the T790M
mutation (Choong et al. 2006). Similarly another report demonstrated that a switch from
erlotinib to gefitinib yielded a positive response in a lung adenocarcinoma patient with
L858R+E884K mutations (Costa et al. 2008). However, none of the reversible EGFR-TKIs
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are effective in patients expressing EGFR with the T790M mutation. Thus it appears that the
precise nature of the secondary mutations determines the success of these TKIs. However,
the realization that cancer cells with T790M EGFR mutation still depend on EGFR for
survival spawned the development of a gamut of irreversible EGFR-TKIs. These second
generation irreversible EGFR-TKIs, including CL-387,789, HKI-272, and PF00299804,
inhibit EGFR phosphorylation by affecting a Michael addition reaction with the cysteine
residue in the ATP binding pocket of the EGFR kinase domain. The covalent attachments
ensure a higher occupancy of ATP binding site and thus enable these TKIs to inhibit the
activation of T790M EGFR (Engelman et al. 2007b; Zhou et al. 2009). Other second
generation irreversible inhibitors which have shown promise at different stages of clinical
development include BIBW-2992 (EGFR/HER2 dual inhibitor), CI-1033 (pan-EGFR
inhibitor) and EKB-569 (pan-EGFR inhibitor).

However, there are some serious issues which prevent a smooth transition of these TKIs
from preclinical studies to clinical therapies. Due to the involvement of different resistance
mechanisms, a major challenge involves identifying the mechanism of resistance in
individual patients. This is because a general therapeutic strategy to overcome EGFR-TKI
resistance will not be effective in treating all resistant patients. For example, patients with
amplified MET expression will not respond to EGFR-TKI therapy. Similarly, treating
patients bearing secondary EGFR mutations or having some other activated kinase pathway
with MET inhibitor will be unsuccessful. Hence, there is a need of a diagnostic tool which
can differentiate the patients who may benefit from switching to different EGFR-TKIs from
patients who will need different therapeutic strategies to overcome the drug resistance.

Here we report the development of a hydrogel-based peptide array capable of quantitatively
assessing EGFR tyrosine kinase activity and the sensitivity of different EGFR inhibitors in
extracts of cells that have acquired drug resistance. In this study, we have used the EGFR-
phosphorylatable peptide sequence AEEEEYFELVAKKK as the substrate for profiling
EGFR kinase activity. As opposed to the conventional method of genotyping cancer
specimens and cancer cell lines, the peptide array will not identify mutations but instead will
detect alterations in the kinase activity due to acquired drug resistance. Sequencing is
regarded as the gold standard for mutational analysis. However, allelic dilution due to the
presence of a small fraction of mutated alleles in the background of large excess of normal
alleles often renders the sequencing/mutation screening technique inadequate (Engelman et
al. 2006; Li et al. 2007). Recent effort directed towards immunohistochemical detection of
EGFR mutations with mutation-specific antibodies as an alternative of the mutational
analysis revealed limited clinical utility of these antibodies (Kitamura et al. 2010). Since,
EGFR-TKI resistant cancer cells with secondary mutations not only express active EGFR
but also depend on EGFR for survival, an assay measuring activity of EGFR carrying
mutations may provide a more accurate report of the disease state than these conventional
techniques. AEEEEYFELVAKKK has been reported to be the optimal peptide for EGFR
kinase (Songyang et al. 1995). However, to the best of our knowledge, this peptide has never
been used to quantitatively assess the activity of EGFR carrying primary or secondary
mutations. Here, we report the ability of the hydrogel based peptide array to profile EGFR
kinase activity and assess the sensitivity of different inhibitors in the extracts of cells with
wild type EGFR (NCI-H23), cells with activating mutations (NCIH1650, PC9) and also in
cells having acquired resistance to erlotinib and gefitinib (H1650-ER and PC9-GR).

2. Materials and Methods
2.1 Preparation and purification of peptide

Amino acids, CLEAR-Amide resin and 2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium haxafluorophosphate (HCTU) were obtained from Peptides
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International (Louisville, KY, USA). Piperidine, N-methylmorpholine (NMM),
trifluoroacetic acid (TFA), 1,2-Ethanedithiol (EDT), Triisopropylsilane (TIS) were obtained
from Sigam-Aldrich (St. Louis, MO, USA). All reagents were used as received without any
purification. The peptide, AEEEEYFELVAKKK, was synthesized on an automated
synthesizer, Prelude™ (Protein Technologies, Inc.), using solid-phase method based on
Fmoc-chemistry. Cleavage of the crude peptide was performed with the mixture of TFA/
ddH2O/EDT/TIS (94:2.5:2.5:1 v/v) at room temperature. The crude peptide was then
precipitated and washed with cold diethyl ether three times. The crude peptides were tested
using ABI 4700 MALDI TOF/TOF mass spectrometry (Applied Biosystems) to confirm the
correct molecular masses and Agilent 1200 Series LC/MS system for purity. Purification
was done through a preparative C18 column in the Agilent 1200 LC/MS system if necessary.

2.2 Cell Culture and Lysate Production
Human lung cancer cell lines NCI-H23 and NCI-H1650 (hence forth referred to as H23 and
H1650) were obtained from ATCC (Manassas, VA). PC9 and PC9-GR cells were kind gift
from Dr. Pasi A. Janne (Dana-Faeber Cancer Institue, Boston, Massachusetts). The cells
were maintained in RPMI-1640 supplemented with 10% FBS and glutamine. During the
culture, the media were changed every other day. The cells were passaged every 5-6 days
using Trypsin-EDTA (0.25% trypsin, 1mM EDTA). To lyse the cells, the cells were washed
2X with cold phosphate buffered saline (PBS) and then 1 mL of cold lysis buffer containing
1X protease inhibitor cocktail, 1 mM phenylmethylsulfonyl fluoride, and 1 mM activated
sodium orthovanadate was added to each cell flask. The cells were incubated on ice for 15
min with occasional swirling then removed from the plate with a cell scraper and transferred
to a microcentrifuge tube. The cell lysate was then clarified by centrifuging at 14,000 g at
4°C for 15 min. Total protein concentration was determined using a BCA protein assay kit
(Pierce, Rockford, IL) and the lysates were stored at −80°C until further use.

2.3 Kinase Inhibitors
Gefitinib and erlotinib were procured from LC labs (Woburn, MA), CL-387,785 from EMD
Chemicals (Gibbstown, NJ) and BIBW-2992 and CI-1033 from Chemietek (Indianapolis,
IN).

2.4 Establishment of erlotinib resistant clones
To establish resistant clones, H1650 cells were cultured continuously in the presence of
increasing concentrations of erlotinib. Starting with a concentration of 2.5 μM, exposure
dose was doubled every 15 days until the final concentration of 20 μM was achieved. The
cells were maintained in continuous culture with the final dose of erlotinib for 30 days.
Following which, the resistance phenotype of the pools was characterized by cell
proliferation assay. The resistant pool was then used to establish the clones. For the purpose,
these cells were seeded in 20 wells of a 96 well plate such that each well had only a single
cell. These cells were maintained in media with 20 μM erlotinib until they formed colonies.
Cells were then expanded to 6 well plate. The established clones were further maintained in
culture with 20 μM erlotinib for another 30 days. The cell viability was then measured by
challenging them with varying concentrations of erlotinib. Prior to any experiment, the cells
were cultured in media without erlotinib for at least a week.

2.5 Cell viability assay
H1650, H1650-ER1, H1650-ER2 and H1650-ER4 cells were seeded at a density of 5 × 103

cells/well in 96 well plates. After 24 hr, EGFR-TKIs (erlotinib, gefitinib, genistein,
PKI-166, CL-387,785, CI-1033 and BIBW-2992) at varying concentrations were added and
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the cells were incubated further for 48 hr. The cells were then washed with PBS and cell
viability was measured using a XTT assay kit (Sigma, St. Louis, MO).

2.6 Clonogenic Assay
H1650, H1650-ER1, H1650-ER2 and H1650-ER4 cells were seeded at a density of 25 cells
per well in 6 well plates and incubated overnight. After 24 hr, erlotinib was added so as to
achieve the concentration of 10 and 50 μM and the cells were incubated for 15 days. Media
was changed twice weekly. After 15 days, the cells were stained with 0.1% crystal violet for
5 min at the room temperature and the number of colonies was counted. Only colonies
containing at least 50 cells were counted. The number of colony forming units in the treated
cells was expressed as percentages of untreated cells. The experiment was repeated twice.

2.7 PCR and sequencing
RNA from H1650, H1650-ER1, H1650-ER2 and H1650-ER4 cells was extracted using
RNeasy Mini kit (Qiagen, Valencia, CA) and cDNA was generated using high capacity
cDNA reverse transcription kit (Applied Biosystems). PCR was conducted to amplify the
exons 18-21 using the primers designed by Willmore-Payne et al. Each PCR reactions
contained 2 μL of cDNA, 2 μL of primers, 1 μL of 10 μM dNTPs, 1 μL of 50 mM MgCl2, 5
μL of Thermo-pol buffer and 1 μL of Taq polymerase in 50 μL reaction volume. PCR
cycling parameters were: one cycle of 95°C for 1 min, 50 cycles of 95°C for 30 s, 58°C for
30 s and 72°C for 40 s, followed by one cycle of 72°C for 1 min. The PCR products were
then purified and followed by sequencing.

2.8 Fabrication of hydrogel based protein arrays
Glass slides were acryl functionalized and peptide sequence AEEEEYFELVAKKK was
acryl labeled as described in detail previously (Brueggemeier et al. 2005; Ghosh et al. 2009).
Briefly, 1 μL spots were created onto the glass slides by polymerizing the prepolymer (4%
(w/v) acrylamide/bisacrylamide, 0.1% (w/v) Irgacure-2959 (Ciba Specialty Chemicals),
15% (w/v) glycerol, and 500 ng of peptide) with UV (365 nm) illumination at 1500 μW/cm2

for 15 min. The glass slide containing the polymerized array was washed in TBST (10 mM
Tris-HCl, 100 mM NaCl and 0.15% Tween-20) and then in DI water prior to storing in 1X
EGFR kinase buffer (20 mM HEPES pH:7.2, 10 mM MnCl2, 1 mM DTT, 15 mM MgCl2
and 40 μg/mL BSA) at 4°C.

2.9 Array based kinase assay
To carry out the kinase assay, the kinase buffer was aspirated from the slides and the slides
were dried under a stream of compressed air. As illustrated in Figure 1, reaction chambers
were created by placing 3.5 × 0.5 cm spacers, made from Dura Lar sheets of 350μm
thickness in between the spots (for 60 μL reactions) and placing a clean glass slide over the
spots. The reaction mixture consisting of 50 μg of cell lysates, 6 μL of 1 mM ATP, 6 μL of
100 μg/mL EGF, 20 μL of 3X EGFR kinase assay buffer, 6 μL of 50% glycerol and water
(total volume of 60 μL) was then applied to the reaction chamber. Cell lysate protein
concentration was 0.6 μg/μL of reaction mixture.

2.9.1 Comparing the effects on inhibitors on EGFR kinase activity—EGFR-TKIs
at varying concentrations were incubated with cell lysates for 30 min at room temperature
prior to performing the kinase assay.

2.10 Detection and quantification of phosphorylated substrates
After the reaction, the slides were washed with TBST for 30 min. Then the slides were
blocked in TBST containing 1% BSA for 1 hr at room temperature. This was followed by
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incubation of the slides with 4G10 anti-phosphotyrosine (Upstate Biotech) antibody for 1 hr
at room temperature. After incubation with primary antibody, the slides were washed 3X
with TBST then incubated with horseradish peroxidase (HRP) conjugated goat anti-mouse
secondary antibody (Invitrogen). Enhanced chemiluminescence (ECL) technique was used
to detect HRP activity. After development, average pixel value of each spot and the
background signal in the near vicinity was measured using Image J software (NIH,
Bethesda, MD) and the difference between the two signals was reported as the pixel value
for the spot.

2.11 Western Blot Analysis
Following incubation with or without EGFR-TKIs for 5 hr, H1650, H1650-ER1, H1650-
ER2 and H1650-ER4 cells were harvested and cellular protein concentration was quantified
using BCA protein assay (Pierce, Rockford, IL). 30 μg of proteins were subjected to 10%
SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. After
blocking the membranes with 0.1% BSA in TBST for 1 hr at room temperature, the
membranes were probed with primary anti-EGFR antibody (Santa Cruz Biotechnologies),
anti-erbB2 antibody (Cell Signaling Technology), anti-Akt antibody (Cell Signaling
Technology), anti-p-Akt antibody (Cell Signaling Technology), anti-MAPK antibody (Cell
Signaling Technology), anti-p-MAPK antibody (Cell Signaling Technology) and
horseradish peroxidase-conjugated secondary antibody respectively for 1 hr at room
temperature. Protein levels were detected by ECL (Pierce).

3. Results and Discussion
To develop an assay to quantify EGFR activity in cancer cell lysates, acryl-labeled peptide
(AEEEEYFELVAKKK) was attached to the functionalized glass slides by copolymerization
with acrylamide in a free-radical polymerization. Previous studies from our lab have shown
that immobilization of peptides or fusion proteins within hydrogel networks helps maintain
the native form of the substrate due to the presence of hydrated environment within the
hydrogel (Brueggemeier et al. 2005; Ghosh et al. 2009). Hydrophilic hydrogel passivates the
glass surface and thus reduce the hydrophobic interactions between the glass and the protein.
Moreover, the characteristic three dimensional network of the hydrogel increases the
substrate capacity to a great extent. These characteristics provide a probe with high binding
capacity and sensitivity, ultimately improving signal-to-noise ratio (Brueggemeier et al.
2004; Brueggemeier et al. 2005; Ghosh et al. 2009).

3.1 Detection of EGFR kinase activity in cell lysates
To investigate the ability of the peptide to act as a specific substrate for EGFR kinase, we
assessed the phosphorylation of the immobilized peptide following incubation with H23 cell
lysate, K562 cell lysate, and a no lysate buffer control. H23 is a NSCLC cell line that
expresses wild type EGFR while K562 is a human chronic myeloid leukemia cell line that
does not express EGFR but expresses very high levels of the constitutively active tyrosine
kinase Bcr-Abl (Naruse et al. 2002). Figure 2 illustrates the phosphorylation of the substrate
by the cell lysates, using an anti-phosphotyrosine antibody followed by ECL detection as
readout. Substrate phosphorylation was significantly higher for H23 cells (ECL value: 71 ±
7) as compared to K562 cells (ECL value: 15 ± 2, p < 0.005). This observation suggests that
the immobilized peptide substrate was phosphorylated primarly by EGFR, and that the other
tyrosine kinases present in the cell lysates do not substantially contribute toward substrate
phosphorylation. In the absence of cell lysate, very little ECL signal was detected (ECL
value: 6 ± 0.2).
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To investigate the efficacy of the peptide to act as substrate of EGFR, phosphorylation of
peptide was compared to that of GST-Eps15 in the presence of cell lysates. The peptide was
found to be more consistently phosphorylated when incorporated in polyacrylamide gels
(data not shown). All the experiments in this study were carried out using the peptide as
substrate. Moreover, to characterize the stability of polyacrylamide copolymerization
attachment, the slides with the polymerized spots were incubated in 1X EGFR buffer at 4° C
over a time ranging from 1 to 10 days. To investigate the stability and diffusion of the
peptide within the hydrogel spots, the phosphorylation of the peptide upon incubation with
H23 cell lysate at different time points was compared to that observed on day 1.
Approximately 70% of the phosphorylation was retained after 10 days (Figure 2C).

To investigate the ability of the peptide to profile activation status of mutant EGFR as well
as to quantify the sensitivity of mutants to the EGFR inhibitor erlotinib, the substrate was
incubated with H23 or H1650 cell lysates for 1 hr in the presence of 0-50 μM erlotinib.
H1650 is a NSCLC cell line that expresses EGFR containing a deletion mutation (ΔE746-
A750) in the kinase domain. As shown in Figure 2D, substrate phosphorylation was
significantly attenuated when H1650 was incubated with erlotinib. This indicates that
erlotinib had effectively reduced EGFR kinase activity in H1650 (IC50: ~1.5 μM). However,
erlotinib was much less effective on H23. This observation agrees with reports that erlotinib
is much more active against EGFR containing activating mutations as compared to wild type
EGFR (Sequist et al. 2007; Rossell et al. 2009; Wang et al. 2008).

3.2 Establishment and characterization of erlotinib resistant clones
NSCLC cell line H1650 was used to generate resistance to the EGFR inhibitor erlotinib. As
described in the Materials and Methods section, cells were exposed to erlotinib at 2 μM and
the dose was progressively doubled every 15 days until the final concentration of 20 μM was
reached. The cells were cultured at this concentration of erlotinib for 1 month. We then
determined the resistance of this pool of H1650 cells by challenging it to different
concentrations of erlotinib. As shown in Figure 3A, higher viability at all erlotinib
concentrations was observed in the pool of erlotinib-resistant cells. Individual H1650 clones
were then isolated and characterized from this resistant pool. We characterized the resistant
phenotype of the clones by quantifying cell proliferation at different concentrations of
erlotinib. A much higher proliferative rate and significantly higher IC50 were observed for
these cells (IC50 > 20 μM) as compared with the sensitive parental H1650 cells (IC50 ~2.4
μM) (Fig. 3A). The resistant phenotype was also confirmed by clonogenic assay (Fig. 3B).
Under continuous exposure of 10 μM and 50 μM of erlotinib, parental cells formed very few
colonies while significantly greater numbers of colonies were observed in case of the
resistant clones.

To examine the effect of erlotinib upon downstream targets of EGFR which mediate the
proliferative and survival pathways, the expression and activation state of MAPK and Akt
was studied. Treatment with erlotinib resulted in attenuation in MAPK phosphorylation in
the parental cell line (Fig. 3C). In resistant clones (H1650-ER1, H1650-ER2 and H1650-
ER4) the phosphorylation of MAPK was maintained in the presence of erlotinib. However,
in both the parental cell line as well as the resistant clones, erlotinib dosage did not affect the
phosphorylation of Akt. Maintenance of Akt phosphorylation in H1650 in presence of
EGFR inhibitor may be due to the loss of phosphatase and tensin homolog (PTEN) (Sos et
al. 2009).

Sequencing revealed the persistence of the deletion mutation ΔE746-A750 within the kinase
domain of EGFR in both H1650 and the resistant clones; however, no additional mutation
was observed in the EGFR open reading frame in resistant cells.
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3.3 Quantification of acquired resistance by hydrogel based assay
To investigate the ability of the hydrogel-based peptide array to quantitatively assay
acquired erlotinib resistance in the clones, the immobilized peptide was incubated with the
cellular extracts of clones in the presence of erlotinib. As illustrated in Figure 4A and 4B,
substrate phosphorylation was significantly attenuated by erlotinib in the parental cells,
indicating a reduction of EGFR kinase activity in the presence of erlotinib (IC50: ~1.5 μM).
However, such a profound effect of the inhibitor was not observed in the resistant clones
(IC50: > 50 μM) indicating erlotinib was not able to induce a reduction in kinase activity in
the clones. More importantly, this study also demonstrates the ability of the immobilized
peptide based array to detect acquired resistance in the cells.

3.4 Quantification of sensitivities of different inhibitors in resistant clone and comparison
with parental cell

Since many inhibitors that were designed in part to overcome therapeutic resistance to
existing RTKs are now in the process of development, any tool capable of evaluating the
sensitivities of these inhibitors will aid in drug screening and development. With this goal in
mind, we explored the possibility of profiling the sensitivities of different inhibitors on the
resistant clones using the hydrogel-based peptide array. Toward this end, we investigated the
effect of the reversible ATP competitive inhibitors including gefitinib (EGFR inhibitor),
PKI-166 (dual EGFR-ErbB2 inhibitor), and genistein (kinase inhibitor), as well as the
irreversible inhibitors CL-387,785 (EGFR inhibitor), CI-1033 (pan-EGFR inhibitor), and
BIBW-2992 (dual EGFR-ErbB2 inhibitor). The concentrations of the inhibitors were varied
from 0 to 10 μM. Since the three clones have demonstrated a similar resistant phenotype, we
assessed the effects of these inhibitors on substrate phosphorylation on only H1650-ER1.
Figure 5A demonstrates a dose dependent effect of the inhibitors on substrate
phosphorylation. Incubation of H1650-ER1 cell lysate with gefitinib and PKI-166 had little
significant effect on substrate phosphorylation (IC50: > 10 μM). Genistein had moderate
effect with IC50: ~4 μM. However, the irreversible inhibitors had much more profound
effect on substrate phosphorylation. When H1650-ER1 cell lysate was incubated with
CL-387,785, CI-1033 and BIBW-2992, the substrate phosphorylation was attenuated
significantly (ECL value: 6 ± 2, 22 ± 6 and 15 ± 6 for 10 μM of CL-387,785, CI-1033 and
BIBW-2992 respectively) as compared to that in absence of inhibitors (ECL value: 82 ± 3).
These data show that the irreversible inhibitors were much more efficient in reducing EGFR
kinase activity in cells with therapeutic resistance as compared to the reversible
counterparts.

Experiments were also performed to determine the effect of these inhibitors on proliferation
of H1650-ER1 cells. Cell death induced by irreversible inhibitors suggests that acquisition
of erlotinib resistance did not trigger EGFR independent survival mechanism in these cells.
When the effects of these inhibitors on cell proliferation and substrate phosphorylation were
compared, comparable IC50 values were obtained (data not shown).

Next, we compared the effect of CL-387,785 and CI-1033 on kinase activity of H1650-ER1
to that of parental H1650 cell. These two irreversible inhibitors were chosen due to the fact
that CL-387,785 had been most effective in reducing EGFR kinase activity in cells with
therapeutic resistance and CI-1033 is a pan-EGFR inhibitor. Upon incubation of the
immobilized substrate with H1650 in the presence of these inhibitors, a significant reduction
in substrate phosphorylation was observed. As illustrated in Figure 5B, these irreversible
inhibitors had comparable effects on EGFR kinase activities of H1650 and H1650-ER1
cells. Again, CL-387,785 was found to be more effective than CI-1033. Cell proliferation
assays also exhibited similar trends. To gain insight into the mechanism underlying the
varying efficacies of different inhibitors on parental H1650 and erlotinib resistant H1650-
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ER1 cells, we examined the expression levels of ErbB family members in these cells (Fig.
5C). Both cells lines express comparable levels of p-ErbB2. ErbB3 was not expressed by
any of these cells. Therefore, we speculate that both H1650 and H1650-ER1 primarily
depend on EGFR for survival with a possibility of EGFR-ErbB2 heterodimer formation.

We compared the ability of erlotinib and CL-387,785 to suppress the phosphorylation of
downstream effectors Akt and MAPK. While erlotinib exhibited reduced efficacy in
suppressing p-AKT and p-MAPK levels in resistant cells compared to the parent H1650
cells, CL-387,785 showed persistent activity (Fig. 5D).

3.5 Detecting resistance in PC9-GR cells
Human lung adenocarcinoma cell line PC9, which contains a 15 bp deletion in exon 19 of
EGFR, is hypersensitive to gefitinib. We incubated the immobilized peptide with extracts of
PC9 cells and gefitinib-acquired resistant subline PC9-GR cells, bearing a secondary T790M
mutation (Zhou et al. 2009) in the presence of gefitinib to further confirm the ability of the
hydrogel-based array to detect drug sensitivity and acquired resistance. As illustrated in
Figure 6A, gefitinib significantly attenuated substrate phosphorylation at a concentration of
0.1 μM (p < 0.05) indicating reduced EGFR kinase activity (IC50: 0.2 μM). However, such a
dramatic effect of gefitinib on PC9-GR cells was not observed (IC50: 4.2 μM).

Next we incubated the immobilized substrate with PC9-GR cells in the presence of the
irreversible EGFR inhibitor, CL-387,785. This irreversible inhibitor was much more
effective in reducing the substrate phosphorylation as compared to gefitinib (IC50: 0.5 vs.4.2
μM) (Fig. 6B). IC50 values thus obtained correspond well with those obtained in cell
proliferation assay (Zhou et al. 2009). These experiments demonstrate the ability of the
peptide array to predict effectiveness of EGFR TKIs in a hypersensitive cell (PC9) as well as
in the resistant subline (PC9-GR). Moreover, these experiments further verified the
observations with H1650 and H1650-ER1 cells and substantiated the potential of this
hydrogel based peptide array to evaluate the efficacies of different inhibitors to overcome
therapeutic resistances.

4. Conclusion
In this study we have developed a robust and efficient hydrogel based bioassay to achieve
high sensitivity, high throughput, and quantitative measurement of EGFR kinase activity in
NSCLC cells with acquired drug resistance using ECL detection as read out.

The present study initially demonstrated the ability of a peptide, AEEEEYFELVAKKK,
immobilized in a hydrogel array to quantify the phosphorylation status of wild-type and
mutant EGFR in the presence of EGFR-TKIs. We then established erlotinib resistant H1650
clones and characterized the resistance phenotype by carrying out clonogenic assays as well
as measuring the cell viability upon challenging the cells with erlotinib. Subsequently, we
challenged the peptide array to detect acquisition of therapeutic resistance. A resistant clone,
H1650-ER1, was used to explore the potential of hydrogel based peptide array to quantify
the sensitivities of different inhibitors. Of all the inhibitors examined, the irreversible
EGFR-TKI CL-387,785 was found to be most effective in inhibiting EGFR kinase activity.

As opposed to the conventional methods which focus on genotyping cancer specimens for
identifying mutations responsible for enhanced kinase activity or acquired resistance, the
hydrogel based peptide assay cannot identify mutations that lead to changes in kinase
activity. However, it can detect the changes in kinase activity resulting from unknown
mutations. Moreover, it can evaluate the efficacy of different inhibitors and also screen for
the most promising therapeutics for individual patients to combat the resistance and monitor
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treatment progression. Furthermore, with a slew of inhibitors presently at different stages of
development, the hydrogel-based peptide array may also act as a drug screening tool.
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Figure 1.
Quantitative profiling of phosphorylated status of EGFR and sensitivities of EGFR to
inhibitors using a hydrogel-immobilized peptide assay. Hydrogel spots were created on the
functionalized slides by exposing the prepolymer (with or without peptide) to UV light.
Immobilized peptide was then incubated with different reaction mixtures, loaded in parallel
in different reaction chambers. Following the reaction, the phosphorylation of the substrates
was detected by ECL. After development, average pixel value of each spot and the
background signal was measured and the difference between the two signals was reported as
the pixel value for the spot.
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Figure 2.
Specificity of immobilized peptide phosphorylation by EGFR. (A) H23 lysate, K562 lysate,
and no lysate control were assayed for EGFR activity. ECL values represent the extent of
substrate phosphorylation. (B) Typical image of phosphorylation of immobilized peptide
after incubation with H23, K562 cell lysates and no lysate control for 1 hr. (C) Comparison
of substrate phosphorylation following incubation in PBS buffer for 1-10 days. (D)
Comparison of the effects of erlotinib on the phosphorylation of immobilized peptide by
H23 (cell with wild type EGFR) and H1650 (mutant EGFR) cell lysate. Each data point
represents the mean of three independent experiments in which each experiment contained
three replicates. The error bars represent s.e.m. (n=3).
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Figure 3.
Establishment and characterization of erlotinib-resistant H1650 cells. (A) Dose-response
curves of parental H1650 cells, a resistant pool, and clones isolated from the resistant pool
following incubation with varying concentration of erlotinib for 48 hr. (B) Colony formation
assay: H1650, H1650-ER1, H1650-ER2 and H1650-ER4 cells were seeded at a density of
25 cells per well in 6 well plates and cultured in the presence of varying concentration of
erlotinib. After 15 days, the number of colonies was counted. Only colonies containing at
least 50 cells were counted. Numbers of colony forming units in the treated cells were
expressed as percentages of untreated cells. (C) Extracts of the cells treated with 0, 1 and 10
μM erlotinib for 5 hr and were analyzed for phospho and total MAPK and Akt by Western
blot. Each data point represents the mean of three (A) or two (B) independent experiments.
The error bars represent s.e.m.
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Figure 4.
Quantification of acquired resistance to erlotinib by hydrogel based peptide array. (A)
Comparison of the effects erlotinib on the phosphorylation of immobilized peptide by
H1650, H1650-ER1, H1650-ER2, and H1650-ER4 cell lysates. Each data point represents
the mean of three independent experiments in which each experiment contained three
replicates. The error bars represent s.e.m. (n=3). (B) Typical images of phosphorylation of
immobilized peptide after incubation with H1650, H1650-ER1, H1650-ER2 and H1650-
ER4 cell lysates for 1 hr.
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Figure 5.
(A) Comparison of the effects different EGFR inhibitors on the phosphorylation of
immobilized peptide by H1650-ER1 cell lysates. Each data point represents the mean of
three independent experiments in which each experiment contained three replicates. (B)
Quantification of substrate phosphorylation by H1650 and H1650-ER1 cell lysates in the
presence of the inhibitors. (C) Expression levels of phopho and total ErbB2 and ErbB3 were
determined in the cellular extracts of H1650 and H1650-ER1 by Western blot analysis. (D)
Western blot analysis carried out to analyze the effect of erlotinib and CL-387,785 on
phosphorylated and total MAPK and Akt levels in H1650 and H1650-ER1 cells. The error
bars represent s.e.m. (n=3).
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Figure 6.
Effect of PC9 and PC9-GR cells on the hydrogel based peptide array. (A) Detection of
acquired resistance by the peptide array upon incubation of the immobilized substrate with
PC9 and PC9-GR cells in the presence of gefitinib. (B) Comparison of the effect of gefitinib
and CL-387,785 on substrate phosphorylation when incubated with PC9-GR cells. Each data
point represents the mean of three independent experiments in which each experiment
contained three replicates. The error bars represent s.e.m. (n=3).
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