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Abstract

The understanding of complex biological systems requires an ability to evaluate interacting
networks of genes, proteins, and cellular reactions. Enabling technologies that support the rapid
quantification of these networks will facilitate the development of biological models and help to
identify treatment targets and to assess treatment plans. The biochemical process of protein
phosphorylation, which underlies almost all aspects of cell signaling, is typically evaluated by
immunoblotting procedures (Western blot) or more recently proteomics procedures, which provide
qualitative estimates of the concentration of proteins and their modifications in cells. However,
protein modifications are difficult to correlate with activity, and while immunoblotting and
proteomics approaches have the potential to be quantitative, they require a complex series of steps
that diminish reproducibility. Here, a complementary approach is presented that allows for the
rapid quantification of a protein kinase activity in cell lysates and tumor samples. Using the
activity of cellular ERK (extracellular signal-regulated kinase) as a test case, an array sensing
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approach that utilizes a library of differential peptide-based biosensors and chemometric tools was
used to rapidly quantify nanograms of active ERK in micrograms of unfractionated cell lysates

and tumor

extracts. This approach has the potential both for high-throughput and for quantifying

the activities of multiple protein kinases in a single biological sample. The critical advantages of
this differential sensing approach over others are that it removes the need for the addition of
exogenous inhibitors to suppress the activities of major off-target kinases and allows us to

quantitate

the amount of active kinase in tested samples rather than measuring the changes in its

activity upon induction or inhibition.
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Protein kinases represent a set of attractive therapeutic targets due to their aberrant activity
in human diseases, including numerous cancers.::2 Understanding how to target kinases with
small molecule inhibitors has significantly impacted drug discovery in oncology.2 However,
despite often initial successful responses to kinase-targeted therapies, tumor cells eventually
circumvent the action of such drugs, leading to resistance.

The protein kinases ERK1 and ERK2 (collectively termed ERK) are drug targets that
modulate several regulatory mechanisms, including survival, proliferation, and metastatic
potential of tumor cells.* ERK1 and ERK2 are members of the mitogen-activated protein
kinase (MAPK) family, which consists of three main groups of enzymes, the extracellular
signal-regulated kinases (ERKS), the c-Jun-N-terminal kinases (JNKSs), and the p38 MAP
kinases. Specifically, ERK plays a pivotal role in the Ras-Raf-MEK-ERK pathway,>
components of which are frequently mutated in cancer, with more than 30% and ~8% of
human tumors expressing RAS and RAF mutations, respectively.5-8 Somatic NRAS and
BRAF mutations are extremely common in cutaneous melanoma, being present in up to
28% and 52% of cases, respectively (The Cancer Genome Atlas Network).® Of the
mutations reported, the constitutively active BRAF-V600E is highly prevalent.10 When this
mutant is present, the ERK pathway downstream of Raf becomes refractory to regulatory
signaling events.

A standard treatment for melanoma involves targeting the B-Raf and MEK kinases in the
ERK pathway. For example, a combination of MEK and B-Raf inhibitors (dabrafenib and
trametinib) yield objective response rates of 67%.1112 However, such therapies are not
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always successful with resistance developing in patients that initially respond.13 As most of
these resistance mechanisms drive the reactivation of ERK, there is a critical need for
improving therapies targeting ERK and for anticipating and overcoming resistance
mechanisms.14 Therefore, ERK activity represents a particularly informative biomarker for
assessing ERK-driven cancers. A facile and direct method to evaluate ERK activity or
inhibition in the context of cancer progression, treatment, and resistance!® would be of
significant value to the scientific community.

The two most common approaches for studying ERK activity in cells or tissue samples are
Western blot and immunohistochemistry.16 Some of the significant limitations of both assays
are that (1) they do not measure kinase activity directly, (2) they are expensive and time-
consuming, and (3) they are not amenable to high-throughput analysis (HTA) of many
samples. These approaches contrast with fluorescence-based biosensors, 117 such as the
relatively selective SOX-based biosensors that have been used to detect changes in ERK
activity in cell lysates'8-20 directly.

The current fluorescence-based detection methods, as with the sensors introduced by
Peterson et al.,20 report phosphorylation events with some selectivity; however, it is
necessary to synthesize a specific receptor for each kinase target and with more than five
hundred endogenous kinases, it is impossible to identify peptide biosensors that are uniquely
specific for each. Furthermore, while these sensors are sufficient to estimate relative kinase
activity in terms of percentage activity or fold changes, they are not generally amenable to
absolute quantification of the target kinase due to their low specificity. To alleviate these
difficulties, we developed a differential sensing approach to quantify the subtle changes in
ERK activity in cancer cells. Differential sensing takes advantage of interactions between
closely related biomolecules and cross-reactive biosensors, and a pattern-recognition
protocol analyzes the responses from the semiselective biosensors.21:22

We?21-25 and others have used cross-reactive arrays to fingerprint glycerides,23 proteins,24
and cell types.22:25-28 \We recently reported a differential-based sensing approach to
distinguish nine MAPKSs from one another and developed a calibration regression model to
measure ERK activation and inhibition in the presence of the closely related JNK and p38
MAPKs.2% However, the previous studies were carried out using purified MAPKs, which are
not necessarily reflective of endogenous activity. Here, we report a differential-based sensing
approach to rapidly quantify unknown endogenous levels of ERK activity in cancer cells.
The ability to rapidly and simultaneously quantify ERK activity with high accuracy in
multiple samples with high throughput provides an opportunity to comprehensively quantify
the temporal changes in ERK signaling levels in response to modulators of the ERK
pathway and relate these changes to observed cellular phenotypes.

The previously reported SOX-peptides Sub-D (1a), MEF2A (myocyte-specific enhancer
factor 2A) (1b), NFAT4 (nuclear factor of activated T cells-4) (1c), and Sub-F (1d) were
used to construct the cross-reactive array (Table S1 and Scheme 1). This differential sensing
design exploits docking motifs found on MAPK substrates. In addition, the recruitment sites
on MAPKSs promote some level of binding specificity and affinity with peptide docking
motifs within substrates.?9 Achievement of cross-reactivity in the array results from the
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structural differences between the recruitment sites of MAPKSs and their complementary
substrate—peptide interactions.

Profiling MAPK Activity in MDA-MB-231 and A549 Cell Lysates.

As ERK is closely related to many other MAPKSs and the purpose of these studies was to
quantify ERK activity in cell lysates, it was first essential to demonstrate that an array of
peptide sensors could distinguish between samples possessing varying levels of MAPK
activity. Thus, we treated cell lines with activators, inhibitors, and a combination of both,
which produce changes in the activity of not only ERK but also other MAPKSs. Differences
in the cell lines were generated by stimulation with either epidermal growth factor (EGF)
(E), which induces ERK and other kinase activity,30 or anisomycin (A), which has been
reported to activate both the JNK and p38 MAPK cascades.3! Addition of U0126, a MEK
inhibitor (U),32 achieved inhibition of ERK. Addition of JNK-IN-8, a pan JNK inhibitor (J),
achieved inhibition of JNK. Lastly, each cell line was treated with the MEK inhibitor then
induced with EGF (E/U) or treated with JINK-IN-8 then induced with anisomycin (A/J). All
the treatments were compared to control cells treated with serum-free media (n). Lysis of
cells preceded assessment of MAPK activities by an array of SOX-peptides. Peptides were
synthesized using standard Fmoc-SPPS protocol (supporting methods section), and their
concentrations were determined following our previously published protocol.2° The arrays
were prepared and the assays were conducted using 7 pg/well of the lysates following our
general kinase assay protocol that is described in detail in the supporting methods section.
ERK activity requires phosphorylation on both the threonine and tyrosine of a Thr-Pro-Tyr
motif, and assessment of this phosphorylation in the lysates by Western blot analysis
provides a useful comparison to the array activity assay data. Immune-complex protein
kinase assays, which report on ERK activity, provide a further important layer of validation.
As shown in Figure S1, the Western blots showed increased and decreased phosphorylation
of ERK in cells treated with EGF and the MEK-inhibitor U0126, respectively. The
phosphorylation of INK, cJUN (JNK substrate), and p38 MAPK was enhanced upon
induction by EGF or anisomycin in both cell lines tested and as expected, JINK-IN-8
inhibited cJUN phosphorylation but did not impact ERK phosphorylation in any of the cell
lines treated.

We first evaluated the ability of our array to distinguish different levels of active MAPKSs in
MDA-MB-231 and A549 cell lines. The array primarily responds to all the kinase activities
in the lysates and thus provides a “fingerprint” that relates to the activity status of the kinase
signaling networks in the cells. Each combination of treatment and cell line generates a
kinetic signature for each peptide sensor. The fluorescence output corresponding to the
MEF2A-peptide, for example, is sensitive to the activity of both the ERK and JNK pathways
and exhibits a response to modulators of these pathways (Figure 1). The array comprises
four different sensors whose combined signatures represent a specific fingerprint for each
treatment. As the individual peptides within the array are designed to be predominantly
responsive to the MAPKS, the array is also expected to exhibit a bias toward their activity.
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The MDA-MB-231 and A549 cell lines that were incubated in serum-free media for 24 h
and then treated with the MEK-inhibitor U0126 (M-U and A-U) were expected to display
total suppression of ERK activity. Therefore, the M-U and A-U cell lysates were used to
determine baseline references for each experiment in the corresponding cell line. The delta
fluorescence (AF) values at 20 and 30 min, along with the calculated rate constants and
errors, were used as multivariate data (4 peptides X 4 replicates X 4 inputs per each
treatment) for chemometric analysis using linear discriminant analysis (LDA) in the
program XLSTAT. LDA is a supervised method used to reduce the dimensionality of a data
set and categorize the classes of analytes by maximizing the separation between preset
classes while minimizing the distance within each class. The fluorescence and rate constant
fingerprints of MDA-MB-231 and A549 cell lines generated by the array (Figure S2) gave
the resulting LDA score plots in Figure 2a,b.

The six treatments in the MDA-MB-231 cell line, along with functional clustering of the
experimental replicates, were differentiated well by the array on the F1 and F2 axes (Figure
2a). Jack-knife analysis was performed, and the estimated percentage of well-classified
classes was reported, showing high classification accuracy by our LDA model (100% cross-
validation, Table S2). The cells treated with the activators (M-E and M-A) were classified on
the right quadrants, whereas the cells treated with the inhibitors (M-U and M-J) locate to the
opposite side. Finally, the control (M-n) along with the combined treatments (M-E/U and M-
A/J) locate to the center of the score plot. Overall, while F1 carries 80% of the variance, F2
and F3 (not shown) pick up the cross-reactivity of the peptides to the various cellular
treatments. In contrast, the A549 cell line with the same treatments (shown in Figure 2b)
shows some overlap of both activators and inhibitors along the F2 axes, located on the right
and the left axes, respectively. This means that these treatments cannot be differentiated, and
the LDA model only shows 92.86% cross-validation (Table S3). Further, the data tightly
clustered according to analyte identity along the F1 axis, which carries most of the overall
variance (around 96%). Thus, the peptides give highly similar response trends to different
treatments in A549 cell lines, which explains their lower analyte differentiation than
obtained for MDA-MB-231 cell lines.33

Assessing Peptide Sensor Contribution toward MAPK Profiling.

Loading plots (Figure 2c,d) of the LDA score plots (Figure 2a,b) were generated to assess
the contributions of each peptide to the output of the array. The red and blue vectors shown
in both loading plots correspond to the contribution of each peptide parameter (AFat 20 and
30 min, rate constant, and error) to the overall array response. The peptides mainly
responded toward cell lines treated with EGF (E), anisomycin (A), and anisomycin/JNK-
IN-8 inhibitor (A/J), which would present higher ERK activity compared to the cell lines
treated with MEK inhibitors. Thus, the vectors were expected to actively respond to the cell
lines located on the right quadrants of the LDA score plots. Importantly, the length of the
vectors is indicative of the contribution to the overall response of the array. Thus, the SOX-
SubD, SOX-MEF2A, and SOX-SubF are sensors that respond primarily to ERK activity.
These vectors have the most significant length and contribution to the response of the array.
Further, the fact that the A549 loading vectors primarily all point in the same direction and
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have less scatter along F2 compared to those derived from the MDA-MB-231 line suggests
that cross-reactivity among the peptides is lower with the A549 treatments.

Furthermore, the data suggest that the array is primarily influenced by the activity of ERK,
with the other MAPKSs contributing to a lesser extent to the overall signal. Thus, the
corresponding SOX-NFAT4 vectors did not significantly contribute to the array response. As
a result, the input data derived from SOX-SubD, SOX-MEF2A, and SOX-SubF was used to
obtain new LDA score plots without SOX-NFAT4 (Figure S3a,c), along with the
corresponding loading plots (Figure S3b,d), without significant deterioration of the kinase
classification. Overall, we replicated the previously described differentiation and distribution
of the treated lysates using the four sensors with the three sensors along the F1 and F2 axes.
Thus, SOX-SubD, SOX-MEF2A, and SOX-SubF peptide sensors were the sensors used in
the chemometric analysis for the following experiments.

Assessing the Array at Lower MAPK Concentrations.

An additional experiment was performed to test the sensitivity of the array toward a lower
amount of the lysates. In this experiment, we used only 2 g/well of the lysates with the
same concentrations of the SOX-peptides (5 #M) and ATP. This approach allowed for the
assessment of whether the same pattern of activation/inhibition by each treatment could be
reproduced in both cell lines using a minimal amount of lysates. The LDA score plots
(Figure S4) showed the same general pattern according to the positions of each treatment.
Thereby, the array was found to be reproducible and independent of the amount of lysates
used in the assay.

Construction of a Calibration Regression Model for Cancer Cell Lines.

Our goal for this study was to accurately quantify, for the first time, the activated kinase
content in both cancer cell lysates and tumor extracts. It was essential to build calibration
regression models to achieve this goal. Thus, we explored the possibility of using the SOX-
peptide array to develop a quantitative regression method, specifically with a focus on
quantifying the concentration of active ERK in the cell lines tested. A parallel Western blot
analysis served as a means to corroborate the amount of phosphorylated ERK present in
each sample (Figure S1). As the array demonstrated a strong bias toward ERK activity, a
regression model was derived using the M-U and A-U cell lysates to calibrate ERK activity
in each cell line. Each lysate was enriched using known concentrations of recombinant,
activated ERK1 (0-6.4 nM). The fluorescence and rate responses of each sample were
estimated using the sensor array and 7 pg/well from each lysate. The resulting fingerprints
showed a dependence of the fluorescence and rate responses on the concentrations of ERK
in both cell lines (Figure S5). The corresponding LDA score plot for both cell lines revealed
a curved dependence of the concentration variance along the F1 and F2 axes (Figure 3a,b).

In differential sensing protocols, support vector machine (SVM) is often used to analyze
multivariate data with nonlinear behavior.34 SVM algorithms can be applied to both
classification and regression. For regression purposes, it can compute a linear regression
function in a high dimensional feature space where the input data are mapped via a nonlinear
function. Hence, we used SVM regression to build calibration models, which are validated
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within the analysis to predict the properties (concentration of active ERK in our study) of
unknown samples. Division of the numerical data into two sets allowed for the development
of the calibration model and validation. For each cell line, two concentrations out of the
eight recombinant ERK1 concentrations (25% of the data set) were used to test the model,
and the calibration model was used to predict and calculate the corresponding concentrations
of these two test lysates. The array yielded an accurate quantitative regression analysis of
active ERK in the test lysates of MDA-MB-231 and A549 cells, where the test
concentrations were correctly predicted (red dots) as shown in Figure 3c,d, respectively. The
validation of the model produces a root-mean-square error of prediction (RMSEP) value,
which gives a measure of the predictive accuracy of the model when presented with test
data.

Quantifying Unknown ERK in Cells with Differing Kinase Expression.

Given the SVM results introduced above, we anticipated that various treatments in the
MDA-MB-231 and A549 cells would result in distinct MAPK activity profiles, and thus
each treatment group would display its own unique MAPK activity signature, allowing us to
perform quantitation of ERK activity. Unlike in the current study, sensors were previously
employed to evaluate relative changes in the activities of the targeted kinase in different cell
lysates when exposed to different stress situations, without giving an absolute quantification
of the active kinase in these lysates.2% Thus, using SVM algorithms guided by the resulting
calibration models, we challenged our array to predict definite concentrations of active ERK
in MDA-MB-231 and A549 cell lysates that had been subject to the six treatments described
earlier (Figure S3a,c) and that produced six groups of cell lysates expressing variable levels
of active ERK. Importantly, the active ERK measured in MDA-MB-231 and A549 cells
corresponds to total ERK1 and ERK2.

We estimated the amount of active ERK with antibodies that specifically recognize the
doubly phosphorylated form of ERK in each lysate by determining the intensity of the
corresponding immuno-active band obtained by Western blot. Comparison of these results
occurred through a calibration curve built using different known amounts of recombinant
activated ERKZ1 run in the same gel (Figure S1). Prediction by our models allowed a
comparison of the amount of active ERK (ng g1 lysate) in each sample. The values
obtained by our model used the average of four experimental replicates, whereas the Western
blot values were the result of two experimental replicates (Table 1 and Figure 4). Initially,
assessment of lysates derived from MDA-MB-231 cells using the array (Figure 4a)
suggested that cells induced with EGF (M-E) or anisomycin (M-A) or treated with INK-
IN-8 then induced with anisomycin (M-A/J) exhibited strong ERK activation when
compared to the basal level in the nontreated cells (M-n).

In contrast, cells treated with U0126 (either accompanied by EGF induction or not) (M-U
and M-E/U) and cells treated with INK-IN-8 (M-J) without anisomycin induction showed a
consistently low concentration of active ERK. Studies in A549 lysates furnished similar
results (Figure 4b). These results demonstrate the ability of the array to predict the relative
activity of ERK in different cell lysates. Significantly, and as a unique property of our
approach, the amount of active ERK (ng g1 lysate) determined by the array compared well
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to the Western blot analysis (Table 1 and Figure 4). The calculated p-values (Table 1)
showed no significant difference between the values estimated using the two methods,
except for MDA-MB-231 cells that were induced by EGF and A549 cells that were induced
by anisomycin. For these two experiments, the array measured slightly higher activity of
ERK when compared to the phosphorylated ERK levels that were estimated by Western blot.
As a final comparison, ERK was immunoprecipitated from cell lysates using an antibody
that recognizes both ERK1 and ERK?2, and its kinase activity toward a specific protein
substrate, Ets-1, was determined directly using a radioactive-based immune-complex protein
kinase assay (supporting methods section). The agreement between the quantification using
the array and the immune kinase assay was excellent, providing further validation of the
results (Table 1).

Quantifying ERK Inhibition in MDA-MB-231 Cells.

We next explored whether the array could be used to monitor the extent of inhibition of ERK
activity in cancer cells. The goal was to assess whether active ERK could be quantified
accurately in cells treated with therapeutic levels of an inhibitor targeting the ERK pathway.
First, we evaluated the ability of the array to fingerprint the inhibition of ERK in MDA-
MB-231 cell lysates. The resulting LDA score plot (Figure 5a) revealed a curved progression
of the data along the F1 and F2 axes. A second replicate was performed to assess the
reproducibility of the inhibition assay. The second LDA plot (Figure 5b) revealed the same
trend, indicating a dependence of the response on increasing inhibitor concentrations. Both
experiments demonstrated high classification accuracy (100% cross-validation, Table S4 and
S5, respectively), and also, the inhibition assay was found to be reproducible. As with the
treatment studies, we used our calibration model to estimate concentrations of active ERK in
the MDA-MB-231 cell lysates treated with different doses of U0126 (0-15.65 M) for 2 h
followed by ERK pathway stimulation using 100 nM EGF for 30 more minutes (Figure S6).
Once again, Western blot was used as a comparison to provide a value of double-
phosphorylated ERK concentrations in the same lysates (Figure S7). The amount of
suppressed ERK activity (ng g~ lysate) against increasing concentrations of U0126 was
plotted to compare the results of both methods (Figure 5c¢). Our array was able to provide a
similar measurement of the concentration of active ERK in the lysate at each inhibitor
concentration when compared to the values of the band intensities from the Western blot
analysis (Table S6). The value of the 1Csq determined from the array (0.33 = 0.09 £M) was
found to be quite comparable to that obtained by the Western blot analysis (0.31 + 0.043
4M). In general, the values from the two methods overlapped well and displayed a linear
correlation when plotted as active ERK (ng g2 lysate) determined by the array versus
Western blot (Figure 5d). In both methods, systematic errors, as well as the intrinsic
variability of the Western blot as a multistep process, may contribute to minor deviations.
Immune-complex kinase assays, which were also in agreement, provided further validation
of the results (Table S6). Taken together, this experiment revealed the power of our array to
monitor inhibition of ERK in MDA-MB-231 lysates, even at high inhibitor concentrations in
the presence of other kinases.
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Quantifying Unknown ERK Activity in Tumor Samples.

Finally we explored the utility of the array in examining more complex biological systems
by quantifying unknown ERK activity in tumor samples derived from nude mice bearing
melanoma A375 xenografts. In this experiment, we suppressed ERK activity in tumor-
bearing mice using BI-78D3, a covalent inhibitor of ERK.3® In addition to covalently
binding ERK and directly inhibiting its ability to phosphorylate substrates, BI-78D3 also
induces the dephosphorylation of ERK in cells. As a correlation between the activity of ERK
in the extracts and its phosphorylation cannot be assumed following BI-78D3 treatment, we
also utilized an immune complex kinases assay to measure the activity of ERK.

Thus, 20 nude athymic mice received one million A375 melanoma cells injected sc into the
right flank. Once the tumors became palpable, the mice were assigned randomly into two
groups; one group was injected intraperitoneally with 15 (mg/kg)/day of BI-78D3, and the
other group was injected with vehicle control. Following euthanasia after 10 days of a daily
treatment, tumors were extracted from five mice of each group, lysed, and pooled into one
lysate sample. To quantify the amount of phosphorylated ERK present in each tumor
sample, we used recombinant activated ERK1 and ERK2 for calibration purposes (Western
blots, Figure S8). The SOX-peptide assays were conducted in 96-well plates (four replicates)
with 7 wg aliquots of tumor extract per well. In these experiments, the sensors displayed a
lower signal intensity compared to experiments using the cell lysates (Figure S9a,b).
Accordingly, delta fluorescence (AF) values at 20, 50, and 90 min, along with the calculated
rate constants and errors, were used as the multivariate data (3 peptides X 4 replicates X 5
inputs per each treatment) for chemometric analysis. A new calibration regression model
was constructed using the tumor sample extracts from the treated mice as the background
(Figure S9). Similar to the previous lysate calibration experiment, the tumor extract was
enriched by different known amounts of recombinant, activated ERK1 (0-6.4 nM) to
generate a calibration. The fingerprints of these samples revealed a dependence of the
fluorescence and rate responses on the concentrations of active ERK in these enriched tumor
samples (Figure S9a,b). As before, the corresponding LDA score plot also presented a
curved-shape dependence of the concentration variance along the F1 and F2 axes (Figure
S9c). Thus, an SVM algorithm was used to build and validate the calibration regression
model. Two concentrations out of the six recombinant ERK1 concentrations (33% of the
data set) were used to test the model. The array produced an accurate quantitative regression
analysis of active ERK in the two test samples, predicting the correct concentration in those
samples, as shown in Figure 6a (circled red dots).

The calibration model was then used to predict and calculate the actual concentration of
active ERK in each tumor extract. The values predicted by our model (average of four
experimental replicates) were comparable to those calculated using both the Western blot
protocol (average of two experimental replicates) (Figure 6b and Table S7) and the immune
kinase assay (Table S7). Assessment of the tumor extracts using the array (Figure 6b)
suggested that the mice that were treated by the vehicle exhibited elevated ERK activity in
the extracted tumor when compared to the lower level quantified in tumors extracted from
the BI-78D3 treated mice.
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Finally, we tested the possibility of building a general regression model with the data from
both cell and tumor samples. Regarding the different features that we applied to the
chemometric analysis, here we selected a new combination of five features (AFat 20, 30,
and 90 min, rate constant, and error) for three peptides (SOX-Sub-D, SOX-MEF2A, and
SOX-Sub-F). With both the data from cell lysates (U0126 treated) and tumor samples
(BI-78D3 treated) that were enriched by 0-6.4 nM recombinant active ERK1, the LDA
model shows 92.86% cross-validation in total (Table S27). To test the general applicability,
we generated the SVM regression model using the LDA score factors (F1-F3) as the input
data set (Table S28). At first, tumor samples were selected as calibration data and cell
samples as test data. The regression model built on tumor samples produced an accurate
ERK quantification for cell samples, showing both low root-mean-square error of calibration
and prediction (RMSEC 0.1903, RMSEP 0.3138). Then we used the cell samples as
calibration data and tumor samples as test data; the general model also works in reverse
(RMSEC 0.2385, RMSEP 0.4324). Detailed model performance and predictions are shown
in Tables S29-32. These results demonstrate that our general model from tumor samples
could predict ERK activity in cell samples and vice versa.

DISCUSSION

In this study, we sought to demonstrate the utility of using a SOX peptide-based biosensor
array in conjunction with chemometric modeling to directly profile and quantify varied
levels of active ERK in cancer cells. First, we applied a differential sensing protocol to
MDA-MB-231 triple-negative breast cancer (TNBC) and A549 non-small-cell lung cancer
(NSCLC) cell lines. This protocol utilized chemometric (machine learning) modeling
methods to enable the interpretation of complex multivariate data obtained by high-
throughput analysis (HTA)38 to facilitate the profiling of ERK pathway activity in cancer
cells. Second, we developed a multivariate regression model to quantify unknown levels of
active ERK in these cells accurately. The semiselective biosensors exploit the cross-
reactivity associated with other kinases in the cells, allowing the extraction of signals that
are only relevant to ERK activity. We envisage this approach being useful in directly
monitoring ERK dynamics and its suppression by clinical inhibitors of upstream
components of the pathway.

The biosensors Sub-D (1a), MEF2A (1b), NFAT4 (1c), and Sub-F (1d) were used to
construct the cross-reactive array (Supplementary Scheme 1). The array is particularly
sensitive to ERK activity changes over other MAPKS, due to the differential responsiveness
of each of the biosensors. Thus, using this array our goals were to fingerprint ERK activity
and profile its activation and inhibition in different cancer cell lines. We developed a
calibration model to identify the changes in ERK activity as well as to quantify the active
ERK content in the two tested cell lines (MDA-MB-231 and A549) exposed to various
treatments. To achieve these goals, we sought to ensure the array exhibited the following
characteristics: (1) the array must exhibit high sensitivity to changes in ERK activity levels;
(2) the array must be compatible with the complex nature of cell extracts, (3) the method
should be applicable to HTA,; (4) the biosensor library must exhibit substantial fluorescence
changes upon phosphorylation and have robust signals; (5) chemometric analysis must be
applied to the deconvolution of the fingerprints with high validation and reproducibility.
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We found that the array was suitable for quantifying unknown levels of ERK activity in cell
lysates when employed with a multivariate regression model. The predicted values provided
by our model were found to be comparable to those obtained by traditional Western blot and
immune-complex protein kinase assay protocols (Tables 1, S6, and S7). Additionally, the
differential sensing approach, along with chemometric analysis, provided evidence for the
notion that a SOX-peptide array can be used to detect and quantify ERK activity in tissue
samples. This conclusion is supported by an agreement between Western blot and immune-
complex protein kinase analyses and the array analysis for tumor extracts isolated from mice
treated with or without BI-78D3, a covalent inhibitor of ERK that impedes both ERK
dephosphorylation and activity.3®

Western blot and other immune complex based assays (e.g., ELISA or AlphaLISA) require
highly specific antibodies to detect either the active or inactive form of ERK. These can
involve time-consuming steps that are not amenable to HTA (See Table 2 for a comparison
between our differential sensing assay and Western blot). Our approach circumvents the high
specificity requirement and takes advantage of the cross-reactive interactions within the
cellular environment to display representative signals associated with ERK activity. Further,
our approach does not require the addition of inhibitors to suppress the activities of major
off-target kinases,19 and thereby baseline corrections for other kinases are not necessary to
remove nonspecific kinase activity.

Significantly, our approach allows for the quantification of the actual amount of active ERK,
which is different from measuring phosphorylated ERK using Western blot, which is a proxy
for activity. This is easily appreciated if one considers a situation where a covalent inhibitor
could bind to the active site of ERK to inhibit it and influence feedback mechanisms that
affect its phosphorylation status. Previous to our array assay, the only general approach to
quantify actual enzymatic activity was by isolating a specific kinase by
immunoprecipitation, followed by a kinase assay. Thus, our differential sensing approach
has the power to provide a significant alternative to detect and quantify the enzymatic
activity of ERK in cell extracts in real-time.

If performed manually, the array assay, including sample preparation, readouts, and
chemometric analysis, can be applied to a new sample in only a few hours (3.5 h) compared
to Western blot, which can vary between 11 and 38 h36:37 (Table 2). We have demonstrated
that this time can be even shorter if all solutions are distributed in the plate using an Echo
550 Acoustic liquid handler (San Jose, CA), making the technique a HTS-compatible
approach.

Conclusions.

In summary, this study showed that a library of cross-reactive SOX-peptide-based biosensors
along with chemometric analysis could be used to profile ERK activity, even in the presence
of other MAPKS, in cancer cell lines and tumor samples presenting different levels of ERK
activation and inhibition. The approach can be used to measure multiple samples quickly,
allowing for a faster analysis than other methods of the response to actual ERK activity in
different treatments in cell line models. This approach might also provide an alternative to
assessing ERK activity in human tumor biopsies, which would be valuable for evaluating
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treatments and inhibitor resistance. By utilizing arrays comprised of different substrates, we
believe this approach can be expanded to many other protein kinases. Currently, we are
developing a larger array that includes more peptides designed to target members of the
entire MAP kinase family. We believe that such an array will facilitate the quantification of
more than one kinase simultaneously, and by further expanding the array to include other
peptides as well as protein substrates, we expect to be able to expand our analysis to other
subfamilies of the protein kinase family. Furthermore, with appropriate assays, we believe
this general approach will be applicable to the quantification of other enzyme families that
modulate biological molecules, such as proteases and protein phosphatases. Thus, we
believe this general approach has the potential to be applied to the challenges of modern
medicine where the quantification of specific cellular activities can be used to guide
treatments.

METHODS

The Supporting Information (methods section) describes detailed procedures for peptide
synthesis and characterization, the assay protocols, cell culture and maintenance, cell lysate
preparation, animal study, and tumor extraction. The Supporting Information Table S1 and
Figures S10-S13 provide the exact sequences and full characterizations of the synthesized
peptides. Tables S8-S32 in the Supporting Information show detailed data of the SVM
analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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cells treated with (a) EGF, (b) anisomycin, (¢) MEK inhibitor U0126, and (d) JNK inhibitor
JNK-IN-8, showing four experimental replicates per treatment.
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Figure 2.

() LDA score plot of the fluorescence response pattern of MDA-MB-231 cell lines with
different treatments, showing 100% cross-validation. (b) LDA score plot of the fluorescence
response pattern of A549 cell lines with different treatments, showing 92.86% cross-
validation. Serum-starved control (n), inhibition of ERK phosphorylation by U0126 (U),
induction of ERK phosphorylation by EGF (E), cells treated with U0126 then induced by
EGF (E/U), inhibition of INK pathway by JNK-IN-8 (J), induction of INK phosphorylation
by anisomycin (A), cells treated with INK-IN-8 then induced by anisomycin (A/J). (c, d)
Loading plots of the response from the sensing array showing differentiation of sets of
lysates from serum starved, inhibited, or stimulated MDA-MB-231 (c) and A549 (d) cell
lines with 100% and 92.86% cross-validation using 4 sensors. Vectors corresponding to each
sensor contribution to the differentiation of lysates, SOX-SubD (SD_F30,F20,k,e), SOX-
MEF2A (M_F30,F20,k,e), SOX-SubF (SF_F30,F20,k,e), and SOX-NFAT4 (N_
F30,F20,k,e) are colored in blue and red. F30, F20, k, and e correspond to A~ (30 min), AF
(20 min), rate constant, and error, respectively.
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Results of the quantitative analysis of cell lysates enriched by different amount of
recombinant, fully phosphorylated ERK1. (a, b) LDA score plots showing the response of
the biosensors to cell lysates enriched by increasing amounts of recombinant ERK1. MDA-
MB-231 (a) or A549 (b) cells were serum starved for 24 h then treated by U0126 MEK
inhibitor for 2 h before lysis. (c, d) Results of the SVM regression method of MDA-MB-231
(c) and A549 (d) cell lysates enriched by different concentrations of recombinant ERK1. The
unknown samples (red circle dots) represent correct predictions.
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Figure 4.
Comparing the estimated amount of active ERK in the tested lysates using two different

protocols. The amount of active ERK in different MDA-MB-231 (a) and A549 (b) cell
lysates was calculated using both the SVM calibration models (the sensors) and the Western
blot. Serum-starved control (n), cells treated with MEK inhibitor U0126 (U), cells induced
with EGF (E), cells treated with U0126 then induced with EGF (E/U), cells treated with
JNK inhibitor INK-IN-8 (J), cells induced with anisomycin (A), and cells treated with JNK-
IN-8 then induced with anisomycin (A/J).
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Following ERK phosphorylation suppression in MDA-MB-231 cells treated with different
doses of MEK inhibitor (U0126).(a, b) LDA score plots showing two experimental replicates
of the response from the sensing array showing differentiation of lysates of MDA-MB-231
cells that were treated with increasing concentrations of MEK inhibitor (U0126) before
induction with EGF and lysis. (c, d) Comparison between the amount of phosphorylated
ERK, which was estimated using either the array sensor protocol or Western blot in the
MDA-MB-231 cell lysates. (c) Plot of suppressed ERK phosphorylation versus increasing
concentration of MEK inhibitor (U0126) determined by the array sensors (red dots) and
Western blot analysis (black diamonds). Data were fitted to equation 1 (Table S6 footnote).
(d) Scatter plot of suppressed ERK activity, showing a correlation of the values obtained
with both methods. The red line corresponds to a linear correlation of 1.0.
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Figure 6.
Quantification of phosphorylated ERK in tumor samples. (a) Results of the SVM regression

method for treated tumor samples enriched by increasing concentration of recombinant,
fully phosphorylated ERK1. (b) The content of active ERK in tumor samples was estimated
using the SVM calibration model and western Blot. Tumor samples extracted from two
groups of nude mice (5 mice per group) bearing the melanoma A375 xenografts, either
treated by 15 mg kg~ ERK covalent inhibitor (BI-78D3) or by control vehicle (supporting
methods section). The pooling of lysates from each group provided one sample (treated or
vehicle mice samples).
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