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Abstract
Developing proteomic biomarkers is valuable for evaluating therapeutic effects of drugs and
generating better treatment strategies. However, conventional protein analysis is often challenging
due to inadequate sample size of clinical specimens, lack of assay reproducibility, accuracy and
sensitivity. A novel capillary isoelectricfocusing (IEF) immunoassay system (NanoPro) was used
to study the dynamic phosphorylation status of signaling molecules in non-small cell lung cancer
(NSCLC) cells treated with EGFR tyrosine kinase and MEK inhibitors. NanoPro showed the same
dynamic ERK phosphorylation as western blotting with good assay reproducibility using 1,000
times less protein. The IEF separation in NanoPro system enables multiple protein
phosphorylation isoforms to be resolved and detected simultaneously. With NanoPro, we
identified a specific on-target MEK response pattern to MEK inhibitor PD325901, which was not
detectable by western blotting. We also revealed a MEK2 signal that may be associated with
NSCLC cell sensitivity to EGFR inhibitor erlotinib, and distinguish erlotinib-sensitive from -
intrinsic as well as -acquired resistant cells. Moreover, NanoPro could differentiate human ERK1
isoforms from the mouse isoforms based on their pI differences and demonstrated that erlotinib
effectively inhibited ERK phosphorylation in targeted human xenograft cancer cells but not in
surrounding mouse stromal cells. With 8 ug of tumor aspirates, we precisely quantified the
response of 18 signaling molecules to erlotinib and MEK1 inhibitor treatments in a NSCLC
patient.

NanoPro’s higher sensitivity, better resolution of protein phosphorylation status and reduced tissue
requirement warrant NanoPro’s investigation for future drug development and evaluation of drug
effects of targeted therapies.
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Introduction
Cancer is a leading cause of death in the world (1). With increasing understanding of the
biology of cancer, targeted treatments according to the molecular features of the tumor have
emerged as the mainstream of anti-cancer therapies (2). Examples include several tyrosine
kinase inhibitors (TKIs), such as imatinib for chronic myeloid leukemia carrying the Bcr-
Abl fusion gene (3) and unresectable gastrointestinal stromal tumors carrying the mutant
KIT gene (4), and epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors for
lung adenocarcinoma harboring the mutant EGFR gene (5, 6). Because TKIs possess several
“off-target” effects, which may be responsible for unwanted side effects, proteomic
assessment of the drug effect in tumors may be useful in order to distinguish on-target from
off-target effects (7).

The study of on-targets and off-targets of specific drugs requires sufficient tumor material,
and this is at times challenging (e.g. when using diagnostic tools such as fine-needle
aspirations). Larger biopsies and repeat biopsies (e.g. in cases where drug resistance has
occurred), although important for treatment decisions, may be potentially hazardous and are
not feasible in all patients (8, 9).

Whereas relatively small amounts of tumor cells may allow the study of genetic alterations
(i.e. mutations, amplifications, fusion genes) and assessment of mRNA expression, profiling
of proteins in tumors, in particular the dynamics of protein phosphorylation, is more
complex. Mass spectrometry, conventional western blotting and immunohistochemical
staining (IHC) have been used to evaluate the expression and activity (e.g. phosphorylated
forms) of proteins. The quantity of proteins required for mass spectrometry is in the order of
several milligrams, and micrograms per target for conventional western blotting, while fine-
needle aspirations or core biopsies may only provide micrograms of protein material (10).
Although IHC requires less material, IHC procedures are not standardized and interpretation
is subjective and non-quantitative (11, 12).

Nano-fluidic proteomic immunoassay (NanoPro) is an automated capillary isoelectric
focusing immunoassay system (13, 14) recently developed and commercialized by
ProteinSimple. In NanoPro analysis, proteins and respective isoforms are separated by
charge, followed by target specific antibody probing. NanoPro can simultaneously separate,
detect and quantify multiple protein phosphorylation isoforms, thus allowing more sensitive
and accurate dissection of cell signaling events. Because as little as 25 cells may be
sufficient for each experiment (13), NanoPro could be a valuable assay to study the
pharmacodynamics of targeted therapies. NanoPro has been applied to evaluate the
dynamics of activities of oncoproteins in hematologic malignancies (14–17). In this report,
using NanoPro, we studied oncoprotein activation status in lung cancer cell lines treated
with tyrosine kinase and MEK inhibitors. Discrete MEK signal profiles were revealed by
NanoPro but not conventional western, which correlated with specific cell responses to drug
treatments. We further demonstrated the applications of NanoPro in evaluating human
cancer specific signaling responses in xenograft tumors, and the feasibility of proteomic
assessment in a biopsy of a lung cancer patient.
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Materials and Methods
Drugs and cancer cell lines

Erlotinib was obtained from LC laboratories (Woburn, MA) and PD325901 (18) was
purchased from EMD Millipore Chemicals (Darmstadt, Germany). Drugs were dissolved in
DMSO at a concentration of 10 mM.

PC-9 was kindly provided by Dr. James Chih-Hsin Yang (National Taiwan University,
Taiwan) and H4006 by Dr. Tetsuya Mitsudomi (Aichi cancer center, Japan); H322, H2122,
and HCC827 were obtained from American Type Culture Collection (ATCC, Manassas,
VA). The cell lines were not tested and authenticated by the authors. Cells were maintained
in RPMI media containing 10% serum. Erlotinib acquired-resistant HCC827 and H4006
subclones were established by incubating the cells in escalating concentrations of erlotinib
and were labeled as HCC827R and H4006R, respectively. Resistant cells were maintained in
media containing 500 nM erlotinib.

Lung cancer specimens
A patient with lung adenocarcinoma underwent a core biopsy of a lung lesion, followed by
treatment with a combination of AZD6244, a MEK1/2 inhibitor, and erlotinib
(NCT01229150). The second day after treatment, a fine-needle aspiration of an axillary
lymph node metastasis was performed. Pathologic report indicated that the aspirated
material contained more than 50% of cancer cells and some necrotic tissue. Both pre- and
post-treatment specimens were lysed and run on NanoPro system. Use of tumor specimens
was approved by the institute review broad of the National Cancer Institute, National
Institutes of Health.

Cell viability test
1,500 cells were plated onto 96-well plate one day before drug treatment. Cells were treated
with various concentrations of erlotinib for 72 hours. The IC50 value was determined using
CellTiter 96 AQueousOne Solution Cell Proliferation Assay (Promega, Fitchburg, WI).

Nano-fluidic proteomic immunoassay (NanoPro) analysis
Cell and tissue samples were lysed with M-Per buffer (Thermo Scientific Inc., Waltham,
MA) containing phosphatase and protease inhibitors (EMD Millipore, Billerica, MA).
Lysates were mixed with ampholyte premix and fluorescently labeled pI standards for
analysis on the NanoPro1000 system (ProteinSimple, Santa Clara, CA) according to
manufacturer’s instructions. In brief, a mixture of 30–50 ng cell lysate, 1x fluorescent pI
standard ladder 3, and 1x premix 5–8 ampholyte (ProteinSimple) was loaded onto the
capillaries. Capillary isoelectric focusing electrophoresis was performed at 21,000
microwatts for 40 minutes. The separated proteins were immobilized to the capillary wall by
exposing to UV light for 100 seconds at instrument default setting. Immunoprobing was
performed using primary antibodies obtained from Cell Signaling Technology (Danvers,
MA) (anti-phospho-ERK, anti-AKT, and anti-pJNK T183/Y185), Millipore (Billerica, MA)
(anti-ERK1/2, anti-pMEK1 pT292, and anti-MEK1), Abcam (Cambridge, MA) (anti-Alas1,
anti-pMEK2 T394, and anti-pSTAT3 Y705), Epitomics (Burlingame, CA) (anti-MEK2 and
anti-pMEK1 S218/S222), and Novus (Littleton, CO) (anti-MEK1 pT386), and then probed
with HRP-conjugated, goat anti-rabbit or goat anti-mouse secondary antibodies (Jackson
ImmunoResearch, West Grove, PA). All antibody incubation and wash steps were
programmed and performed automatically in NanoPro system, the incubation time was 2
hours for primary antibodies, and 1 hour for secondly antibodies. A 1:1 Luminol and
peroxide (ProteinSimple) mixture was then added to generate chemiluminescent light, which
was captured by a charge-coupled device (CCD) camera. The digital image was analyzed
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and quantified with Compass software (ProteinSimple) according to the user guide provided
by the manufacturer. In compass analysis, peak area corresponds with signal strength and
was used for quantitation. Experiments were performed at least in triplicate.

Immunoblotting
For conventional western blots, cells were incubated in serum-free media for 24 hours,
treated with various concentrations of drugs for one hour, and stimulated by 20 ng/ml EGF
for 10 min. Cells were then harvested, trypsinized, lysed in RIPA buffer containing protease
(Santa Cruz Biotechnology, Santa Cruz, CA) and phosphatase inhibitors (Thermo Scientific,
Waltham, MA) for 30 min at 4°C, and then centrifuged at 13,000 rpm at 4°C for 10 min.
Xenograft tumors were excised, resuspended in RIPA buffer containing protease and
phosphatase inhibitors, homogenized for 30 sec, incubated on ice for one hour, and
centrifuged at 13,000 rpm at 4°C for 40 min. Supernatant was collected.

Western blots were performed as previously described (19). Antibodies were obtained from
Cell Signaling Technology (Danvers, MA) (EGFR, pERK1/2, ERK1/2, pJNK), Abcam
(Cambridge, MA) (EGFR pY1068, MEK1/2 pS218/S222, MEK2 pT396, and MEK1/2), and
Sigma Aldrich (St. Louis MI) (Actin). Quantitation of bands was performed using ImageJ
software (NIH, Bethesda, MD).

Immunoblotting for anti-MEK2 siRNA knockdown samples were analyzed using the
automated capillary-based Simon SimpleWestern™ System (ProteinSimple; Santa Clara,
CA) as previously described (20). In brief, 20 ng of cell lysate was mixed with a master mix
containing 1x sample buffer, 1x fluorescent molecular weight markers and 40 mM DTT
(ProteinSimple, Santa Clara, CA), then heated at 95 °C for 5 minutes prior to loading to the
plate for analysis. During capillary electrophoresis, proteins were separated on the basis of
molecular weight through the stacking and separation matrices at 250 volts for 40 minutes
and then immobilized on the capillary wall using UV light. Capillaries were next incubated
with a blocking reagent (ProteinSimple), and then immunoprobed with anti-MEK2 antibody
(Epitomics) and HRP-conjugated goat anti-rabbit secondary antibody (Jackson
ImmunoResearch). Chemiluminescent signals were detected and analyzed as described in
the NanoPro analysis.

Xenograft study
Three million HCC827 cells were injected subcutaneously into the flank of athymic nude
mice. Once the tumor diameter reached 5 mm, or tumor volume reached ~60 mm3 using the
V = 1/2(L × W2) formula, mice were treated with either one dose of water or 100 mg/kg
erlotinib suspended in water by oral gavage. Animals were sacrificed 24 hours after
treatment. Xenograft, skin, and lung tissue were collected and snap frozen. Specimens were
stored at −80°C before further western or NanoPro analysis.

siRNA transfection
MEK2 siRNA and non-specific control siRNA were purchased from Dharmacon (Lafayette,
CO). siRNA was transfected using Lipofetamine RNAiMAX transfection reagent
(Invitrogen) following manufacturer’s recommendation. Cells were trypsinized 48 hours
after transfection for further investigation.
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Results
NanoPro is a sensitive method to study individual ERK phosphorylation isoforms in
response to erlotinib treatment

HCC827 cells, carrying amplified EGFR with E746-A750 deletion, are sensitive to erlotinib,
and H2122 cells, carrying mutant KRAS gene, are resistant to erlotinib (21). Using 30 µg of
cell lysates, we observed that erlotinib inhibited EGFR phosphorylation in both HCC827
and H2122 cell lines (Figure 1A and 1B) by western blotting. Erlotinib at 0.1 µM was
sufficient to almost completely inhibit the downstream ERK1/2 phosphorylation in HCC827
cells, whereas 10 µM of erlotinib only partially inhibited ERK1/2 phosphorylation in H2122
cells (Figure 1A and 1B). Using 30 ng of cell lysate, we further analyzed above samples by
NanoPro and compared results with western blot data. Since protein isoforms are separated
by charge in the NanoPro system, it has been shown that NanoPro can distinguish and
quantify non-phosphorylated, mono- and dual-phosphorylated ERK1/2 forms (designated
later in the text as ERK1/2, pERK1/2, and ppERK1/2, respectively), which cannot be
resolved by western blot analysis (13). On assaying phospho-ERK1/2, we observed
decreases of phospho-ERK1/2 isoforms in both HCC827 and H2122 cells upon erlotinib
treatment (Figure 1C and 1D). The signals of phospho-Erk isoforms were quantitated using
Compass software and inhibition of Erk phosphorylation by erlotinib treatment were
expressed relative to that of the no drug control (Figure 1E and 1F). The signals of the
ppERK1 and ppERK2 decreased by more than 80% upon 0.1 µM erlotinib treatment in
HCC827 cells and upon 10 µM erlotinib treatment in H2122 cells, consistent with western
blot results. Samples were analyzed in triplicate. As shown in figure 1E and 1F, %CV of less
than 15% was observed in samples with less than 60% signal decrease. Though higher %CV
was observed in samples with more than 90% signal decrease (due to a reduction in the
signal to noise ratio) less than 11% standard deviation was observed in those samples. This
observation indicates good assay reproducibility of NanoPro analysis compared to
conventional western blotting. In summary, NanoPro provided the same dynamics of
phospho-ERK activities as western blot, while using 1,000 times less protein material. The
NanoPro results were highly quantitative and reproducible and distinguished the activities of
ERK1 from ERK2 and their respective phosphorylated isoforms.

NanoPro can distinguish ERK1/2 phosphorylation in human xenograft tumors from
surrounding mouse stromal cells in response to erlotinib treatment

HCC827 xenograft mice were treated with one dose of either water or erlotinib, and
xenograft samples were analyzed. Western blot analysis indicated that EGFR Y1068 was
completely dephosphorylated upon erlotinib treatment, whereas ERK1/2 was only partly
dephosphorylated (Figure 2A). On assaying ERK phosphorylation with NanoPro, we
observed two additional signals, pI values of 5.24 and 5.60, in HCC827 xenograft samples
that were not present in HCC827 in vitro cultured cells (Figure 2B). These two peaks have
lower pI than the ppERK1 and pERK1 peaks observed in HCC827 cells. Since the
theoretical pI value of mouse ERK1 is lower than that of human ERK1 (6.15 and 6.28,
respectively, for non-phospho ERK1), we predicted that these two peaks are mouse ERK1
isoforms. Further analysis of mouse lung and skin samples confirmed the identity of the pI
5.24 and pI 5.60 peaks to be mouse ppERK1 and pERK1, respectively (Figure 2B). We also
observed that, in erlotinib treated mouse xenografts, the human phospho-ERK1 signals
decreased dramatically, whereas the mouse phospho-ERK1 signals decreased only modestly
(Figure 2C and 2D). Further analysis of the lung and skin tissue samples from mice treated
with erlotinib showed no significant decrease in mouse lung or only modest decrease of
ERK phosphorylation in mouse skin, when compared to tissue samples from mice treated
with water only (Figure S1A and S1B). NanoPro analysis data indicate that the residual
phospho-ERK activities observed in western blot were derived from mouse stromal cells in
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the xenograft rather than from human cancer cells. These data demonstrate that NanoPro
technology is able to distinguish human cancer cell-specific signals and their response to
drug treatment from interfering mouse stromal cells in xenografts, and clearly revealed that
erlotinib effectively inhibited down-stream Erk phosphorylation in targeted tumor cells but
not surrounding stromal cells.

Specific target response pattern detected by NanoPro in response to MEK inhibitor
treatment

Drug treatment of NSCLC cells with PD325901, an allosteric MEK1/2 inhibitor, resulted in
dephosphorylation of ERK1/2, up-regulation of MEK1/2 pS218/S222 in HCC827 cells, and
slight down-regulation of MEK2 pT394 in H2122 cells as observed in western analysis
(Figure S2A). Using NanoPro, we confirmed the drug inhibition on the phosphorylation of
ERK isoforms (Figure S2B).

While HCC827 and H2122 cells exhibited different MEK1/2 peak profiles in un-treated
baseline samples, a similar drug response signature was shared by both cell lines when
treated with PD325901. For example, in comparison with H2122 cells, untreated HCC827
cells presented relatively higher MEK1 pS218 signal at pI 6.09 (compare Figure 3A & 3E
with 3B & 3F), and MEK2 pS222 signal at pI 5.98 (compare Figure 3C & 3E with 3D & 3F)
and a relatively lower MEK2 pT394 signal at pI 5.92 (compare Figure 3C & 3G with 3D &
3H). However with PD325901 treatment, as highlighted by arrows in Figure 3, specific
MEK response patterns appeared in both cell lines. The pattern was composed of an increase
of MEK1 pS218/pS222 (pI 5.60, 5.91, and 5.98 peaks) and MEK2 (pT394 pI 5.58) peaks;
and a decrease of MEK1/2 pS218/S222 (pI 5.63) peak, MEK1 pS218 (pI 5.67) peak, and
MEK2 pT394 (pI 5.63 and pI 5.92) peaks. These peaks were detected by the pan-reactive
MEK1 (Figure 3A & 3B) and MEK2 antibodies (Figure 3C & 3D), as well as phospho-
specific MEK1/2 pS218/222 (Figure 3E & 3F) and MEK2 pT394 antibodies (Figure 3G &
3H). Quantitation of the PD325901 responding MEK signals were shown in Figure S3.

Peak assignments were established using isoform-specific and phospho-specific antibodies
as shown in Figure S4. For example, overlaying MEK1/2 pS218/222 signals with MEK2
(Figure S4A and S4C) and MEK1 (Figure S4B and S4D) signals, indicated that the pI 5.67,
5.86, 5.91, and 6.09 peaks are MEK1 isoforms, the pI 5.80 and 5.98 are MEK2 isoforms.
Overlaying MEK2 with MEK2 pS222 (Figure S4A and S4C) or MEK2 pT394 (Figure S4E)
indicated that the pI 5.58, and 5.92 peaks are phosphorylated at pT394 but not pS222. pI
5.63 peak contains both MEK1 and MEK2 isoforms, and pI 5.63 and 5.80 peaks contain
both MEK2 pS222 and pT394 isoforms. Comparison of MEK1 pS218 signals in PD325901
untreated (Figure S4B) and treated (Figure S4D) cells indicated that the pI 5.60 peak is a
specific MEK1 pS218 isoform that responded to PD325901 treatment.

In summary, in both HCC827 and H2122 cells, NanoPro detected a specific MEK signal
pattern in response to PD325901 treatment, which was not detectable using conventional
western blot. The pattern clearly demonstrated the on-target effect of the MEK inhibitor
PD325901.

A MEK2 signal associated with erlotinib sensitivity in NSCLC cells
Erlotinib sensitive (HCC827 and PC-9) and resistant (H2122 and H322) NSCLC cells
(Figure S5A), as well as acquired erlotinib resistant cells (HCC827R and H4006R) (Figure
S5B), were analyzed by NanoPro, and peak profiles were compared. The analysis detected
two MEK2 peaks, at pI 5.92 and pI 5.98,which correlated with NSCLC cell sensitivities to
erlotinib. We observed that the pI 5.92 signals were always higher than the pI 5.98 signals in
erlotinib-resistant H2122 and H322 cells with the pI 5.92 / pI 5.98 signal ratio of 4.16 and
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4.78, respectively, whereas the pI 5.92 signals were lower than pI 5.98 signals in erlotinib-
sensitive PC-9 and HCC827 cells with the pI 5.92 / pI5.98 signal ratio of 0.73 and 0.41
respectively, although the pattern was not as prominent in PC-9 as in HCC827 cells (Figure
4A and Table 1). The pI 5.92 and pI 5.98 peaks were hereafter designated as R (resistant)
and S (sensitive), respectively. As demonstrated in the previous section, blotting with
isoform-specific and phospho-specific antibodies identified the R and S peaks as MEK2
pT394 and MEK2 pS222/226, respectively. We observed an erlotinib dose-dependent
decrease of the R signal and an increase in the S signal in both HCC827 cells (Figure 4B)
and H2122 cells (Figure 4C). Plotting the R/S signal ratio with erlotinib concentration
generated a curve corresponding with cell response to erlotinib (Figure 4B and 4C bottom),
that is similar to the ERK phosphorylation response curve shown in figure 1E and 1F. In
HCC827 cells, R/S ratio reached a low-end plateau at 0.1 µM erlotinib, a concentration that
erlotinib efficiently inhibited downstream ERK phosphorylation; whereas, in H2122 cells,
10 µM of erlotinib was needed to decrease the R/S ratio to a comparable level. These data
suggest that these MEK2 R and S peaks are related with cell response to erlotinib treatment.

We further quantitated and compared the R and S signals in erlotinib-sensitive HCC827 and
H4006 cells to their corresponding acquired erlotinib-resistant HCC827R and H4006R cells
(Figure S5B). The acquired resistant subclones showed a higher R/S ratio than their parental
sensitive cells (Figure 4D and 4E, and Table 1). Our observation suggests that the MEK2 R/
S ratio may be associated with erlotinib sensitivity in vitro.

To further verify that the R and S signals are MEK2-specific, cells were transfected with
MEK2 specific siRNA: knockdown of MEK2 eliminated R and S signals confirming that the
R and S signals are MEK2 specific (Figure S6).

Pharmacodynamic effects assessed by NanoPro in a lung cancer patient
Tumor specimens were acquired from an advanced lung cancer patient before and after
treatment with a combination of erlotinib and AZD6244 (Selumetinib, a MEK1/2 allosteric
inhibitor; NCT01229150). Using 8 µg of each sample lysate, we profiled 18 protein targets,
including phospho-ERK, total ERK, MEK1/2, phospho-MEK1 and phospho-MEK2, AKT1,
phospho-AKT, phospho-JNK, phospho-STAT3 isoforms and loading controls. Analysis
profiles of ERK1/2, MEK1, MEK2 and AKT1 are presented in Figure 5, and the
quantitation of the ERK1/2, MEK1, MEK2 and AKT1 isoforms are shown in Figure 6. The
signals of all tested targets, including the loading control Alas1 (Figure S7A), were smaller
in the post-treatment specimen even though equal amount of protein lysates were loaded,
probably due to presence of necrotic tissue in the aspirated specimen (Figure 5 and S7). As
shown in Figure 5, by using pan-reactive antibodies, NanoPro revealed the distribution of
different phosphorylated and non-phosphorylated isoforms. For the MEK1, MEK2 and AKT
1 profiles, more acidic, lower pI signals, representing more phosphorylated isoforms, were
designated with lower numeric peak labels. More basic, higher pIs signals, representing less
phosphorylated MEK1, MEK2 and AKT isoforms, were designated with higher numeric
labels. Although signals were low in post-treatment samples, both phospho and non-phospho
ERK, MEK and AKT signals were clearly detectable in the post-treatment samples (Figure
5). These peaks most likely were derived from the remaining viable cells in the post-
treatment samples, as some peaks with shifted pI would be observed in the NanoPro assay
system, if the signals were derived from degraded proteins in dead cells. As shown in Figure
5 (bottom panels), no Erk1, Erk2, MEK1, MEK2 and AKT1 peak shifting was detected.

Besides the overall decrease in signals, NanoPro data showed that drug treatment also
dramatically inhibited the phosphorylation of all the major responding signaling molecules,
i.e. ERK1/2, MEK1, MEK2 and AKT1. The distribution of phosphorylation isoforms was
quantified as percentage of the signal peak area (obtained from Compass analysis, that
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corresponds with signal strength) of the respective isoform over the summation of peak
areas for all isoforms. As shown in Figures 5 and 6, in the post-treatment specimen the
percentage of the more phosphorylated ERK1/2, MEK1, MEK2 and AKT1 isoforms (lower
pI signals designated with lower numeric labels) decreased and the percentage of the less
phosphorylated ERK1/2, MEK1, MEK2 and AKT1 isoforms (higher pI signals designated
with higher numeric labels) increased. The inhibition of phosphorylation was further
confirmed upon assaying phospho-ERK1/2, MEK1 pT292, MEK1 pT386, JNK pT183/
Y185, and STAT3 pY705 in the post-treatment specimen (Figure S7).

Discussion
Using NanoPro, an automated capillary isoelectric focusing immunoassay system, we
studied dynamic oncoprotein phosphorylation in non-small cell lung cancer cells and drug
responses to targeted therapies. Using high resolution isoelectric focusing, followed by
target specific immunoprobing, NanoPro is able to separate different protein
phosphorylation isoforms by charge differences, and detect them using pan reactive
antibodies. While western blot has been the most commonly used assay to study protein
phosphorylation, our study demonstrates that NanoPro data provides more detailed
information on the activation status of each individual phosphorylated isoform, information
which is not accessible using conventional immunoassay technologies. In our study, a
complex MEK response profile was revealed by NanoPro, showing the on-target effect of
MEK inhibitor PD325901. We also identified a MEK2 signal associated with erlotinib
sensitivity in NSCLC cell lines. NanoPro was able to separate human from mouse ERK1
isoforms in xenograft tumor samples, thus allowing differentiation of human cancer cell
specific signals from mouse stroma interference. NanoPro is 1000 times more sensitive, in
terms of the amount of protein loaded, than conventional western blotting and detected the
dynamics of ERK1/2 isoform activities upon erlotinib treatment with good assay
reproducibility. We also showed the feasibility of evaluating the dynamics of target protein
activities using a minute tumor specimen (total 8 µg) from a lung cancer patient, obtained by
fine needle aspiration.

In the era of molecular targeted therapy, it has become important in drug development to be
able to ascertain that a drug hits its claimed target in tumor tissue. In addition, the maximum
tolerated dose (MTD), which has been used to develop cytotoxic agents in the past, may not
be necessary to achieve maximal treatment effect of targeted therapies (22, 23). In addition,
kinase inhibitors have been reported to have limited success in cancer treatment due to
kinome reprogramming in response to drug treatment, thus it is desirable to monitor the
dynamic and system changes of signals in multiple key pathways (24). Serial tumor biopsies
have been advocated to study the direct effect of drugs on their targets (25). Serial biopsies
have also been useful to study mechanisms of drug resistance and to potentially offer
alternative treatments (26). However, this has not been broadly accepted because of the
intrinsic risk involved in performing serial biopsies in patients with metastatic solid tumors.
Our data demonstrate the feasibility of using fine needle aspirate samples for proteomics
study of pharmacodynamics in molecular targeted therapy, and this could potentially be of
great value for clinical development of molecular targeted therapies.

Whereas conventional western blotting resolves proteins according to their molecular
weights, NanoPro resolves protein isoforms by isoelectric focusing points (13). Although
NanoPro is not a substitute for size-based western blots, NanoPro provides more information
regarding the activation status of target proteins than western blots, in addition to its higher
sensitivity and better assay reproducibility. As an example, in erlotinib treated NSCLC cells,
the signal detected by western blotting (Figure 1A & B) only provided general ERK1/2 de-
phosphorylation in response to erlotinib treatment and phospho-specific antibody is required
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to detect the Erk1/2 activation. Whereas, using a pan-reactive antibody, Nanopro is able to
measure the distribution of different ERK1/2 isoforms and their individual responses to drug
treatment (Figure 1C &D), thus offers the opportunity for a more detailed and in-depth study
of signaling molecule activation. The anti-phosho-ERK1/2 antibody we used for both
western blot and NanoPro was produced by immunizing animals with a synthetic phospho-
peptide corresponding to residues surrounding T202/Y204 of human ERK1 and recognized
dual-phospho-ERK1/2 and mono-phospho-ERK1 pT202 (http://www.cellsignal.com/
products/4370.html). Both dual-phospho-ERK1/2 and mono-phospho-ERK1/2 responded to
erlotinib treatment to the same degree (Figure 1). Interestingly, we observed relatively high
mono-phospho-ERK1 and mono-phospho-ERK2 activities in HCC827 cells (Figure 1C).
Although mono-phospho-ERK1 pY204 is 500 fold less active than the fully activated dual-
phospho-ERK1, the crystal structure indicates that T202 phosphorylation may have a
significant role in the conformational change of the activation-loop of the ERK1 (27).

MEK1/2 phosphorylations were profiled in PD325901 treated NSCLC cells by both western
blotting and NanoPro analysis, and compared. Conventional western blotting showed that
drug treatment induced an up-regulation of MEK1/2 pS218/S222 in HCC827 cells and a
slight down-regulation of MEK2 pT394 in H2122 cells (Figure S2A). Besides the up-
regulation of total MEK1/2 pS218/222 signals in HCC827 (Figure 3E) and slight down-
regulation of MEK2 pT394 signals in H2122 (Figure 3H) as observed in western blots,
NanoPro also revealed that in both HCC827 cells and H2122 cells, upon PD325901
treatment, a specific drug response or MEK phosphorylation pattern was formed containing
different MEK1 pS218, MEK2 pS222, and MEK2 pT394 isoforms (Figure 3A–3H).
Although overall peak profiles are different between the HCC827 and H2122 cells (see a
more detailed explanation in the Result section), the drug response patterns are similar in
both cell lines (highlighted by arrows in Figure 3A–3H), indicating specific on-target effect
of the MEK inhibitor.

We also used NanoPro to explore proteomic signatures related to drug sensitivity. EGFR
mutations are important predictors of response to EGFR-TKI therapy in NSCLC (28, 29). Su
et al. demonstrated that pretreatment presence of EGFR T790M mutation is a predictor for
poor response to EGFR-TKI treatment of lung adenocarcinoma carrying common
sensitizing EGFR mutations (30). A deletional BIM polymorphism in Asian lung cancer
patients predicted poorer progression-free survival on erlotinib therapy (31). Using mass
spectrometry, Zhang et al. demonstrated that three phosphorylation sites on the EGFR
protein (Y1110, Y1172, and Y1197) are associated with erlotinib sensitivity in lung cancer
cell lines (10). Here, using NanoPro assay, we identified a MEK2 signature, pI 5.92 (R
signal = MEK2 pT394) and pI 5.98 (S signal = MEK2 pS222) peaks, that was associated to
both intrinsic and acquired erlotinib resistance. Increased R/S signal ratios were observed in
resistant NSCLC cells, and decreased R/S signal ratios were detected in cells responding to
erlotinib treatment. The R and S peaks were identified to correspond to a MEK2 pT394
isoform and a MEK2 pS222 isoform, respectively. MEK2 T394, a homolog of MEK1 T386,
is phosphorylated by kinases, including ERK1 (32, 33). Higher R signal (one of MEK2
pT394 specific signals) in the cells might indicate intrinsic kinase activities independent of
EGFR signals, and hence the cells may not respond well to EGFR inhibitors. Even though
the R signal was identified as containing the MEK2 phosphorylation at T394 and the S
signal contains MEK2 phosphorylation at pS222, conventional western blotting using the
phospho-specific antibodies was not able to detect and distinguish the R and S signals to
evaluate their correspondence with cells sensitivity to erlotinib. According to the MEK2,
MEKpS218/222 and MEK2 pT394 profiles in HCC827 and H2122 cells (Figure 3 and 4),
the pI 5.92 MEK2 pT394 and pI 5.98 MEK2 pS222 isoform signals are less than 10% of
total MEKpS218/222 or MEK2pT394 signal. Thus conventional western is not able to
distinguish and detect this kind of isoform changes, as it measures total protein signal
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changes. These results warrant the evaluation of the clinical application of the MEK2
signature in lung adenocarcinomas. Though increased R/S ratios were observed in both the
intrinsic and acquired resistant cells compared with the sensitive cells, the R/S ratios in the
acquired resistant HCC827R and H4006R cells did not seem to correlate with the IC 50 of
these cells. An explanation of this observation is that the parental sensitive cells and intrinsic
resistant cells were grown in regular cell culture media, while the acquired resistant cells
needed to be maintained in 500 nM erlotinib. To establish a cut-off R/S ratio for clinical
application, it will require a careful evaluation with more patient samples.The complex peak
profiles revealed by NanoPro may provide novel and critical information about the
activation status of signaling molecules and how they respond to stimulus and drug
treatments. As shown in this study, the response pattern to a MEK inhibitor is valuable in
the evaluation of on-target effects of drug treatment; furthermore, the MEK2 peak
correlation with cell sensitivity to erlotinib may be helpful formulate proper treatment
strategy. Fan et al reported that a small presence of mono-phospho Erk2 (2.6% of total Erk)
correlated with response to imatinib treatment in chronic myelogeneous leukemia (CML)
patients (14). In the future, it might be of interest to explore the components and dynamics
of individual phospho-protein isoforms in detail, in conjunction with other technologies e.g.
mass spectrometry.

Subcutaneous xenografts in immunodeficient mice are still the most commonly used
preclinical models to explore potential clinical activities of new anticancer drugs (34),
however drugs active in xenografts have often failed during clinical development (35).
Mouse stroma surrounding xenografts may confound interpretation of drug activities.
Different signaling activation profiles were observed between tumor epithelium and stroma
(16), thus it could be critical to access protein phosphorylation status in cancer cells for
accurate interpretation of xenograft study results. As human and mouse have identical
sequences around the ERK1 T202/Y204 area, anti-phospho-ERK1/2 antibodies bind to
phospho-ERK1/2 of human origin as well as of mouse origin in the xenograft. Thus
conventional immunoassays, e.g. western blotting or ELISA, would not be able to
distinguish specific drug effect on human tumor cells from surrounding mouse tissue except
that one has species-specific antibodies. However NanoPro could distinguish mouse from
human mono-phospho-ERK1 and dual-phospho-ERK1 by their charge difference, and
clearly demonstrated that erlotinib completely diminished ERK phosphorylation in human
cancer cells, but only partially inhibited ERK phosphorylation in mouse stroma (Figure 2B
and S 1). As EGFR-TKIs bind more tightly to mutant EGFR than to wild-type EGFR (36),
including EGFR of mouse stromal cells, and ERK activities in the mouse tissue may depend
not solely on EGFR signaling, it is not surprising to observe residual ERK phosphorylation
of mouse origin in erlotinib treated xenograft as shown in Figure 2A.

In conclusion, we applied the automated capillary isoelectric focusing immunoaasy system
to study signaling molecule activation status in tumor cells in vitro, in vivo and in human
biopsy samples. During NanoPro analysis, different protein phosphorylation isoforms can be
simultaneously separated, detected and quantified. Our study demonstrated that the NanoPro
system is able to reveal the dynamics of individual isoform responses to treatment that are
not detectable by western blotting, and offers the opportunity for novel biomarker discovery
and therapeutic target identification. Credentialed with its higher sensitivity, better
reproducibility and reduced tissue requirement compared to western blotting, NanoPro is
appealing for drug development and proteomic assessment of drug effects in targeted
therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Profiles of ERK1/2 phosphorylation in erlotinib treated HCC827 and H2122 cells
Cells were treated with indicated concentrations of erlotinib, followed by 20 ng/ml EGF
stimulation. (A) and (B) Western blot showing phospho-EGFR and phospho-ERK response
to erlotinib dosing in HCC827 and H2122 cells, respectively. 30 µg of protein lysate were
loaded for each sample. Semi-quantitation of phospho-ERK1/2 intensities, calibrated by
actin intensity, was provided at bottom of images. (C) and (D) NanoPro showing the profiles
of phospho-ERK1/2 isoforms and their response to erlotinib dosing in HCC827 and H2122
cells, respectively. 30 ng of protein lysate were loaded for each sample. (E) and (F)
Quantitation of dual-phospho ERK1/2 signal intensities as percentage of no drug treatment
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control in (C) and (D), respectively. Error bars are standard deviations from triplicate
analysis.
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Figure 2. Profile of ERK1/2 phosphorylation in HCC827 xenografts
HCC827 xenograft mice were treated with one dose of water or 100 mg/kg erlotinib, and
sacrificed 24 hours after treatment. (A) Western blot analysis of EGFR and ERK
phosphorylation in xenograft samples treated with or without erlotinib and semi-quantitation
of phospho-EGFR and phospho-ERK1/2 intensities, calibrated by actin intensity. (B)
NanoPro profiles of phospho-ERK1/2 isoforms in HCC827 xenograft, HCC827 in vitro
culture, nude mouse lung, and nude mouse skin. (C) Representative profile of NanoPro
analysis of ERK phosphorylation in xenograft samples treated with water or with erlotinib.
pERK1 and ppERK1 of mouse origin are shown in underline with M in parenthesis. 30 ng of
protein lysate were loaded for each sample in NanoPro analysis, except mouse lung samples
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that 50 ng protein was loaded. (D) Quantitation of ERK isoforms in response to erlotinib
treatment in xenograft samples.
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Figure 3. Profiles of MEK signal response in NSCLC cells treated with MEK inhibitor PD325901
HCC827 and H2122 cells were treated with or without 1 µM of PD325901, followed by 20
ng/ml EGF stimulation. NanoPro analysis of MEK1 in HCC827 (A) and H2122 (B), MEK2
in HCC827 (C) and H2122 (D), MEK1/2 pS218/S222 in HCC827 (E) and H2122 (F),
MEK2 pT394 in HCC827 (G) and H2122 cells (H). Arrows indicate the responding MEK
isoforms upon PD325901 treatment.
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Figure 4. MEK2 peaks indicate erlotinib sensitivity
(A) Comparison of MEK2 pT394 (pI 5.92, R in parenthesis denotes resistant signal) and
MEK2 pS222 (pI 5.98, S in parenthesis denotes sensitive signal) signals among HCC827,
PC-9, H322, and H2122 cells. (B and C) NanoPro profile of MEK2 signals in HCC827 (B)
and H2122 (C) cells treated with indicated concentrations of erlotinib, followed by EGF
stimulation. (B and C bottom) Quantitation of pT394 and pS222 signals in HCC827 and
H2122 cells treated with indicated concentrations of erlotinib. Ratio of pT394(R)/pS222(S)
is plotted versus erlotinib concentration. Error bars are standard deviations from triplicate
analysis. (D and E) Comparison of MEK2 pT394(R) and pS222(S) signals between parental
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and erlotinib-resistant HCC827 cells (D) and between parental and erlotinib-resistant H4006
cells (E). 40 ng of protein lysate were loaded for each sample.
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Figure 5. Signaling molecule responses in a lung carcinoma patient following erlotinib and
AZD6244 treatment
(A) Profile of ERK1/2 signals. (B) Profile of MEK1 signals. (C) Profile of MEK2 signals.
(D) Profile of AKT1 signals. 50 ng of protein lysate were loaded for each sample. See
Figure 6 for isoform signal quantitation.
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Figure 6. Quantitation of signaling molecule responses in the lung carcinoma patient following
erlotinib and AZD6244 treatment
(A) Quantitation of ERK1/2 signals. (B) Isoform distribution of MEK1 signal. (C) Isoform
distribution of MEK2 isoforms. (D) Isoform distribution of AKT1 signal. Column values are
percentage of the signal peak area (corresponding to signal strength) of respective isoform
over the summation of peak areas for all isoforms. 50 ng of protein lysate were loaded for
each sample.
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Table 1

The MEK2 R/S ratio in erlotinib sensitive, intrinsic erlotinib resistant, and acquired erlotinib resistant lung
adenocarcinoma cell lines.

R/S
IC50

(µM erlotinib)

Sensitive

PC-9 0.73 ± 0.11 0.1

HCC827 0.41 ± 0.01 0.03

H4006 1.21 ± 0.02 0.05

Intrinsic resistant

H322 4.78 ± 0.44 > 3.0

H2122 4.16 ± 0.98 > 3.0

Acquired resistant

HCC827R 0.77 ± 0.03 >3.0

H4006R 1.87 ± 0.03 >3.0
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