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Abstract

Patients with BRAF V600E mutant melanoma are typically treated with targeted BRAF kinase
inhibitors, such as vemurafenib and dabrafenib. Although these drugs are initially effective, they
are not curative. Most of the focus to date has been upon genetic mechanisms of acquired
resistance; therefore, we must better understand the global signaling adaptations that mediate
escape from BRAF inhibition. In the current study, we have used activity-based protein profiling
(ABPP) with ATP-analogue probes to enrich kinases and other enzyme classes that contribute to
BRAF inhibitor (BRAFi) resistance in four paired isogenic BRAFi-naive/resistant cell line
models. Our analysis showed these cell line models, which differ in their PTEN status, have
considerable heterogeneity in their kinase ATP probe uptake in comparing naive cells and
adaptations to chronic drug exposure. A number of kinases including FAK1, SLK and TAOK2 had
increased ATP probe uptake in BRAFi resistant cells, while KHS1 (M4K5) and BRAF had
decreased ATP probe uptake in the BRAFi-resistant cells. Gene ontology (GO) enrichment
analysis revealed BRAFi resistance is associated with a significant enhancement in ATP probe
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uptake in proteins implicated in cytoskeletal organization and adhesion, and decreases in ATP
probe uptake in proteins associated with cell metabolic processes. The ABPP approach was able to
identify key phenotypic mediators critical for each BRAFi resistant cell line. Together, these data
show that common phenotypic adaptations to BRAF inhibition can be mediated through very
different signaling networks, suggesting considerable redundancy within the signaling of BRAF
mutant melanoma cells.
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Introduction

The number of new patients diagnosed with melanoma, the most lethal form of skin cancer,
continues to rise.(1-4) If detected early, melanoma is curable with surgery; more than 90%
of Stage | patients survive longer than 5 years. However, the prognosis is poor for metastatic
patients; only 5-10% survived 5 years after diagnosis.(5) Prior to 2011, patients with
advanced stage melanoma were mainly treated by conventional cytotoxic chemotherapy,
which achieved a response rate of 10-30%.(6, 7) However, key driver mutations have been
identified in melanoma, which enable the development and application of targeted therapy.
Specifically, the V600E mutation in the serine-threonine protein kinase, BRAF, is typically
observed in ~50% of cutaneous melanomas.(8) US FDA-approved targeted therapies against
mutant BRAF include vemurafenib and dabrafenib.(9, 10) In large-scale randomized clinical
trials both drugs achieve clinical responses in more than 50% of patients by RECIST
(Response Evaluation Criteria in Solid Tumors), and these responses are frequently
associated with a remarkable reduction in tumor burden and related symptoms. Despite
impressive initial responses, most responses are short lived (/.e. the median responses are on
the order of 6-7 months before progression). Early studies showed reactivation of MAPK
signaling to be a common occurrence following BRAFi treatment and strategies were
developed to combine BRAF and MEK inhibitors. Despite the combination improving
overall survival (currently ~25 months), acquired resistance is common in the majority of
individuals.(9, 11) Most resistance mechanisms identified to date are genetic and include:
mutations in NRAS or MEK1, dimerization of aberrantly spliced BRAF, MEK mutations,
amplification of BRAF in conjunction with mutations in MEK2, and the activation of PI3K-
AKT pathway through PTEN loss or acquired mutations in AKT1.(12-18) Similar
mechanisms of resistance have been observed between patients failing BRAFi monotherapy
and the BRAFi-MEKIi combinations.(19, 20) To date, attempts to understand the
mechanisms underlying BRAFi resistance have centered upon genomic assessment, which
can be complemented with additional information about the diversity of signaling adaptation
seen following chronic BRAF inhibition.

Previous work from our groups has shown that the underlying genetics of BRAF mutant
melanoma cells contribute to the mechanism of therapeutic adaptation, with PTEN status
being a potential predictor of drug resistance.(21) In the current study, we have characterized
four pairs of BRAF mutant melanoma cell lines with either intrinsic sensitivity to BRAFi
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(PTEN expressing) or relative resistance (PTEN null) and have determined how chronic
BRAFi therapy leads to the rewiring of their signaling networks using activity-based protein
profiling (ABPP);(22, 23) three pairs of cell lines were further examined with expression
proteomics. This current work builds upon prior expression proteomics and
phosphoproteomics of these and other melanoma cell line models(24-28) and complements
recent publications examining phosphoproteomic responses to BRAFi and MEKi,(29)
targeting ROCK in BRAF mutant melanoma,(24) and proteomics of human metastatic
melanoma tumors.(30) The ABPP approach to examine the kinome and its rewiring in
BRAFi resistance relies upon interaction of desthiobiotinylating ATP probes with conserved
lysine residues in or near the ATP-binding pocket. Once the probe is in the ATP binding site,
the e-amino group of the conserved lysine in the binding pocket forms a covalent bond with
the biotin moiety of the probe releasing ATP.(31) After trypsin digestion, streptavidin
enrichment of desthiobiotinylated (DBT) peptides is combined with liquid chromatography-
tandem mass spectrometry (LC-MS/MS) to quantify probe uptake of each protein using
these labeled peptides as surrogates, which can be informative of expression level as well as
kinase activity.(32)(33) ABPP was used to identify enzymes with steady state differences in
the ATP probe uptake between each of the four paired BRAFi sensitive and resistant cell
lines. Our analysis revealed that BRAFi resistance is associated with marked changes in
probe uptake of proteins associated with cell adhesion and the actin cytoskeleton. Although
the network adaptations to BRAFi therapy were diverse and cell type specific, we identified
cytoskeletal remodeling to be common to all of the cell line models. Together, our studies
show that even though diverse patterns of signaling adaptation are seen in response to
BRAFi treatment, these signaling changes are frequently associated with similar phenotypic
behaviors.

Experimental

Cell Lines and Reagents

Unless otherwise noted, chemicals were ordered from Sigma-Aldrich (St. Louis, MO) in the
highest available purity. Solvents (HPLC H,0 and acetonitrile) were purchased from
Burdick and Jackson (Honeywell, Muskegon, MI). The FAK inhibitor, PF573228, and INK
inhibitor, SB600125, were obtained from Selleck Chemicals (Houston, TX). The 1205Lu,
WM793, and WM164 melanoma cell lines were a generous gift from Dr. Meenhard Herlyn
(The Wistar Institute, Philadelphia, PA), while the A375 cell line was obtained from ATCC.
All cell lines were verified by genotyping to confirm BRAFV600E mutation. Cell lines
were grown in RPMI-1640 media supplemented with 5% FBS. BRAFi resistant cell lines
were generated in the presence of chronic vemurafenib exposure (2 uM for WM164 and
WM793, 2.5 uM for A375 and 3 uM for 1205Lu).(34, 35) For ABPP experiments, cells
were plated on 150 mm Petri dishes and left overnight. Cells were harvested at 70%
confluence. First, the media was aspirated and the plate washed with cold PBS. Cells were
scraped, resuspended with additional cold PBS, and transferred to 15 ml collection tubes.
Cell pellets were obtained by centrifugation for 5 minutes at 500 x g at 4°C.
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Activity-based Protein Profiling (ABPP)

ABPP experiments were carried out using Pierce® kinase enrichment kits and ActivX® ATP
Probes (#88310 and 88311, Thermo, San Jose, CA), according to the manufacturers'
instructions and as previously published.(36) Briefly, cells were solubilized in 400 pl of lysis
buffer and 4 pl of Halt™ phosphatase and protease inhibitor cocktail (Catalog #78440,
Thermo). Samples were sonicated thrice at 1-minute intervals using a pulse of 30% duty
cycle for 30 seconds (Cell Disruptor 200, Branson, Danbury, CT). Cell lysates were cleared
by centrifugation at 14,000 x g for 20 minutes and the supernatant was buffer exchanged by
Zeba spin desalting columns (Thermo). Protein concentrations were estimated using
Bradford assays, and a total of 1 mg of protein from each sample was prepared for labeling,
enrichment, and mass analysis. Equal amounts of cell lysate were first incubated with 20
mM MgCl;, followed by incubation with 10 uM of desthiobiotinylating ATP probe for 10
minutes.

Following labeling, proteins were denatured in 10 M urea and reduced with 5 mM DTT.
Samples were alkylated by incubation with 40 mM iodoacetamide in the dark for 30 minutes
at room temperature. Following a second round of buffer exchange (Zeba, Thermo), proteins
were digested using trypsin (1:50 enzyme-to-substrate ratio) overnight at 37 °C. DBT-
labeled peptides were captured by incubating the digests with 50 pl of high capacity
streptavidin beads for 1 hour. The beads were sequentially washed with lysis buffer, PBS
(Gibco), and HPLC water; bound peptides were eluted by addition of aqueous 50%
acetonitrile with 0.1% trifluoroacetic acid (TFA). The eluted peptides were concentrated by
vacuum centrifugation and resuspended in 20 pl of aqueous 2% acetonitrile with 0.1%
formic acid for LC-MS/MS analysis.

Liquid Chromatography-Tandem Mass Spectrometry

LC-MS/MS data were acquired on a hybrid quadrupole-orbital ion trap instrument
(QExactive Plus, Thermo, San Jose, CA) interfaced with a nanoflow ultra high performance
liquid chromatograph (RSLC, Dionex, Sunnyvale, CA). The sample was first loaded on a
trapping column (5mm x 300 pm ID packed with C18 PepMap100 reversed phase resin, 5
um particle size, 100A pore size) and washed for 8 minutes with aqueous 2% acetonitrile
containing 0.04% TFA. The trapped peptides were then separated by using reversed phase
chromatography (C18 PepMap100, 50 cm x 75 um ID, PepMap 100, Dionex, Sunnyvale-
CA) at flow rate of 300 nl/min using the following 120 minute gradient program: 95%
solvent A (aqueous 2% acetonitrile with 0.1% formic acid) for 8 minutes, solvent B
(aqueous 90% acetonitrile with 0.1% formic acid) ramped from 5% to 50% in 90 minutes,
then increased from 50% to 90% in 7 minutes, holding 90% for 5 minutes, followed by
decreasing solvent B from 90% to 5% over 1 minute and re-equilibration for 10 minutes.
Data dependent acquisition was performed using the following parameters: 2.4 kV spray
voltage, MS survey scans with resolution of 70,000 with an AGC target of 3E6, followed by
high energy collision-induced dissociation of 16 peptide precursor ions at following each
survey scan using a normalized collision energy (NCE) of 30, and an isolation window
width of 2.0 Th with a 0.5 Th offset. MS/MS data was acquired at 17,500 resolution with an
AGC target of 1E5. Dynamic exclusion was set to 40 seconds to prevent resampling.
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Protein Identification and Quantification

Protein identification and label free relative quantification were performed by Andromeda
and MaxQuant (v. 1.2.2.5) by searching raw MS and MS/MS data against human entries in
the UniProt database (release: June 2014 for individual cell line searches and July 2014 for
the combined searches).(37, 38) Trypsin was selected as the protease and up to 2 missed
cleavages were allowed per peptide. Cysteine carbamidomethylation was set as a fixed
modification, while desthiobiotinylation of lysine residues, methionine oxidation and N-
terminal acetylation were set as dynamic modifications. Searches were performed with the
“match between runs” feature accepting elution within a time window of 4 min. MaxQuant
output was filtered to <2% false discovery rate (FDR) by retaining only those entries in the
“Desthiobiotin-ATPSites.txt” file matching following criteria: PEP < 0.05, non-zero
intensity, localization probability > 0.5, and Andromeda SCORE > 40 or 50. Searches and
data analysis were performed two ways: all naive vs. all resistant cell lines as one combined
MaxQuant search and downstream analysis as well as individual MaxQuant searches for cell
line pairs. In both data analysis schemes, DBT-peptides not identified reproducibly in at least
one cell line were discarded. Data from the combined searches were normalized using
Iterative Rank Order Normalization (IRON),(39) and log, transformed prior to imputation of
missing values (using half of the minimum value within that cell line). For the DBT-peptides
compared in each isogenic naive and resistant cell line pair, intensity values were log,
transformed and missing values were imputed by global minima in the data. Data were
normalized by Z-Score to minimize sample variation, and fold change was calculated using
the log, ratio between BRAFi resistant and naive cell lines. Initial candidate selection was
determined by t-tests with unequal variance and further filtering of the hits was performed
by restricting peptides with a fold change value greater or less than 2 standard deviations
away from the mean. Hierarchical clustering and Z-score normalization were performed in
Perseus,(40) companion software for the processing of MaxQuant data. Venn diagrams were
created using Venny.(41) Pathway and interactome analysis was carried out using GeneGO
(MetaCore, Thomson Reuters, New York, NY) and GO enrichment analysis was performed
using Webgestalt.(42) Kinome tree mapping was done using Kinome Render.(43)

Tandem Mass Tag Chemical Labeling

The 6-plex tandem mass tag (TMT) experiment was performed with the BRAFi naive and
resistant A375, WM164 and 1205Lu cell lines. Each of the cell lines (300 g total protein)
was lysed for protein extraction (as described above) with 8M urea lysis buffer containing
sodium orthovanadate, B-glycerophosphate and sodium pyrophosphate. The supernatant
from each sample was subjected to reduction by triscarboxyethylphosphine (10 mM final
concentration) and incubated at 55 °C for 1 hour. Proteins were alkylated by incubation with
iodoacetamide (40 mM final concentration) in the dark for 30 minutes at room temperature.
After a threefold dilution with 100 mM TEAB buffer, samples were digested overnight with
trypsin (1:50 enzyme-to-substrate) at 37 °C. On the next day, samples were desalted (Sep-
Pak, Thermo) and lyophilized. The lyophilized samples were re-suspended in 100 pl of 100
mM triethylammonium bicarbonate buffer and subjected to labeling with TMT 6-plex
reagents using following design: 126 — WM164 naive; 127 - WM164 BRAFi resistant; 128
— A375 naive, 129 — A375 resistant, 130 — 1205Lu naive, 131 — 1205Lu resistant. The
labeling was quenched by addition of 8 pl of 50% hydroxylamine, and the samples were
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pooled. The pooled sample was subjected to high pH reversed phase chromatography
yielding 96 fractions that were combined into 12 fractions using a variation of the method as
described by Mertins et al.(44) Each fraction was run in duplicate by LC-MS/MS, as
described above with the following adjustments: MS resolution of 70,000, AGC of 3E6 and
maximum IT of 100 ms. Each survey scan was followed by data-dependent acquisition of
top 16 precursor ions. MS2 settings included a resolution of 17,500, AGC target of 1E5 and
maximum IT of 60 ms and NCE 35. RAW MS data was searched by MaxQuant v. 1.5.1.2
against human entries in the UniProt database (released August 2014) with N-terminal and
K modification for TMT as well as methionine oxidation and N-terminal acetylation.
Intensity values from “peptides.txt” were normalized by IRON, and peptides mapping to p-
tubulin, actin and fibronectin were extracted for calculation of log, ratio between the BRAFi
naive and resistant cell line pairs.

Immunofluorescence

Cells were plated on glass coverslips and allowed to attach overnight. On the next day, cells
were fixed, permeabilized and stained using Tubulin-AlexaFluor 488 (Cell Signaling
Technologies, Danvers, MA) and Phalloidin-AlexaFluor 647 (Life Technologies, Carlsbad,
CA) in accordance with a previously described protocol.(45) Coverslips were mounted with
ProLong Antifade with DAPI (Life Technologies) and imaged on a confocal microscope.
Images were analyzed using Definiens® Developer v2.0 (Definiens AG, Munich, Germany)
software suite. The total fluorescence intensity was calculated per nuclei (stained by DAPI).

siRNA Transfection

Cells were plated and allowed to attach overnight under normal culture conditions. Cells
were transfected using TAOK siRNA or non-targeting Control A siRNA (Santa Cruz
Biotechnologies, Dallas, TX) using Lipofectamine 2000 (Thermo Fisher, Waltham, MA) in
serum-free conditions as described previously.(45) Media was changed to RPMI-1640
containing 5% serum following a 6-hour or 24-hour transfection. Lysates were analyzed 72
hours after transfection, and scratch assays were started 24 hours after transfection.

Western Blotting

Cells were plated and allowed to attach overnight. Cells were harvested, lysed and analyzed
by western blot as described previously.(45) Membranes were probed with antibodies for
fibronectin (Becton Dickinson, San Jose, CA), pFAK (Y397), pFAK (Y576/577), FAK (Cell
Signaling Technologies, Danvers, MA), TAOK2 (Santa Cruz Biotechnologies, Dallas, TX),
and GAPDH as a loading control (Sigma, St. Louis, MO).

Wound Healing Assay

Cells were plated and grown to confluence in a 6-well plate, then a “wound” was scratched
down the middle of each treatment well using a 200 ul pipette tip. Wound healing cell
migration was monitored and imaged every 24 hours. Wound closure was quantitated using
Ibidi's (Madison, Wisconsin) online wound healing image analysis tool, “WimScratch” and
expressed as percentage of surface area in an image not covered by the cells (scratch).
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3D Spheroid Assay

Melanoma cells were cultured as a 3D spheroid following a protocol described previously.
(46) Spheroids were treated with DMSO control or increasing concentrations of PF573228
for 72 hours, then stained with Calcein AM for viability at 30 minutes to 1 hour (Thermo
Fisher, Waltham, MA), and imaged immediately.

Matrigel Invasion Assay

To measure Matrigel invasion, first a 1:1 mixture of Matrigel to PBS was used to coat the
inside of a transwell membrane, then transwells were placed up-side down and 100,000 cells
were plated on top of the transwell membrane and allowed to attach for 3 hours. Once the
cells attached, the transwells were placed right-side up with serum-free medium containing
PF573228 in the bottom well and 5% FBS/RPMI-1640 in the top chamber. Cells were
allowed to migrate for 72 hours, then fixed and stained with Phalloidin-AlexaFluor 647. The
invasion was quantified using Image-Pro Premier version 9.1 (Media Cybernetics, Rockville,
MD). Cells were imaged in slices throughout the distance of the invasion using confocal
microscopy. Average invasion distance was measured in micrometers from analysis of
approximately 500 width measurements along the z plane for each sample.

Results and Discussion

Using four naive cell lines and their isogenic counterparts resistant to the BRAFi,
vemurafenib, we identified a total of 17,556 peptides and 2,852 proteins (Supplementary
Tables 1A and 1C, Supplementary Figure S1A) spanning multiple enzyme classes including
kinases. From this larger dataset, a total of 625 peptides mapped to 165 protein kinases,
which represent ~30% of the known human kinome (Supplementary Tables 1B and 1D,
Supplementary Figure S1B). While overall protein identifications reveal ~34% are observed
across all cell types, only a subset of these proteins show differential ATP probe uptake
between the naive and resistant cell lines. A Venn diagram of the proteins (and kinases) that
show differential probe uptake between naive and BRAFi resistant cells illustrates the
heterogeneity of mechanisms for therapeutic escape as only ~100 proteins are observed in
the center of the Venn diagram as commonly modulated in all four cell line pairs (Figure
1A). The 4 cell line pairs show a wide range of sensitivity and resistance to BRAF inhibition
(Supplementary Figure S2).

Comparative analysis of all naive vs. all BRAFi resistant cell lines

Two approaches were used to identify unique and common proteins contributing to drug
resistance in these cell lines. First, we carried out an analysis by grouping all four naive cell
lines and comparing them to all four resistant lines. MaxQuant identified 10,974 peptides at
<1% FDR after filtering based on PEP < 0.05, SCORE > 50, and localization probability >
0.5 (Supplementary Table 2A). A Welch test for significance identified a total of 469 DBT-
peptides including 14 kinase specific peptides with differential ion signal intensities (based
on p-value < 0.05) between the naive and the resistant groups (Supplementary Table 2B). We
next performed unsupervised clustering of ABPP peptides to determine relationships
between the cell lines grouped as well as between groups of proteins with differential probe
uptake.
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A complete heat map of all DBT-peptides (Supplementary Figure S3) separates the cell lines
based on PTEN status followed by BRAF inhibitor sensitivity, suggesting that many of the
signaling events involving ATP binding proteins are PTEN dependent. To illustrate global
fold change differences in relation to their significance, an unsupervised hierarchical
analysis of DBT-peptides (selected based on logs ratio differing from the average value for
each experiment by more than 2 standard deviations, and p-value < 0.05; n=265,
Supplementary Table 2C) was associated with a clear separation of naive and resistant cell
lines (Figure 1B). However, within the naive and resistant groups, the individual cell lines
did not cluster by their PTEN status. As can be seen in the heat map, the WM164 cell line
groups with WM793 and 1205Lu rather than with A375 in a BRAFi resistant group (Figure
1B). DBT-peptides were graphed on a volcano plot of p-values from the Welch test against
the log, ratio between the resistant and naive cell line groups. From the volcano plots, DBT-
peptides with a fold change two standard deviations away from the mean and a p-value of <
0.05 were selected. We identified 113 DBT-peptides with higher ion signal in resistant cells
and 153 DBT-peptides with higher ion signal in naive cells. Within these selected hits, we
identified 5 kinases (FAK1, SLK, LYN, PRKDC and KCC2D) with increased ATP probe
uptake in the resistant cell line group and two kinases (BRAF and M4K5 or KHS1) with
higher ATP probe uptake in the naive cell line group (Figure 1C and 1D). The bar chart
shows the magnitude of difference for each DBT-peptide and its modification site (Figure
1D). The decrease in BRAF ATP probe uptake was expected as the resistant cells are grown
in presence of the BRAFi, and acquired BRAF inhibitor resistance is typically associated
with the routing of MAPK signals through CRAF. (47, 48) The second candidate protein,
KHS1, is a member of the STE family that has been shown to mediate signaling in the TNF-
induced Stress Activated Protein Kinase (SAPK)/Jun amino-terminal kinase (JNK) pathway.
(11) Our ABPP measurements suggest that this particular mechanism of activation of the
SAPK pathway may be reduced in BRAFi resistant cell lines, as we see a decrease in the
ATP probe uptake for KHS1 in BRAFi resistant cell lines. Other kinases, such as TAOK2,
may compensate in order to maintain SAPK/INK signaling (a possible mediator of BRAFi
sensitivity) in resistant cell lines.(49) The decrease in probe uptake of KHS1 in resistant cell
lines could also be due to off-target inhibitory effects of vemurafenib.(50)

GO term enrichment analysis of other enzyme classes was used to determine the biological
processes that are associated with adaptive responses to BRAF inhibition. For this analysis,
we only selected enzymes that showed differential ATP probe uptake based on both the fold
change and the p-value cutoff (Figure 1C) as well as had a unique DBT-peptide
identification. After applying these filters, 66 and 122 enzymes were detected with DBT-
peptides that had significantly higher ion signal in the BRAFi resistant and naive groups,
respectively (Supplementary Table 3). GO term analysis for biological processes showed an
enrichment of energy production pathways like tricarboxylic acid cycle (5 proteins), cellular
respiration (9 proteins) and acetyl-CoA catabolic process (5 proteins) in the naive cell lines
(Table 1). These observations agree with multiple previous reports demonstrating that BRAF
inhibitor resistance leads to metabolic reprogramming associated with increased oxidative
respiration, the recovery of glycolysis and a greater dependence upon glutamine as an
energy source.(1. 52). (53, 54) On the other hand, the resistant cell line group was mainly
enriched for processes involved in cytoskeleton organization (18 proteins), actin filament
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bundle assembly (6 proteins) and cytoskeletal anchoring (3 proteins) (Table 1). In line with
these observations, the resistant cells were found to exhibit a significant reorganization of
cellular actin and tubulin (Figure 2, Supplementary Table 4).

Cellular localization of these hits also reflected their biological processes. The GO cellular
compartment enrichment identified the cytoskeleton (25 proteins) as the most enriched
cellular component for the proteins with increased ATP probe uptake in the resistant cell
lines, while the proteins with decreased ATP probe uptake in the resistant lines or increased
ATP probe uptake in inhibitor naive cell lines were enriched for the mitochondrial
compartment (34 proteins), as shown in Table 2.

Pairwise comparison of ATP probe uptake in each cell line model

Since we expected some heterogeneity in the ATP probe uptake in each cell line due to
differences in the biological background and varying levels of intrinsic resistance to BRAFi,
MaxQuant searches were used to identify and evaluate the differences in the ATP probe
uptake between paired BRAFi-naive and resistant cell lines. Table 3 summarizes the DBT-
peptides identified from each cell line pair and the final kinase specific DBT-peptides used
for kinome analysis (Supplementary Table 5-8).

The union of filtered kinase DBT-peptides from individual cell lines (Table 3) resulted in a
list of 92 kinases with differential ATP probe uptake in the four isogenic BRAFi naive and
resistant cell line pairs. We mapped each kinase (n = 69) that was identified by a unique
DBT-peptide (132 peptides) on the human kinome tree (Figure 3).(55) To remove ambiguity
in linking DBT-peptides and kinases, we provide additional tabular data for 40 DBT-peptides
that were selected based on p-value, but mapped to multiple kinases as well as multiple
peptides mapping to DNA-PK (Supplementary Table 9). The detected kinases represent all
major kinase families, as well as the atypical kinases; cell lines show different patterns of
kinase use under continuous BRAFi treatment. Overall, the patterns of ATP probe uptake
across the resistant cell lines indicate that each exhibits a unique signaling pattern (Figure 3).
This wide divergence in adaptive signaling is expected given that melanomas harbor one of
the highest mutational loads of all cancers and display great genetic and phenotypic
heterogeneity.(56)

The two PTEN WT cell lines, A375 and WM164 shared 7 kinases (EphA2, EGFR, FAK1,
STK38L, KHS1, CAMK2G and MLKL) that showed differential ATP probe uptake in their
isogenic BRAFi naive and resistant lines in which KHS1 and STK38L showed consistent
probe uptake. The PTEN Null cell lines, 1205Lu and WM793, shared 5 kinases (LOK,
CDK14, CDK1, NUAK?2 and KHS1) that showed differential ATP probe uptake. Within
these 5 kinases, only CDK14 showed consistent increase in the ATP probe uptake in the
BRAFi naive 1205Lu and WM793 cell lines (Supplementary Table 9). These observations
further strengthen the fact that heterogeneity in BRAFi response and mechanisms of
resistance in melanoma cell lines extends beyond receptor tyrosine kinases and EMT
signature proteins as reported previously.(57, 58)

Within individual cell lines there were several kinases that showed differential ATP probe
uptake between the isogenic naive and resistant pairs. We identified 31, 49, 33 and 41
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unique kinase-specific DBT-peptides with differential ATP probe uptake (p-value <0.05
filtered) in the naive and resistant pair in the A375, WM164, 1205Lu and WM793 cell line
models respectively (see Supplementary Figures S4 and S5).

We further explored BRAF mutant, PTEN WT WM164 cells, which provided the highest
number of candidate proteins with differential ATP probe uptake. The 49 DBT-peptides
mapped to 31 kinases, which were narrowed down to 10 unique kinases with fold change
values greater than 2 standard deviations away from the mean (Figures 4A-C). Selected
kinases passing the p-value filter formed a well-connected interactome starting with signal
initiation from EphA2 and EGFR (Figure 4D). There is already evidence linking both EGFR
and EphAZ2 signaling to BRAF inhibitor adaptation. Chronic treatment of melanoma cells
with BRAF inhibitors was associated with the induction of a TGF-p-mediated increase in
EGFR expression that led to the adoption of a slow-growing phenotype which allowed
melanoma cells to persist in the presence of BRAF and BRAF-MEK inhibition.(59)
Likewise, increased EphA2 expression was found to convey resistance to BRAF inhibition
in both melanoma cell lines and post-treatment tissue samples, with its ShARNA knockdown
or small molecule EphA2 inhibitors found to restore BRAFi sensitivity.(60) Further work
also showed the ability of ligand independent EphA2 signaling to mediate the switch to a
metastatic phenotype in the presence of chronic BRAFi treatment.(34) Another kinase
identified through our analysis was TAOK?Z, a relatively understudied protein that was first
identified in a screen for RNAs with increased expression in human prostate cancer.(61)

TAOK?2 is a serine/threonine protein kinase that is involved in multiple processes including
DNA damage response and MAPK14/p38 MAPK stress activated pathway signaling.(49)
The DBT-peptide, DVK(dbt) AGNIISEPGIVK, in TAOK? is modified at K153 adjacent to
the active site D151. Western blot validation confirmed an increased expression of TAOK?2
and FAK in the WM164 BRAFi-resistant cells compared to the naive parental line (Figure
4D). As TAOK?2 is a known facilitator of INK signaling, TAOK2 activation may act as a
compensatory mechanism for sustained JNK signaling in the resistant cell line (49). The
JNK signaling pathway is an important mediator of escape from BRAF inhibition. Through
validation studies, we have confirmed that combined targeting of JNK (using the inhibitor
SB600125) sensitized WM793 and 1205Lu to BRAF inhibition and prevented clonal
outgrowth in long term colony formation assays (Supplementary Figure S6A). Furthermore,
immunoblots confirm increased activation of MKK?3/6/p38 signaling, a pathway with known
crosstalk with INK/Jun signal transduction (Supplementary Figure S6B).(62, 63) A
phenotypic role for TAOKZ2 in drug resistant WM164R cells was suggested by the modest
reduced cell migration following siRNA knockdown of TAOK2 (Figure 4E). No significant
changes in cell cycle, cell growth, or sensitivity to vemurafenib were observed with
knockdown of TAOK?2 in the WM164R BRAFi-resistant cells (Supplementary Figure S7).

In the BRAFmutant and PTEN null 1205Lu cells, 33 DBT-peptides (p value < 0.05)
represent 27 unique kinases. Focusing on fold changes of 2 standard deviations away from
the mean reduced the number of significantly different kinases to 5 (CDK19, CDK14,
NEK4, M4K5 and BRAF) that showed decreased ATP probe uptake in the resistant cell line
and 3 kinases (DNA-PK, FAK1 and RIOK2) that showed increased ATP probe uptake in the
resistant cell line (Figure 5A and 5B).
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The DBT-peptide mapping to CDK19 was also shared by CDKS8, a colorectal cancer
oncogene whose suppression results in histone variant macroH2A-dependent inhibition of
melanoma proliferation in cell line models.(64) The decreases in ATP probe uptake for
BRAF and M4KS5 in the BRAFi resistant 1205LuR cell line confirm the direct and off target
inhibitory actions of vemurafenib, while CDK14 has been implicated in maintaining various
hallmarks of cancer in several tumor types including ovarian, pancreatic, breast and gastric
cancer as well as glioma.(65-69) Never in Mitosis Gene A (NIMA)-related protein kinase,
NEKA4, plays an important role in microtubule positioning and its deletion makes cancer
cells either sensitive or resistant to microtubule poisons.(70) Apart from this, deletion of
NEK4 was also found to delay replicative senescence and DNA damage repair in human
fibroblast cells.(71) Both these observations suggest NEK4 could be a potential therapeutic
target in melanoma as it shows decreased ATP probe uptake in the resistant cell lines. To
create an interaction network for these kinases, we included all kinases that were selected
based on p-value alone irrespective of their fold change and also included EphA2.(34, 60)
Similar to the interaction network for WM164, signaling could be initiated from the receptor
tyrosine kinases, EGFR and EphA2, with FAK1 and CDK1 acting as hub proteins (Figure
5C).

Increased FAK1 Signaling Mediates Increased Invasiveness in BRAFi Resistant Cells

Signal initiation from EphA2 and EGFR is crucial for downstream signaling to promote
survival of BRAFi resistant cell lines.(34, 59, 60) EphA2 is a receptor tyrosine kinase known
to bind to FAK1 leading to recruitment of Shp2, which dephosphorylates FAK1 and inhibits
integrin signaling in a ligand dependent manner.(72) However, in our dataset, we observed
increased ATP probe uptake of both EphA2 and FAK1 consistent with ligand-independent
activity of EphA2 recently reported in melanoma progression.(34) Together, our results
suggest increased activity of processes involved in cytoskeleton remodeling, actin filament
bundle assembly and cytoskeletal anchoring in BRAFi resistant cell lines mediated through
FAKZ1 (Figure 2). FAKL1 is a non-receptor tyrosine kinase implicated in cell adhesion and
migration as well as cytoskeleton remodeling. FAK is known to be overexpressed in several
cancer types including colon, ovary, breast, pancreas, and prostate.(73) Small molecule FAK
inhibitors are currently being evaluated in early-stage clinical trials for a variety of epithelial
cancers. In the four melanoma cell line models, we observed multiple DBT-peptides from
FAKL1. In WM164 cells, the FAK1 DBT-peptide passed our p-value filter of 0.05; in 1205Lu
cells, we observed more than 4-fold increase in ATP probe uptake in the BRAFi resistant
cell line compared to its naive counterpart. Western blots confirmed increases in the
expression and phosphorylation of FAK at Y397 in the 1205LuR cell line (Figure 5D). The
Y397 position in FAKL1 is the autophosphorylation site, which is required for the binding
with the Src-family kinases.(74) A role for FAK signaling in the therapy-adapted phenotype
was suggested by the ability of the FAK inhibitor, PF573228, to inhibit melanoma cell
migration into a scratch wound and invasion in both a 3D spheroid assay and Matrigel
invasion assay (Figure 6A-D). The reliance upon FAK signaling in melanoma cells with
acquired resistance to BRAFi is distinct from what has been observed when melanoma cells
are subjected to acute MEK inhibition.(75) In this instance, treatment of the cells with MEK
inhibitor for 24-48 hours was associated with an increased reliance upon Src, and enhanced
protease mediated invasion, with little change in FAK signaling noted.(75) Other work
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implicated an EGFR/Src/STAT3 signaling loop in both BRAF inhibitor resistance and
metastatic dissemination to the lungs.(76) However, no changes were observed between the
naive and resistant 1205Lu cell lines in either Src family kinase ATP probe uptake in the
ABPP experiment or in SRC family tyrosine autophosphorylation by immunoblotting (data
not shown). These data are consistent with a lack of increased FAK1 phosphorylation at
Y576/577 (Figure 5D). Further analysis of the quantitative ABPP data also revealed little
change in STAT3 ATP probe uptake between the sensitive and resistant cell lines (data not
shown). Additional experiments showed that FAKi treatment did not induce significant
BRAF inhibitor sensitivity in either 1205Lu cells or 1205LuR cells (Supplementary Figure
S8). A FAK-inactive cell line A745R did not show sensitivity to FAK inhibition in 3D
spheroid invasion and wound scratch assays (Supplementary Figure S9).

Conclusions

The ATP-probe-based ABPP approach provides important new insights into how chronic
BRAF inhibition rewires signaling networks across different BRAF mutant melanoma cell
lines. We show for the first time that the adaptations to the BRAF inhibitor, vemurafenib, are
heterogeneous, with very limited overlap between the patterns of kinase usage observed in
isogenic sensitive and resistant cell lines. Despite this signaling diversity, acquired resistance
is associated with common phenotypic behavior including altered metabolism and marked
rearrangement of the cytoskeleton. Our data highlight the inherent redundancy in signaling
networks and suggest many different signal transduction routes reach the same cellular
behaviors. These findings have important implications for the development of therapy
combinations and suggest that therapeutic adaptation will only be abrogated when key
combinations of non-redundant signaling nodes are identified and targeted, a task
complicated by the genetic complexity and heterogeneity of melanoma. The observation that
different cell lines have high levels of heterogeneity in kinase utilization yet often
demonstrate similar phenotypic adaptations certainly poses a very complicated challenge to
addressing therapy resistance, and something our group has considered previously through
the use of inhibitors of HSP90 as a tool for targeting multiple resistance mediators
simultaneously (35, 77). The ultimate goal for continued research into the links between
genotype and phenotypic adaptation is the development of improved, clinically relevant,
targeted therapy combinations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Common Changes in ATP Probe Uptake across 4 Model Systems of BRAFi Resistance
(A) Venn diagram showing overlap between the four isogenic naive/BRAFi resistant cell

line pairs in proteins with differential ATP probe uptake based on detection of DBT-peptides
selected using p < 0.05; numbers of protein kinases with differential ion signals for DBT-
peptides are given in parentheses. See Supplementary Figure S1 for additional details. (B)
Heat map of desthiobiotinylated (DBT) peptides with consistently observed significant
differences in ion signal (log, ratio exceed 2 standard deviation away from the mean and p-
value < 0.05) between naive and BRAFi resistant cells produced by unsupervised clustering.
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(C) Volcano plot of ratios and p values for DBT-peptides indicating proteins (blue
diamonds) and kinases (red squares) with decreasing ATP probe binding as well as proteins
(gold diamonds) and kinases (blue squares) with increasing ATP probe binding in BRAFi
resistant cell line. (D) Bar graph showing log ratio of the kinases (annotated with DBT-site)
marked in the volcano-plot. Error bars represent standard deviation in BRAFi resistant to
naive ratio calculated for each set of replicate measurements.
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Figure 2. Cytoskeletal remodeling in BRAFi resistant cell lines

(A) Immunofluorescent staining showing different modes of cytoskeletal remodeling in
different BRAFi resistant lines. The WM164 BRAFi resistant cell line shows cytoskeletal
remodeling is driven by actin (Phalloidin- AlexaFluor 647, red) while in A375 resistant it is
driven by tubulin (Tubulin-AlexaFluor 488, green). (B) Western blot analysis shows an
increase in fibronectin expression in the WM164R cell line compared to treatment naive
WM164. (C) Protein expression data for actin, tubulin and fibronectin extracted from TMT
expression proteomics highlights a similar trends as observed by cell staining experiments.
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Error bars denote standard deviation between logs ratios of all the peptides mapping these
proteins. For more details, see Supplementary Table 4.
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Figure 3. Mapping ABPP Data to the Kinome Tree for Four Cell Line Models of BRAFi
Resistance

To provide an overview of the diverse signaling events associated with BRAFi resistance,
selected kinase peptide-level data (DBT peptide with p < 0.05 in at least one naive/BRAFi
resistant cell line pair) is mapped onto the kinome tree. The key describes the layout of cell
lines; the color coding includes DBT peptide not detected (gray), DBT peptide detected but
not significantly changed (white), significantly increased (red), and significantly decreased

Myars MARKID  canikis P
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in the drug resistance (blue). The kinome tree is used with permission from Cell Signaling
Technology (Manning G et. al. Science 2002).%°
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Figure 4. Comparison of Peptides Representing ATP Probe Uptake by Kinases in Naive and

BRAFi Resistant WM164 Melanoma Cell Lines
(A) Volcano plot of DBT-peptides observed WM164 naive and BRAFi resistant cells using

the following cutoffs: log, ratio exceeds 2 standard deviations away from the mean and p-
value < 0.05. (B) Inset shows kinases with significantly increased ATP probe uptake in the
WM164 BRAFi resistant cell line from panel A. (C) Bar-graph displaying log, ratio for the
significantly different kinases in WM164 cell line comparison and the DBT labeled lysine
site marked on the volcano plots. Error bars represent standard deviation in fold change per
replicate measurement, * represents kinase not identified by a unique DBT-peptide. (D)
Interactome of selected kinases with increased ATP probe uptake in the WM164 BRAFi
resistant cell line, using p-value < 0.05. Additional unconnected nodes (e.g. MLKL,
CAMKZ1D) not shown for clarity. (E) Western blot analysis (left) confirms siRNA-mediated
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knockdown of TAOK2, which leads to a decrease in migratory capacity of WM164R in a
wound healing assay (right).

J Proteome Res. Author manuscript; available in PMC 2017 October 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sharma et al.

A

Decreasing Increasing
Uptake Uptake
6 | @ Proteins Proteins
B Kinases B Kinases
CDK19

-log,, p-value

B
-4

log, Ratio (Res./Naive)
1

3

ot

2

Page 27

3

BRAF(K578)
CDK14(K164)
CDK19(K153)

M4K5(K164)
M4K5(K49)
NEK4(K133)
*CDK1(K34)
*CDK2(K129)
*E2AK2(K296)
*EGFR(K716)
“EPHA2(K778)
FAK1(K578)
*IKKE(K38)
*KPCI(K283)
*NUAK2(K81)
PRKDC(K1334)
PRKDC(K2445)
RIOK2(K105)
STK10(K532)

D

PKC-lambdaliota IKKE

1205Lu

1205LuR

Bl oo

- pFAK (Y576/577)

Figure 5. Comparison of Peptides Representing ATP Probe Uptake by Kinases in Naive and

BRAFi Resistant 1205Lu Melanoma Cell Line
(A) Volcano plot of DBT-peptides observed 1205Lu naive and BRAFi resistant cells using

the following cutoffs: log2 ratio exceeds 2 standard deviations away from the mean and p-
value < 0.05. (B) Bar-graph displaying log2 ratio for the significantly different kinases and

the ATP labeled lysine site marked on the volcano plots in 1205Lu, * represents kinases with

significantly increased ATP probe uptake (p-value < 0.05) in the BRAFi resistant cell line
that do not pass fold change criteria, ** EphA2 selected based on prior literature evidence
for its role in melanoma drug resistance. Error bars represent standard deviation in fold

change per replicate measurement. (C) Interactome of kinases with increased ATP probe
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uptake in the 1205Lu BRAFi resistant cell line (p-value < 0.05) Proteins with unconnected
nodes (RIOK2, NUAK2, STK10) not shown for clarity. (D) Western blot showing
differences in levels of FAK expression and phosphorylation between 1205Lu and 1205LuR
cell lines.
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Figure 6. FAK signaling mediates invasion in BRAFi resistant cell lines
(A) Western blot analysis confirms efficacy in inhibiting FAK phosphorylation with

increasing doses of the FAK inhibitor, PF573228, in 1205LuR cells (2 hours after
treatment). (B) Wound healing assay shows increasing concentrations of the FAK inhibitor
(24 hour treatment after wound scratch) can block the increased migratory capacity of
1205LuR cells. Values represent the percentage of scratch surface area (not covered by
cells). (C) Immunofluorescent viability (Calcein-AM) staining of 1205Lu and 1205LUuR in
3D spheroid invasion assay. Increasing doses of FAKIi block the increased invasive capacity
of 1205LuR cells. (D) Matrigel invasion assay shows FAKIi blocks the increased invasive
capacity of 1205LuR (48 hour treatment). Cells were plated on top of Matrigel and allowed
to invade towards an increased FBS gradient with and without FAKi treatment. Cells were
then fixed and stained for actin cytoskeleton using Phalloidin-AlexaFluor 647. Values
represent average distance of invasion in microns.
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Table 1

Biological Processes Related to BRAFi Resistance

Top 10 GO categories (sorted by decreasing enrichment factor) representing enzymes excluding kinases with
significantly different ATP probe uptake between the BRAFi sensitive and resistant cell line groups (log, ratio

differs by more than 2 standard deviations from the mean and p-value < 0.05).

GO Biological Process (Naive) # GO Biological Process (Resistant) #
tricarboxylic acid cycle 5 cytoskeletal anchoring at plasma membrane 3
acetyl-CoA catabolic process 5 actin filament bundle assembly 6
monosaccharide biosynthetic process 8 establishment or maintenance of cell polarity 6
cellular respiration 9 cell junction assembly 8
energy derivation by oxidation of organic compounds | 13 | cell junction organization 8
generation of precursor metabolites and energy 15 | actin cytoskeleton organization 13
carboxylic acid metabolic process 22 | actin filament-based process 14
oxoacid metabolic process 22 | cytoskeleton organization 18
organic acid metabolic process 22 | cellular component assembly at cellular level 18
small molecule metabolic process 42 | cellular component organization at cellular level | 29
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Table 2
Cellular Compartments of Proteins Involved in BRAFi Resistance

Top 10 GO categories (sorted by decreasing enrichment factor) representing enzymes, excluding kinases, with
significantly different ATP probe uptake between naive and resistant cell line groups (log, ratio differs by

more than 2 standard deviations from the mean and p-value < 0.05).

GO Biological Process (Naive) | # GO Biological Process (Resistant) | #
mitochondrial part 22 actin filament bundle 3
mitochondrion 35 stress fiber 6
cytoplasmic part 79 actomyosin 6
intracellular organelle part 75 adherens junction 8
organelle part 75 anchoring junction 8
cytoplasm 95 actin cytoskeleton 13
intracellular organelle 98 cytosol 14
organelle 98 cytoplasmic part 18
intracellular part 111 | cytoplasm 18
intracellular 113 | intracellular part 29
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Summary of DBT-Peptides identified from cell line specific MaxQuant searches
Category A375N/R | WM164 N/R | 1205Lu N/R | WM793 N/R
Total DBT-Peptides 6,286 7,614 5,509 7,761
Selected DBT-Peptides (p-value < 0.05) 737 2,605 721 1,459
Selected Kinase DBT-Peptides (p-value < 0.05) 35 67 40 52
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