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Quantitative Chemical Proteomics Reveals
New Potential Drug Targets in Head and Neck

Cancer*s
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Susanne M. Gollin|, Reidar Grenman**, Axel Walchtt, Stephan M. Feller§ §§|||,

and Bernhard Kuster{113+8S||

Tumors of the head and neck represent a molecularly
diverse set of human cancers, but relatively few proteins
have actually been shown to drive the disease at the
molecular level. To identify new targets for individualized
diagnosis or therapeutic intervention, we performed a ki-
nase centric chemical proteomics screen and quantified
146 kinases across 34 head and neck squamous cell car-
cinoma (HNSCC) cell lines using intensity-based label-
free mass spectrometry. Statistical analysis of the profiles
revealed significant intercell line differences for 42 ki-
nases (p < 0.05), and loss of function experiments using
siRNA in high and low expressing cell lines identified
kinases including EGFR, NEK9, LYN, JAK1, WEE1, and
EPHA2 involved in cell survival and proliferation. EGFR
inhibition by the small molecule inhibitors lapatinib, ge-
fitinib, and erlotinib as well as siRNA led to strong reduc-
tion of viability in high but not low expressing lines, con-
firming EGFR as a drug target in 10-20% of HNSCC cell
lines. Similarly, high, but not low EPHA2-expressing cells
showed strongly reduced viability concomitant with
down-regulation of AKT and ERK signaling following
EPHA2 siRNA treatment or EPHA1-Fc ligand exposure,
suggesting that EPHA2 is a novel drug target in HNSCC.
This notion is underscored by immunohistochemical anal-
yses showing that high EPHA2 expression is detected in a
subset of HNSCC tissues and is associated with poor
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prognosis. Given that the approved pan-SRC family ki-
nase inhibitor dasatinib is also a very potent inhibitor of
EPHAZ2, our findings may lead to new therapeutic options
for HNSCC patients. Importantly, the strategy employed in
this study is generic and therefore also of more general
utility for the identification of novel drug targets and mo-
lecular pathway markers in tumors. This may ultimately
lead to a more rational approach to individualized cancer
diagnosis and therapy. Molecular & Cellular Proteomics
10: 10.1074/mcp.M111.011635, 1-14, 2011.

Head and neck squamous cell carcinoma (HNSCC) is the
sixth most common form of cancer with ~600,000 new cases
worldwide every year. The prognosis for this disease is poor
(40-50% survival rate over 5 years) and has not markedly
improved over the past decades (1). At the molecular level,
HNSCC is a very heterogeneous disease that can roughly be
divided into human papillomavirus-positive (20%) and human
papillomavirus-negative cases (80%) (1). Genome instability
and aneuploidity are frequently observed, and genetic altera-
tions have been identified in both tumor suppressors (e.g.,
PTEN and TP53) (2-5) and oncogenes (e.g. PIK3CA and
EGFR) (6-8), but there are also many cases in which the
genome appears to be rather normal (1). Relatively few sig-
naling pathways have so far been shown to be involved in the
pathogenesis of HNSCC. Among these are the transforming
growth factor-g/SMAD (9-11) and EGFR/phosphatidylinositol
3-kinase/AKT pathways (12). The latter offers a number of
possible therapeutic intervention points particularly at the
level of EGFR itself (13), which is amplified and/or overex-
pressed in many HNSCC cases (7). Anti-EGFR monoclonal
antibody (14) or tyrosine kinase inhibitor (15) therapies have

" The abbreviations used are: HNSCC, head and neck squamous
cell carcinoma; DMEM, Dulbecco’s modified eagle medium; FA, For-
mic acid; FBS, fetal bovine serum; NEAA, nonessential amino acids;
VSN, variance stabilization normalization; EGFR, epidermal growth
factor receptor; ERK, extracellular signal-regulated kinase; AURKA,
aurora kinase A; siRNA, small interfering RNA; TMA, tissue
microarray.
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shown some clinical benefits, notably for combined antibody
and radiation therapy (16). In comparison, tyrosine kinase
inhibitors have shown rather low response rates, the reasons
for which are currently not clear (15). Despite the success of
EGFR-targeted therapy, there is a great need to identify new
molecular targets whose activity may drive this cancer in the
many individuals for whom EGFR does not play a major role.
Recently, several other kinase-centric molecular mechanisms
have been investigated. These include aurora kinase A (AU-
RKA) (17), polo-like kinase 1 (PLK1) (18), and c-MET (19),
indicating that the observed molecular heterogeneity of the
disease may be rooted in multiple kinase signaling pathways
and underscoring the need for potential biomarkers and/or
therapeutic targets for an individualized approach to the man-
agement of HNSCC.

Signaling pathways are best studied at the protein level,
and quantitative proteomics methods are increasingly used to
address signaling in a systematic fashion (20, 21). We have
recently developed a chemical proteomics screening method
that allows the interrogation of many signaling pathways in
parallel (22). The approach comprises two main elements. The
first element is an affinity purification matrix termed Kino-
beads, which consists of seven immobilized nonselective ki-
nase inhibitors. It allows the purification and identification of
several hundred kinases and other ATP-binding proteins from
cell lines or tissues (22, 23). The second element is intensity-
based label-free quantitative mass spectrometry that enables
the identification and relative quantification of the purified
proteins across many biological samples (24). Although the
Kinobeads approach was initially developed to profile the
selectivity of small molecule kinase inhibitors, it also lends
itself to profiling the expression of kinases in cells or tissues
(22, 25). In this study, we utilized the Kinobeads approach to
identify systematically kinases from HNSCC cell lines that
might represent novel candidate targets for individualized
therapeutic intervention and/or candidate biomarkers. Quan-
titative profiling and statistical analysis of 146 protein kinases
across 34 HNSCC cell lines revealed that 42 kinases showed
highly significant differential protein expression. These in-
cluded disease associated kinases such as EGFR, c-MET,
and AURKA but also novel candidates. Loss of function ex-
periments using siRNA and small molecule kinase inhibitors
showed that EGFR, EPHA2, NEK9, RIPK2, WEE1, and JAK1
are involved in cell survival, and the validation data assembled
thus far suggest EPHA2 as a novel target for HNSCC therapy.

EXPERIMENTAL PROCEDURES

Cell Culture and Harvesting—All the 34 cell lines used in this study
represent HNSCC of the tongue, and further information on the cell
lines (including relatively sparse clinical information) can be found
supplemental Table S1 and several publications (26-42). With the
exception of the four cell lines HSC-3, HSC-4, OSC-19, and OSC-20,
all were originally obtained from primary tumors. We note that these
lines are not primary cells but are cell lines adapted to grow in culture
over an extended period of time. The cells were cultured in Dulbec-

co’s modified Eagle’s medium (DMEM) with high glucose and gluta-
mine (PAA, Pasching, Austria) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; PAA), 1X nonessential amino
acids (NEAA; PAA) at 37 °C in humidified air with 10% CO,. To
standardize conditions, all of the cell lines were grown without spe-
cific additives such as hydrocortisone. In the case of cell lines origi-
nally maintained with hydrocortisone (BICR16 and BICR56), the cul-
ture medium was depleted of hydrocortisone, and the cells were then
grown without it for at least seven further passages without observing
major effects on growth rate or cell morphology. Prior to harvesting,
the cells were cultured in medium for 48 h. The cells were grown to
90-100% confluence while avoiding substantial overgrowth. Before
lysis, the cells were washed three times with ice-cold PBS. Radioim-
munoprecipitation assay 100 buffer (mixed micelle buffer with 20 mm
Tris-HCI, pH 7.5, 100 mm NaCl, 1 mm EDTA, 1% Triton X-100, 0.5%
deoxycholic acid, 0.1% SDS) with freshly added protease (2X prote-
ase inhibitor mixture; Roche Applied Science, Mannheim, Germany)
and phosphatase inhibitors (5X phosphatase inhibitor cocktail, Sig-
ma-Aldrich; 5X phosphatase inhibitor mixture 2, Sigma-Aldrich; 1 mm
sodium orthovanadate and 1 mm sodium molybdate) was used for cell
lysis. One ml of ice-cold lysis buffer/175-cm? cell culture flask was
then added to the cells. The cells were scraped immediately, col-
lected in a precooled microcentrifuge tube and incubated on an
orbital mixer for 30 min at 4 °C. Lysates were then centrifuged at 2 °C
for 30 min at 20,000 X g, and the supernatants were collected,
aliquoted, frozen in liquid nitrogen, and stored at —80 °C until further
use. Protein concentration in lysates was determined by the Bradford
assay.

Affinity Purification and Protein Digestion—Kinobead pulldowns
were performed as described previously (22). Briefly, cell lysates were
diluted with equal volumes of 1X compound pulldown buffer (50 mm
Tris/HCI, pH 7.5, 5% glycerol, 1.5 mm MgCl,, 150 mm NaCl, 20 mm
NaF, 1 mm sodium orthovanadate, 1 mm DTT, 5 mm calyculin A, and
protease inhibitors). Lysates were further diluted if necessary to a final
protein concentration of 5 mg/ml using 1X compound pulldown
buffer supplemented with 0.4% Nonidet P-40. Kinobeads (100 pul
suspension) were incubated with lysates (total of 5 mg of protein) at
4 °C for 4 h. Subsequently, beads were washed with 1X compound
pulldown buffer and collected by centrifugation. The bound proteins
were eluted with 2X NuPAGE® LDS sample buffer (Invitrogen), and
the eluates were reduced and alkylated by 10 mm DTT and 55 mm
iodoacetamide. The samples were then run into a 4-12% NuPAGE
gel (Invitrogen) for about 1 cm to concentrate the sample prior to
in-gel trypsin digestion. In-gel trypsin digestion was performed ac-
cording to standard procedures.

LC-MS/MS Analysis—Nanoflow LC-MS/MS was performed by cou-
pling an Eksigent nanoLC-Ultra 1D+ (Eksigent, Dublin, CA) to a LTQ-
Orbitrap XL electron transfer dissociation (Thermo Scientific, Bremen,
Germany). Tryptic peptides were dissolved in 20 ul of 0.1% formic acid,
and 10 ul were injected for each analysis. Peptides were delivered to a
trap column (100 um inner diameter X 2 cm, packed with 5 um C18
resin, Reprosil PUR AQ; Dr. Maisch, Ammerbuch, Germany) at a flow
rate of 5 pl/min in 100% buffer A (0.1% FA in HPLC grade water). After
10 min of loading and washing, the peptides were transferred to an
analytical column (75-um X 40-cm C18 column Reprosil PUR AQ, 3
um; Dr. Maisch, Ammerbuch, Germany) and separated using a 210-min
gradient from 2 to 35% of buffer B (0.1% FA in acetonitrile) at 300 nl/min
flow rate. The LTQ-Orbitrap was operated in data-dependent mode,
automatically switching between MS and MS2. Full scan MS spectra
were acquired in the Orbitrap at 60,000 resolution. Internal calibration
was performed using the ion signal (Si(CH5),0)gH+ at m/z 445.120025
present in ambient laboratory air. Tandem mass spectra were generated
for up to eight peptide precursors in the linear ion trap for fragmentation
by using collision-induced dissociation.
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Peptide and Protein Quantification and Identification—Progenesis
software (version 3.1; Nonlinear Dynamics, Newcastle, UK) was used
for intensity-based label-free quantification. Briefly, after selecting
one sample as a reference, the retention times of all eluting precursor
m/z values in all other samples within the experiment were aligned
creating a large list of “features” representing the same peptide in
each sample. Features with two to six charges were included for
further analysis. Features with two or less isotopes were excluded.
After alignment and feature filtering, replicate samples were grouped
together, and raw abundances of all features were normalized to
determine a global scaling factor for correcting experimental variation
such as differences in the quantity of protein loaded into the instru-
ment. Briefly, for each sample, one unique factor is calculated and
used to correct all features in the sample for experimental variation
according to Ref. 43. Given that multiple MS/MS spectra are fre-
quently collected for the same feature (precursor ion) across all the
samples, the precursor intensities were ranked, and the MS/MS spec-
tra of the five most intense precursors for each feature were trans-
formed into peak lists and exported to generate Mascot generic files.
The Mascot generic files were searched against the protein sequence
database IPI human (v. 3.68, 87,061 sequences) using Mascot (v.2.2,
Matrix Science, London, UK). Search parameters were as follows:
fixed modification of carbamidomethylation of cysteine residues, vari-
able modification of S, T, and Y phosphorylation and M oxidation,
trypsin as proteolytic enzyme with up to two miss cleavages, precur-
sor ion mass tolerance of 5 ppm, fragment ion mass tolerance of 0.6
Da, decoy search enabled. Search results for spectrum to peptide
matches were exported in .xml format and then imported into Pro-
genesis software to enable the combination of peptide quantification
and identification. Peptides with mascot ion scores <33 (p < 0.05
identity threshold) were filtered out, and only unique peptides for
corresponding proteins were used for identification and quantifica-
tion. Single peptide identifications were removed except for identified
kinases. Tandem mass spectra for single peptide identifications were
annotated and are documented in supplemental Fig. S1. For protein
quantification, the feature intensities of all unique peptides of a pro-
tein were summed up. The results of Progenesis analysis (raw data
and normalized data) are tabulated in supplemental Tables
S2 and S3.

Statistical Analysis—To investigate the data distribution and ensure
the appropriate application of statistical tools, frequency histograms
and quantile-quantile plots were created for all non-normalized kinase
intensities provided by Progenesis analysis (see above and
supplemental Fig. S2). The data were then normalized by variance
stabilization normalization (VSN) (44), which addresses the error
structure in the data and stabilizes the variance across the entire
intensity range. VSN has previously been shown to be applicable and
useful for MS-based quantification (45). The power of the VSN meth-
odology is greatest in situations where hypothesis tests are used to
detect changes in protein expression. The underlying assumptions of
these hypothesis tests are data normality and homogeneity of vari-
ance, which tend to be more appropriate represented by VSN-trans-
formed rather than non-normalized data (supplemental Fig. S2). To
detect differential kinase protein expression between multiple cell
lines, a moderated linear model was applied using the limma package
(46) in Bioconductor (47). Briefly, a complete pairwise comparison
was performed as follows: Let ykc be the expression values for
kinases k = 1... K and cell lines ¢ = 1...C, preprocessed and
normalized (supplemental Fig. S1), and then the systematic effect for
each kinase can be described by a linear model E(yk) = Xk, where
yk = (yk1...ykC)T is the vector of expression values for kinase k, X is
a known design matrix with full column rank R, and Bk = (Bk1,..,BkR)T
is a kinase-specific vector of regression coefficients. Regression co-
efficients represent comparisons of interest between cell lines in the

experiment. These coefficients were estimated with the least squares
linear model fitting procedure and tested for differential expression
(testing any particular BkR equal to 0) by moderated Student’s t
statistics via the empirical Bayesian statistics described in the limma
package (46). The null hypothesis was accepted or rejected on the
basis of p values computed for the omnibus F-statistic via limma as
described above, at a specified significance level. The p values were
adjusted for multiple testing to control the false discover rate at 5%
using the algorithm of Benjamini and Hochberg (48). Adjusted p
values allowed us to identify differentially expressed kinases. The
results of the statistical analysis are tabulated in supp-
lemental Table S4.

Kinase Inhibitor Treatments—The EGFR inhibitors gefetinib and
erlotinib, the dual EGFR/HER2 inhibitor lapatinib, and the pan SRC
family inhibitor dasatinib were purchased from LC Laboratories
(Woburn, MA) and the c-MET inhibitor PHA665752 was purchased
from Tocris Bioscience (Bristol, UK). All of the inhibitors were dis-
solved as 10 mm stock solutions in DMSO and kept at —20 °C.
HNSCC cells were seeded in 96-well plates at 3 X 10 2 cells/well and
grown in DMEM supplemented with 10% (v/v) FBS and 1 NEAA for
24 h prior to experimental treatments. Next, 100 ul of fresh medium
supplemented with different concentrations of kinase inhibitors (range
of 40 nm to 10 um in 0.1% DMSO depending on the experiment;
control cells were treated with 0.1% DMSO as a vehicle control) were
added to the cells. Cell viability was monitored after 96 h of treatment
using the XTT cell proliferation kit Il (Roche Applied Science).

Immunoblot Analysis—Anti- EGFR, p-EGFR, AKT, p-AKT, ERK,
p-ERK, and FAK antibodies were purchased from Cell Signaling
Technology (provided by New England Biolabs Inc., Ipswich, MA),
and anti-p-FAK, EPHA2, and a-tubulin antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). For immunoblot analysis,
the cells were washed with precooled PBS and lysed in radioimmu-
noprecipitation assay buffer. Protein concentration was determined
by the Bradford assay. Fifty ug of lysate from control and treated cells
were mixed with equal volumes of 2X NuPAGE® LDS sample buffer
containing 10 mm DTT and heated at 95 °C for 5 min. The proteins
were subsequently separated by 4-12% NuPAGE gel and transferred
onto to PVDF membranes (Invitrogen). The membranes were blocked
for 1 h in blocking solution (2% BSA in 1X Tris-buffered saline, 20 mm
Tris-HCI, pH 7.4, 150 mm NaCl, and 0.1% Tween 20) at room tem-
perature and probed overnight at 4 °C with the respective primary
antibody. Immunoreactivity was detected using IgG-conjugated per-
oxidase (GE Healthcare, Little Chalfont, UK) and visualized by an
ImageQuant LAS 4000 mini (GE Healthcare). For phosphorylation
analysis, the membranes were first probed with the respective phos-
pho-specific antibody and then stripped with 62.5 mm Tris-HCI, pH
6.8, 100 mm B-mercaptoethanol, 2% SDS for 30 min at room tem-
perature to allow probing the same blot for the respective total
protein. The EGFR and EPHA2 antibodies used for Western blotting
were validated by single band detection on Western blots of full
HNSCC cell lines (supplemental Fig. S3).

Protein Knockdown by siRNA—Small interfering RNA (siRNA) re-
agents were purchased from Qiagen. The concentrations used in the
described experiments were twice the values recommended by the
manufacturer (see supplemental Table S5). The cells serving as neg-
ative controls were treated with transfection reagent only; positive
controls were transfected with 1 nm AllStars Hs cell death control siRNA
(Qiagen). 7500 cells were seeded in 96-well plates and incubated in
DMEM containing 10% (v/v) FBS and 1 NEAA at 37 °C 1 day before
transfection. siRNA duplexes were diluted in 50 ul of DMEM without
serum, followed by the addition of 1 ul of INTERFERiIn™ (Polyplus
Transfection, lllkirch, France) and immediate homogenization for 10 s.
The mixture was then incubated for 10 min at room temperature to
allow formation of the transfection complex between siRNA duplexes
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Fic. 1. Quantitative chemical proteomics strategy for the identification of kinase drug targets or signaling pathway biomarkers.

and INTERFERIn™. After exchanging the medium with 125 ul of fresh
prewarmed complete medium, the transfection mixture was added to
the cells and mixed gently by swirling. Cell viability was assessed by
the XTT assay after 4 days as described above.

Sequence Determination of EGFR Transcripts from Different Cell
Lines—Total mMRNA was prepared from cell lines Cal27, UPCI:
SCCO056, UTSCC87, UTSCC14, and UTSCC40 using the magnetic
mRNA isolation kit (New England Biolabs Inc., Ipswich, MA). The
purified mRNA served as template for cDNA synthesis with anchored
poly(dT) primers employing the ProtoScript Moloney murine leukemia
virus Taq reverse transcription-PCR kit (New England Biolabs Inc.,
Ipswich, MA). EGFR encoding transcripts were selectively amplified
by touchdown PCR. Because of the limited reading length of the
sequencing reaction, eight consecutive, overlapping segments were
generated by designing eight corresponding PCR primer pairs to
cover the full-length EGFR encoding sequence. Individual PCRs were
prepared in 50-ul aliquots by mixing 2 ul of cDNA (at varying dilu-
tions), 0.2 um primers (biomers.net, Ulm, Germany), 1 unit of Phusion
high fidelity DNA polymerase (New England Biolabs Inc.), 10 ul of 5X
reaction buffer, and 200 um dNTP mix. Touchdown PCR was initiated
in a Primus25 thermocycler (PEQlab, Erlangen, Germany) at 98 °C for
3 min, followed by 10 touchdown cycles with 30 s of denaturation at
98 °C, 60 °C annealing decreased by 1 °C per cycle for 15 s, and
72 °C synthesis for 45 s. After 25 additional cycles at a constant
annealing temperature of 55 °C, the reaction was completed by a final
extension step at 72 °C for 5 min. The PCR products were purified by
agarose gel electrophoresis employing the QlIAquick gel extraction kit
(Qiagen). The DNA sequence of individual PCR amplicon was deter-
mined using the ABI Prism 3730 automatic sequencer (Applied Bio-
systems) and the primers employed for transcript isolation by PCR.

EphrinA1-Fc Treatment—For cell viability assays, 3 X 10 ® cells/
well were seeded in 96-well plate with 100 ul of DMEM containing
10% (v/v) FBS and 1X NEAA and allowed to attach for 24 h. Then
medium with the respective concentrations of EphrinA1-Fc (or 1
ng/ml Fc for control cells; R & D Systems, Minneapolis, MN) was
added to the cells, and cell viability was assessed by the XTT assay
after 4 days as described above. For Western blots, 10° cells were
seeded in 6-well plates in 1 ml of DMEM containing 10% (v/v) FBS
and 1X NEAA. After 24 h, the cells were starved by culturing in
serum-free DMEM for another 24 h. Subsequently, the cells were
stimulated either with 1 ug/ml EphrinA1-Fc or 1 ug/ml Fc as a control
for 30 min. The cells were subsequently washed with PBS and lysed
for Western blot analysis as described above.

Immunohistochemistry—The levels of EGFR and EphA2 were an-
alyzed by immunohistochemistry in tissue microarrays (TMAs). All of
the tissue samples were obtained from patients who were diagnosed
with primary HNSCC and underwent a surgical resection. In total, 92
primary formalin-fixed and paraffin-embedded samples from different
anatomic subsites were obtained from the archives of the Institute of
Pathology, Technische Universitat Munchen. All of the tumor tissue
specimens were procured from patients giving written informed con-
sent according to the requirements of the ethics committee of the

Technische Universitat Minchen. TMAs were generated from these
samples in house by sampling one tumor tissue core (1.0 mm in
diameter) from each paraffin-embedded tissue block using the tech-
nique pioneered by Kononen et al. (78). The TMAs were constructed
solely for the purpose of profiling protein expression in HNSCC pa-
tients. Therefore, no further clinical data (such as human papilloma-
virus status, smoking habit, alcohol abuse) are available for this
patient material. Immunohistochemical staining for EGFR and EphA2
were carried out using an automated stainer (Ventana Discovery,
Tuscon, AZ) and the DAB Map kit (Ventana) as described elsewhere
(49). The tissues were incubated with either an EGFR antibody (Dako
EGFR pharmDX™ kit) or an EphA2 polyclonal antibody (sc-924;
Santa Cruz) in a dilution of 1:250. The EGFR antibody used for TMAs
was validated by the vendor. The EPHA2 antibody used for TMAs was
validated by single band detection on Western blots against a number
of human tissues in the Human Protein Atlas project (http://www.
proteinatlas.org/) and by single band detection on Western blots
against complete cell lysates of HNSCC cell lines in our laboratory
(supplemental Fig. S3).

Data Availability— The protein identification data from this study are
available from the following ftp site: ftp:/ftp.Irz.de/transfer/
proteomics/.

RESULTS

Strategy and Identification of Differential Kinase Protein Ex-
pression in HNSCC Cell Lines—The strategy employed for the
identification of differential kinase protein expression from
HNSCC cell lines is illustrated in Fig. 1. Briefly, cell lines
originally derived from primary HNSCC tumors (30 of 34) or
metastases (4 of 34; supplemental Table S1) were grown in
vitro and subsequently lysed in the presence of high concen-
trations of phosphatase inhibitors. Kinases were partially pu-
rified using Kinobeads, which comprise a mixed Sepharose
matrix of seven immobilized kinase inhibitors. The enriched
proteins were subjected to trypsin digestion and nanoscale
LC-MS/MS and identified by database searching of the tan-
dem mass spectra. Label-free quantification was performed
using the m/z and retention time aligned precursor ion inten-
sities of the identified peptides integrated across the chro-
matographic peak. Moderated F-statistics was employed to
identify kinases that are significantly differentially expressed
across the 34 cell lines.

Suitability of Precursor Intensity-based Label-free Relative
Quantification—In this study, 34 cell lines were profiled for
kinase expression in duplicate generating 68 samples, each of
which was subjected to a 4-h LC-MS/MS experiment for
label-free protein quantification and identification (2 X 34 X
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4 h = 272 h LC-MS/MS time). In total, 17,873 precursor ion
and retention time features led to successful peptide identifi-
cations. This corresponds to 665 unique proteins including
146 kinases with the latter contributing ~50% of the entire
signal intensity (supplemental Tables S2 and S3). Obviously,
intensity-based label-free quantification requires an intensity
response that is directly proportional to the amount of analyte.
LC-MS experiments using a dilution series of the Universal
Proteomics Standard (Sigma), show that the response of the
system is linear over more than 2 orders of magnitude
(supplemental Fig. S4). For our kinobeads experiments, we do
not know the absolute quantities of any of the proteins we
purify. It should therefore be noted that all of our quantifica-
tion data are relative (i.e. comparing the relative quantities of
one protein across the different experiment is possible, but
the quantities of different proteins cannot be compared with
each other). Other prerequisites for successful quantification
using MS intensity data are consistent sample processing and
a stable LC-MS system to avoid bias in the analysis. To
address this, we processed and analyzed experiments in two
blocks of 34 samples (i.e. cell lines). This minimized variance
in LC-MS conditions so that the data are comparable within
each replicate. Variation between replicates can then be eas-
ily addressed by standard normalization methods.
Supplemental Fig. S5 shows that the retention time distribu-
tion in the data is very narrow, and the median CV of all
identified LC-MS features (i.e. peptides) is 1.1% (42% of all
features show retention time CVs <1, and 93% show CVs
<2%). The median precursor mass error of identified peptides
was 0.8 ppm, and 95% of all identified peptides were mea-
sured within 1.4 ppm mass error. This demonstrates that the
employed LC-MS conditions were very stable and thus well
suited for quantification purposes. For two proteins (EGFR
and MET), we also assessed how the MS intensity data com-
pare to Western blot staining across both batches of 34 cell
lines (supplemental Figs. S6 and S7). The correlation of the
two quantification methods was found to be very good (R? =
0.85 for EGFR), proving that label-free mass spectrometry is a
valid quantification approach in this study. To evaluate the
technical merits of the overall approach, we performed three
biological and technical repeats using the cell line Cal27
(supplemental Fig. S8). The overall variance in the biological
(technical) replicates after normalization is a relatively low CV
of 0.08 (0.04). As one would expect, the variance in the
quantification data decreases as the number of peptides
measured per protein increases. Still, even for proteins quan-
tified by just a single peptide, the variance between biological
replicates is rarely larger than 20%. Because Kinobead affinity
pulldowns represent relatively noncomplex proteomes, the
reproducibility of protein identification is also very high. In the
above replicates, all of the proteins with four or more peptides
are identified in all of the replicates, and 80% of all proteins
reproduce in all replicates if two peptides are found for a
protein. In our analytical set-up, the reproducibility of protein

identification is further improved by the alignment of the data.
As long as a protein is robustly identified in at least one of the
samples, the alignment of the retention times together with
the accurate mass of the peptide precursor will lead to the
identification of all peptides in all samples (as long as they are
present above noise) (50). As a side note, the data from this
controlled sample set highlight a distinct advantage of MS
intensity-based quantification over spectrum counting. The
percentage of missing data points (i.e. identified/quantified
proteins across the three biological replicates) is 0% for MS
intensity and 6.9% for spectrum counting. For the screen of
34 cell lines (in duplicate), the respective numbers are 5.6%
missing values for MS intensity and 76.6% for spectrum
counting. From the above, we conclude that the experimental
approach generates robust qualitative and quantitative data
for subsequent data analysis. 146 kinases were identified and
quantified across all 34 cell lines, and Fig. 2 and
supplemental Tables S2-S4 summarize these data. Most ki-
nases were similarly expressed across the panel of cell lines
(e.9. MAP4K5 and CDK7; Fig. 2a, bottom panel), but some
kinases showed marked differences in expression (e.g. EGFR
and EPHA2; Fig. 2a, upper panel). Moderated F-statistics based
on the normalized MS intensity data of all quantified kinases
resulted in 42 kinases showing highly significant differential
expression between cell lines (p < 0.05; Fig. 2b). These include
receptor tyrosine kinases such as EGFR, EPH receptor family
members, DDR1, and c-MET as well as a diverse set of cyto-
plasmic kinases of the NEK, SRC, and other families. Unsuper-
vised clustering of the differential kinases, and 34 cell lines (Fig.
2c) failed to show strong grouping of either the kinases or the
cell lines. Attempts to cluster the samples or kinases by criteria
such as (the sparsely available) clinical information, kinase fam-
ily membership, or member of signaling pathways did also not
result in a significant grouping, indicating that the kinase profiles
and underlying properties of the respective cancer cells are
probably indeed quite different.

Some but Not All HNSCC Cell Lines Are Dependent on
EGFR for Survival—EGFR has been shown to be overex-
pressed in the majority of HNSCC patients (14), and it is the
most differentially expressed kinase in our cell line panel (p =
3.39E-10). Interestingly, the difference in EGFR expression
between the lowest and highest expressing cell lines is a
factor of 25 (supplemental Table S2), and 7 of the 34 cell lines
investigated (21%) show very high expression levels (>3-fold
over median; Fig. 2a). This is in very good agreement with
immunohistochemical data collected from HNSCC tumor
samples, where 6 of 25 patients (24%) showed very strong
EGFR staining (supplemental Fig. S9). We hypothesized that
our approach would enable us to highlight abnormally ex-
pressed kinases as drivers for the proliferation of a subpop-
ulation of HNSCC cells. To verify this hypothesis, we com-
pared cell viability in three high EGFR expressing cell lines
(Cal27, UPCI:SCCO056, and UTSCC87) with three low EGFR-
expressing cell lines (SIHNOO5A, SCC9, and UTSCC16A) in
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Fic. 2. Identification of differential kinase protein expression across 34 HNSCC cell lines. a, examples for protein expression levels
across all cell lines utilizing retention time aligned precursor ion intensities. Horizontal lines mark the median expression values. b, results of
moderated F-statistics reveal kinases that are differentially expressed between cell lines (only proteins with F p values of <0.05 are listed).
¢, unsupervised clustering does not reveal any obvious grouping of differentially expressed kinases or cell lines, indicating strong differences

between individual tumor biologies.

response to EGFR small molecule inhibitors and RNA inter-
ference. Fig. 3a shows that submicromolar concentrations
of lapatinib, a highly selective EGFR/HER inhibitor, kills high
but not low EGFR-expressing cells with a concomitant
down-regulation of the AKT and ERK signaling pathways
(Fig. 3b). The same differential drug response was observed
for the EGFR inhibitors gefitinibo and erlotinib (supp-
lemental Fig. S10). Similarly, knocking down EGFR protein
expression in cells by siRNA led to a strong reduction in cell
viability of high but not low EGFR-expressing cells (Fig. 3, ¢
and d). Because pharmacological inhibition and genetic
knockdown show the same viability phenotypes and be-
cause we did not detect any mutations in EGFR by cDNA
sequencing (supplemental Fig. S11), we conclude that
EGFR overexpression is a major driver of survival in some
(20-25%) but not all HNSCC cell lines.

Loss of Function Screening by siRNA Highlights New Can-
didate Drug Targets—To elucidate whether other differen-
tially expressed kinases are also involved in the proliferation
of some of the cell lines, we chose a further 22 proteins from
the list of differentially expressed kinases (p < 0.05) (Fig.
2b), and six kinases for which no strong evidence for differ-
ential behavior was obtained from the statistical analysis.
Each of these was subjected to siRNA knockdown in the
respective high and low expressing cell lines (sup-
plemental Table S5). The data show that for many proteins,
loss of expression did not significantly alter cell viability.
However, nine kinases (AURKA, EPHA2, EPHB2, EPHB4,
JAK1, LYN, NEK9, RIPK2, and WEE1) showed strong
(>40%) reduction of cell viability 96 h post-siRNA transfec-
tion, suggesting that these kinases play an important role in
promoting and maintaining the survival of cells. Interest-

10.1074/mcp.M111.011635-6

Molecular & Cellular Proteomics 10.12


http://www.mcponline.org/cgi/content/full/M111.011635/DC1
http://www.mcponline.org/cgi/content/full/M111.011635/DC1
http://www.mcponline.org/cgi/content/full/M111.011635/DC1
http://www.mcponline.org/cgi/content/full/M111.011635/DC1
http://www.mcponline.org/cgi/content/full/M111.011635/DC1

ASBMB

—
—~

~

MOLECULAR & CELLULAR PROTEOMICS ~

P

MC

Chemical Proteomics Reveals New Targets in Head and Neck Cancer

d b N ®
3 O N o N o
2 O o & > &
& N K N & S
< =+ SIHNOOSA | — ” —_— ” —— | p-EGFR(Y1%¢)
ES - UTSCC16A
£ o s | — e— | S S | cm— — | PR
% 9 473
c | —— | — || S— | T
© AKT
-e- utscee? | oy || Pe—— | — — |
; - CcAL7 | 21l I - — pERKL/2
0 -+ UPCI:SCC056 ————| — — | (T22/Y%)
L L 1
0.1 1 10 | - ” — r' —— | ERK1/2
Li tinib trati M
RE IRSonceutRtea ] CAL27 UPCISCCO56 uTSCC87
c p=0.02 d
> v 3
- = SIHNOOSA ) S . Q‘,’&e . @"&e .
O & O
S -+~ UTSCC16A & o & & & &
> -0~ sceo
: | — | — |
£ 50
= - unscey r— | s | | w———
- CcAL
- UPCLSCC056 CAL27 UPCISCCO56 uTSCC87

ols — .
01 1 10

SiRNA(nM)

Fic. 3. Some but not all HNSCC cell lines are growth-dependent on EGFR overexpression and activity. a, high EGFR-expressing cells
respond more strongly to lapatinib treatment than low EGFR-expressing cells. b, signaling pathway analysis using phospho-specific antibodies
reveals that lapatinib treatment inhibits the EGFR/AKT and EGFR/ERK pathways. c, high EGFR-expressing cells respond more strongly to
siRNA-mediated EGFR knockdown than low EGFR-expressing cells. d, Western blot analysis documenting EGFR knockdown efficiency in

CAL27, UPCISCCO056, and UTSCC87 cells.

ingly, whereas EPHA2, NEK9, LYN, WEE1, and JAK1 knock-
down killed cells with high but not low expression, AURKA
and RIPK2 knockdown killed both high and low expressing
cells (Fig. 4, a and b). These data suggest that at least
EPHA2, NEK9, WEE1, LYN, and JAK1 might constitute
novel targets with therapeutic potential in HNSCC, whereas
the other proteins are more generally important for cell
survival and/or proliferation.

EPHAZ2 Target Validation— Analysis of EPHA2 protein ex-
pression by immunohistochemistry in a HNSCC tissue array
(n = 92 patients; supplemental Fig. S12) revealed that
~15% of all patients express very high levels of EPHA2
(55% show moderate expression, and 30% of stains are
weak or absent), which correlates well with data obtained by
MS intensity profiling (Fig. 1). We next addressed whether
EPHA2 overexpression had any functional link to cancer cell
viability. As described above, siRNA of EPHA2 killed high
(Cal27 and UTSCC40) but not low (SIHNOO5A and
UTSCC76A) expressing cells (Fig. 4a). In addition, we
treated high EPHA2-expressing cells (Cal27 and UTSSC40)
with Fc-conjugated Ephrin A1 (a negative regulator of
EPHA2 activity), which led to a modest (30—40%) but sta-
tistically highly significant and dose-dependent reduction in
cell viability relative to control Fc-treated cells (Fig. 4c). This
is in line with such data reports for other cell lines in the
literature (51). Western blot analysis showed that down-
stream AKT and ERK phosphorylation were reduced, and

FAK phosphorylation (an EPHA2 proximal signaling mole-
cule) was increased by EPHA1-Fc treatment (Fig. 4d), sug-
gesting that EPHA2 signaling is functional in the cell lines
studied. Further evidence for a role of EPHA2 in cell survival
comes from double siRNA knockdown experiments. Cal27
cells express high levels of EPHA2 as well as EGFR. The
viability of Cal 27 cells was strongly reduced by siRNA-
mediated knockdown of either EGFR (30%, p = 0.01) or
EPHA2 (58%, p = 6E-4; supplemental Fig. S13). A simulta-
neous knockdown of both proteins led to an additive reduc-
tion in cell viability (75%, p = 3E-5), suggesting that both
receptors act independently. The abrogation of ERK and
AKT phosphorylation, however, suggests that the pathways
intersect or converge at some point. EPHA2 signaling is not
well studied in general and much less so in HNSCC. How-
ever, from mining the literature of the Ephrin receptor family
and EGFR using the Ingenuity Pathway Analysis software, it
is possible that intersections of the pathways occur at the
kinase FAK or the adaptor protein SHC. Both FAK and SHC
are in fact interaction partners of EPHA2, and SHC is also a
described interaction partner of EGFR (52). These connec-
tions would link both EPHA2 and EGFR to the observed
phosphorylation effects on FAK, AKT, and ERK (see
supplemental Fig. S14 for a possible pathway model). How-
ever, future work will have to address whether these axes
are also present in HNSCC cells. Pharmacological inhibition
is an important complement to siRNA knockdown for target
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Fic. 4. EPHA2 target validation. a, cell viability of low (gray) and high (black) EPHA2-expressing cell lines following EPHA2 protein
knockdown by siRNA. EPHA2 protein levels are shown in the inset. b, example results from a siRNA screen of 29 differentially expressed
kinases in the respective low (gray) and high (black) expressing cell lines. c, cell viability decreases in high EPHA2-expressing cell lines following
treatment with Fc-conjugated Ephrin A1. d, signaling pathway analysis using phospho-specific antibodies reveals that Ephrin A1 treatment

inhibits ERK and AKT and induces FAK phosphorylation.

validation. Unfortunately, no selective EPHA2 inhibitor has
yet been described. However, it is known that EPHAZ2 is a
low nanomolar target of the small molecule dasatinib (a
potent pan-SRC family kinase inhibitor) (53). We observed
that not only the EGFR inhibitors used earlier but also
dasatinib  discriminates between high  expressing
(UTSCC87, CAL27, and UTSCC14) and low (SIHNOO5A,
UTSCC16A, and SCC9) EGFR-expressing cells (p = 0.007
at 100 nm dasatinib dose; Fig. 5a). This effect cannot be
attributed to EGFR inhibition because dasatinib has no ac-
tivity against EGFR at the concentration employed. To in-
vestigate which proteins might be responsible for the ob-
served effect, we knocked down known dasatinib targets in
the highly sensitive cell line UTSCC87 (EC5, for dasatinib
<10 nwm; Fig. 5b). Interestingly, the loss of SRC, CSK,
EPHA2, or EPHB2 expression each led to a >80% reduction
in cell viability, which may be taken as circumstantial evi-
dence that a part of the cell killing induced by dasatinib

might be mediated via EPHA2. Formal proof of this hypoth-
esis would require a selective EPHAZ2 inhibitor that, as men-
tioned above, is not available yet.

Evaluation of c-MET as a Target in HNSCC—It has been
suggested that c-MET is a target in HNSCC (19). Our label-
free MS protein expression profiling and Western blot pro-
filing data (supplemental Fig. S7) show that c-MET is mod-
erately differentially expressed across the panel of 34 cell
lines. We therefore treated four relatively high (UPCI:
SCCO016, UTSCC74A, UTSCC10, and SAS) and two rela-
tively low (SCC25 and SIHNO05A) c-MET-expressing cell
lines with the potent and selective c-MET inhibitor
PHA665752 (biochemical kinase assay IC50 of 9 nwm; Fig.
5c). None of the cell lines responded to the drug below the
cytotoxic dose of 2 um, and siRNA-mediated c-MET knock-
down also showed no significant effect on cell viability in
any of the four cell lines tested (Fig. 5d). Thus, from our
data, we currently do not have any evidence supporting
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Fic. 5. Role of SRC family kinases and c-MET in the survival of HNSCC cell lines. a, high EGFR-expressing cells respond more strongly
to Dasatinib treatment than low expressing cells. b, siRNA-mediated protein knockdown of known Dasatinib targets in the highly Dasatinib-
sensitive cell line UTSCC87 shows that differential killing observed in a can be attributed to inhibition of several proteins including EPHA2.
¢, high and low c-MET-expressing cell lines respond similarly to the selective c-MET inhibitor PHA665752. d, siRNA-mediated c-MET

knockdown of low (gray) and high (black) c-MET-expressing cell lines shows no significant effect on cell viability.

c-MET inhibition as an effective cancer cell kiling mecha-
nism for treating HNSCC.

DISCUSSION

An increasing appreciation of the role of protein kinases in
oncogenesis and tumor progression has led to many being
evaluated as therapeutic targets using small molecules or
biological agents (54, 55). At present, the majority of molec-
ularly targeted drugs used to treat cancer patients are di-
rected against kinases. However, clinical evidence often
shows that only a certain subset of patients significantly ben-
efit from such approaches (56). This is because the underlying
molecular tumor biology of a particular cancerous disease can
vary greatly between patients. Hence, there is a need both for
the identification of new drug targets as well as for the iden-
tification of biomarkers that can be used to stratify patients for
treatment (avoiding exposure to ineffective drugs) and to
measure their responses (generating evidence for efficacy of
therapeutic regimens) (57).

In this study, we have used a kinase-focused chemical
proteomics approach in conjunction with intensity-based la-
bel-free quantitative mass spectrometry to profile the expres-
sion of 146 kinases across 34 HNSCC cell lines of the tongue
to identify novel potential drug targets and/or signaling path-

way biomarker candidates. The analysis revealed a great mo-
lecular heterogeneity within this group of cell lines and iden-
tified a number of proteins previously implicated in the
disease (EGFR, c-MET, etc.) as well as novel candidates
indicative of individual tumor biology that open new avenues
for the development of cancer drugs and companion diag-
nostics (EPHA2, NEKO, etc.).

These discoveries were enabled in part by the use of the
Kinobeads approach, which has been shown to allow the
purification of ~60% of all human protein kinases from cell
lines and tissues (22). HNSCC has also been studied by
mRNA profiling. For example, the Gene Expression Atlas at
the European Bioinformatics Institute (http://www.ebi.ac.uk/
gxa) contains MRNA expression data on 152 protein kinases
for the Cal27 cell line, which was also used in our study. The
kinobeads proteomic data contain 146 kinase from Cal27
cells, and the two data sources together provide evidence for
249 kinases, suggesting that the two techniques are comple-
mentary and that kinobeads purify ~60% of the total ex-
pressed kinome of Cal 27 cells. The Gene Expression Atlas
mRNA resource lists a total of 350 protein kinases in the
context of HNSCC (regardless of cell line, cell type or cancer
site), and the proteomic data add a further 63 kinases not
covered by the mRNA data. Kinobeads thus allow the profiling
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of a significant portion of kinome at the protein level, which
cannot be feasibly done by classical protein-based methods
such as Western blots. Further below, we discuss how the
mRNA and protein profiles of the target/marker candidates
compare. It has to be borne in mind, however, that the rela-
tionship between mMRNA and the protein level is often not
simple and that the two data types represent quite fundamen-
tally different types of biological information.

A further enabling factor was the use of the MS intensity-
based label-free quantification method, which allowed com-
parison of many (here 34) HNSCC cell lines without requiring
a reference sample for pair-wise comparisons as is typically
done in stable isotope labeling strategies. The goal to identify
proteins representing individual tumor pathologies or sub-
groups of patient populations necessitates the analysis of
larger panels of samples. This in turn requires an analytical
platform that can deliver stable operation across extended
periods of time. With retention time variations of only ~1%
(enabled by ultra high pressure LC) and peptide mass errors
of ~1 ppm (enabled by Orbitrap detection), the variation in the
quantitative data is <10%, showing that MS intensity-based
label-free quantification can deliver data quality comparable
with stable isotope labeling (24).

Kinobeads were originally developed for selectivity profiling
of small molecule kinase inhibitors (22), but we and others
have also shown that kinobeads can be employed to identify
kinases from human tissue including tumor cells isolated from
patients (25). However, direct proteomic analysis of patient
samples, although desirable, is challenging because of the
often limited available sample quantity, varying ratios of tumor
versus stroma versus vasculature, extent of necrosis and hy-
poxia, infiltration of inflammatory cells, etc., as well as signif-
icant issues with candidate validation options. This is why we
decided to perform the target discovery and initial validation
experiments using cell lines representing one precise cancer
site and then to translate the laboratory findings into patient
material using immunohistochemistry in human cancer tissue.
All of the cell lines studied were originally derived from primary
and metastatic tumors of patients with HNSCC of the tongue.
We acknowledge that tumor-derived cell lines may not always
be representative of the original cancer, but they are much
more feasible models to study molecular mechanisms that
cannot be addressed experimentally in the tumor itself.

The most differentially expressed protein identified across
the panel of cell lines was the EGF receptor. This protein has
long been implicated in HNSCC, and several studies have
shown at least some level of overexpression in 80-90% of the
cases but with a wide range in interindividual variability (14,
58). EGFR overexpression is also clearly correlated with ther-
apeutic response and overall survival (1, 14, 58). Our pro-
teomic data faithfully reproduce these earlier findings in that 7
of 34 (21%) cell lines display very high expression levels,
which is also in line with our immunohistochemistry data on
primary HNSCC tissue microarrays (supplemental Fig. S9).

This also correlates with an impressive response of high but
not low EGFR-expressing cells to specific EGFR inhibitors
and siRNA treatment (Fig. 3 and supplemental Fig. S10). This
behavior can be interpreted using the well established “target
addiction” model (59), which states that continued very high
expression of a protein is required for maintaining cell survival
and the malignant phenotype. In turn, the model also explains
why only those patients whose tumors are addicted to EGFR
overexpression respond to EGFR-targeted therapy.

The statistical analysis of the proteomic data revealed 42
kinases with varying degrees of differential expression across
the panel of cell lines (p < 0.05; Fig. 2b). One might expect
that several of these kinases may represent other examples of
oncogene addiction akin to the EGFR case, which would
immediately qualify these proteins as potential drug targets.
Altered protein expression may also result from genome ab-
errations or other possibly complex molecular phenotypes
with or without direct impact on cell survival or proliferation
but possibly with value as marker proteins. Thirteen of the cell
lines used in this study have also been investigated for copy
number variations and resulting mMRNA expression (Ref. 29
and supplemental Table S7). For eight of the differential pro-
teins in Fig. 2b (MAPK1, RIPK2, NEK9, PRKDC, ULK3, MELK,
TBK1, and RPS6KA4), changes in gene copy number and
mRNA levels have been detected. The differential protein
expression observed in our study may therefore in part be
rooted in genomic aberrations. For a further 11 proteins,
significant gene copy number and mRNA changes have been
detected, but no statistically significant change in the protein
levels across the 34 cell lines were found. Interestingly, no
gene copy number changes were observed for EGFR in the
above study, and our cDNA sequencing data on EGFR in five
cell lines (supplemental Fig. S11) also indicate that the EGFR
protein is wild type. However, EGFR is the most differentially
expressed protein in our cell line panel, confirming earlier
studies that the relationships between mRNA and protein
levels can be very complex.

Given that the impact of differential kinases expression on
cell viability could not be deduced from the proteomic (and
transcriptomic) data alone, we sought to validate and priori-
tize the candidate list by loss of function experiments using
siRNA. In particular, we asked whether cell viability would be
differentially affected by knocking down a candidate protein in
high versus low expressing cells because such proteins would
represent possible targets for individualized therapeutic inter-
vention. The results revealed that there are indeed some
proteins that fulfill this criterion, notably EPHA2, JAK1, LYN,
NEK9, and WEE1 (Fig. 4 and supplemental Table S4). At the
same time, the majority of the differential kinases do not show
any noticeable cell viability phenotype in response to siRNA
knockdown, indicating that these proteins on their own have
no decisive role in cell survival or proliferation (but of course
possibly in other biological functions) or that the respective
cells can tolerate or compensate for the effects of varying
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expression levels within the observed range. Knockdown of
two kinases (AURKA and RIPK2) led to cell death regardless
of expression level differences, indicating central roles of the
proteins for cell survival (60, 61).

Clearly, the above exemplifies that merely quantifying dif-
ferential protein expression behavior by proteomics (or any
other omics for that matter) does not suffice to qualify such
proteins as potential therapeutic targets or signaling biomark-
ers. Some level of validation is required to prioritize the list of
candidates. It was beyond the scope of this work to evaluate
systematically the siRNA-mediated cell viability phenotype of
all kinases in all cell lines, but the experiments conducted thus
far clearly highlight a small number of proteins in addition to
EGFR that merit further investigation. EPHA2 is a receptor
tyrosine kinase that has been functionally implicated in a
number of solid tumors (62-64) and, more recently, also in
HNSCC with potential roles in tumor metastasis and angio-
genesis (18, 65-67). However, the details of these possible
functions are still unclear (68). EPHA2 mRNA levels have
been found to be up-regulated in some but not all HNSCC
studies (69), but a clinically interesting but preliminary ob-
servation is that HNSCC patients with high EPHA2 protein
expression levels (as measured by immunohistochemistry,
n = 14) have a poorer survival prognosis than those with low
EPHA2 expression (65, 67). Our immunohistochemistry data
for EPHA2 protein expression (n = 92 patients) agree well
with the earlier study and, together with the siRNA treat-
ment, natural ligand stimulation and kinase inhibition data,
suggest that EPHA2 may well be a new drug target in
addition to being a potential molecular biomarker for a
subpopulation (10-20%) of HNSCC patients. Compelling
further evidence would come from the use of selective
inhibitors of EPHA2 but unfortunately such molecules have
not yet been reported in the literature. It was beyond the
scope of this study to follow up the other potential targets
highlighted in our analysis in more detail (JAK1, LYN, NEK9,
and WEE1). However, JAK1 and LYN are established drug
targets in a number of cancers (70, 71) and may thus also
represent genuine targets in HNSCC. JAK1 (but not LYN)
mRNA levels have been found to be up-regulated in some
HNSCC cases (Gene Expression Atlas, #109). The validity of
NEK9 and WEE1 as cancer targets is currently less estab-
lished, but both are very plausible candidates. NEK9 is
important in the regulation of mitosis and gene copy num-
ber, and associated mRNA changes have been detected in
some HNSCC cell lines (29). WEE1 is an important regulator
of the G,/M cell cycle checkpoint (72), and again, there is
evidence of increased mRNA levels in some cases of
HNSCC (Gene Expression Atlas, #109). It has recently been
shown that WEE1 inhibition leads to an increase in the
sensitivity of osteosarcoma cells to radiation (73). This find-
ing is particularly relevant in the context of our work on the
molecular basis for HNSCC, because surgery and radiation
are the mainstay therapies in this disease, and radiation

sensitization of cells via WEE1 inhibition might therefore
further increase the effectiveness of this therapeutic regi-
men (74).

Dasatinib treatments of HNSCC cell lines resulted in an-
other interesting observation. Dasatinib is a potent pan-SRC
family kinase inhibitor but does not inhibit EGFR. Neverthe-
less, cells expressing high levels of EGFR responded better to
the drug than cells expressing low levels (Fig. 5a). This may be
explained by the fact that several SRC family members are
activated downstream of EGFR in HNSCC (75). If the EGFR-
SRC family axis is a dominant survival or proliferation signal,
either treatment using an EGFR or SRC inhibitor would lead to
cell death. Given that dasatinib is an approved drug, this
observation suggests that dasatinib may be an effective treat-
ment for HNSCC cases that are driven by EGFR, SRC family
kinases, EPHA2, or a combination thereof. It may thus in-
crease the response rate of patients that would normally only
be treated with an EGFR inhibitor alone (or in combination
with standard therapy) (76).

Based on mRNA expression profiling and pharmacological
inhibition studies, it has been suggested before that c-MET
may be a potential molecular target for HNSCC therapies (19).
The Kinobead profiling data show that c-MET is also moder-
ately differentially expressed in our cell line panel (Fig. 2b and
supplemental Fig. S7). However, neither siRNA knockdown
nor pharmacological inhibition using appropriate doses of a
selective c-MET inhibitor reduced the viability of c-MET-over-
expressing cells in our experiments (Fig. 5, ¢ and d). The
earlier studies required very high doses (2-5 um) of the c-MET
inhibitor SU11274 to kill HNSCC cells. This is more than 10
times the reported effective dose for inhibition of cellular
c-MET phosphorylation (19) and ~200 higher than the re-
ported in vitro dose for inhibition of kinase activity. We used a
different selective c-MET inhibitor (PHA665752), which has a
similar potency and more than 50-fold selectivity across
a panel of diverse tyrosine and serine-threonine kinases (77).
With this compound, we also observed killing of HNSCC cells
when using doses of 2-5 um. However, our interpretation of
these data is that the observed reduction in cell viability is
more likely because of off-target effects and nonspecific cy-
totoxicity rather than the result of selective c-MET inhibition.
We therefore argue that potential therapeutic value of c-MET
inhibition in HNSCC needs further investigation. Clearly, c-
MET may still play important roles in regulating other aspects
such as motility and invasiveness of tumor cells in many
HNSCCs, but this was not investigated in this study.

CONCLUSIONS

Using a kinase-focused chemical proteomics approach, we
were able to profile simultaneously the protein expression of
~150 kinases across 34 cell lines derived from head and neck
cancer of the tongue. This study identified known and novel
protein kinases that are important for the survival and prolif-
eration of HNSCC cells, including several ephrin receptors
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that may represent targets for therapeutic intervention or act
as biomarkers indicative of active signaling pathways. One
logical extension of this work would be to perform retrospec-
tive or prospective studies on HNSCC patients that correlate
the expression of the candidates with clinical parameters
such as disease progression and survival. On the molecular
level, an attractive future avenue is to extend the analysis to
the phosphoproteome to address the molecular conse-
quences of differential kinase expression in individual tumor
pathologies. Such future work may shed further light on de-
tails of individual tumor biologies and may thus provide new
signaling biomarkers that can be used to prioritize pathways
to target by small molecule drugs and to monitor the response
to therapeutic intervention at the molecular level. Last but not
least, our work also again highlights the need for more selec-
tive pharmacological tools that allow investigation of some of
the drug target candidates, particularly from the EPH receptor
family.
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