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Molecular targeted therapy represents a promising
new strategy for treating cancers because many small-
molecule inhibitors targeting protein kinases have
recently become available. Reverse-phase protein mi-
croarrays (RPPAs) are a useful platform for identify-
ing dysregulated signaling pathways in tumors and
can provide insight into patient-specific differences.
In the present study, RPPAs were used to examine 60
protein end points (predominantly phosphopro-
teins) in matched tumor and nonmalignant biopsy
specimens from 23 patients with head and neck squa-
mous cell carcinoma to characterize the cancer phos-
phoproteome. RPPA identified 18 of 60 analytes glob-
ally elevated in tumors versus healthy tissue and 17 of
60 analytes that were decreased. The most signifi-
cantly elevated analytes in tumor were checkpoint
kinase (Chk) 1 serine 345 (S345), Chk 2 S33/35, eu-
karyotic translation initiation factor 4E-binding pro-
tein 1 (4E-BP1) S65, protein kinase C (PKC) �/� threo-
nine 410/412 (T410/T412), LKB1 S334, inhibitor of
kappaB alpha (I�B-�) S32, eukaryotic translation ini-
tiation factor 4E (eIF4E) S209, Smad2 S465/67, insulin

receptor substrate 1 (IRS-1) S612, mitogen-activated

548
ERK kinase 1/2 (MEK1/2) S217/221, and total PKC �.
To our knowledge, this is the first report of elevated
PKC � in head and neck squamous cell carcinoma that
may have significance because PKC � is an oncogene in
several other tumor types, including lung cancer. The
feasibility of using RPPA for developing theranostic
tests to guide personalized therapy is discussed in the
context of these data. (Am J Pathol 2011, 178:548–571;

DOI: 10.1016/j.ajpath.2010.10.044)

Head and neck squamous cell carcinoma (HNSCC) is the
seventh leading cause of cancer death worldwide and
globally afflicts approximately 500,000 new persons each
year.1 In 2009, approximately 48,000 new cases of this
devastating and often fatal disease were diagnosed in
the United States alone.2 Despite advances in multimo-
dality treatments, the overall 5-year survival rate for pa-
tients with HNSCC is only 61% (National Cancer Institute
Surveillance, Epidemiology, and End Results database at
http://seer.cancer.gov/). The need for new treatment strat-
egies is obvious.

The major challenge in developing new therapies is iden-
tifying agents that kill cancer cells but do not harm patients.
Recognition that tumors are “addicted” to their aberrant
pathways,3 together with prolific discovery of low-molecu-
lar-weight inhibitors that interfere with these pathways, has
spawned a virtual explosion of new targeted therapies for
treating cancer. Protein kinases have emerged as an im-
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portant class of therapeutic targets partly because of the
ease with which small-molecule inhibitors can be designed.
More important, many defining characteristics of cancer,
including autocrine growth, insensitivity to antigrowth sig-
nals, and evasion of programmed cell death, are heavily
regulated by protein phosphorylation.4 Because there are
530 different human protein kinases acting in balance with
approximately 180 phosphatases, essential questions arise
as to which of these kinases (or phosphatases) and their
plethora of downstream substrates will be effective cancer
targets and in which subset of patients.

Several aberrant signaling pathways, along with their
activating mechanisms and downstream substrates,
have been previously characterized in HNSCC. Among
these pathways, the epidermal growth factor receptor
(EGFR) has been the most widely studied. Overexpres-
sion of EGFR protein occurs in approximately 70% to
80% of HNSCC tumors,5–7 the gene encoding EGFR is
amplified in 17% to 31% of patient tumors,8–10 and high
levels of the receptor have been correlated with poor
prognosis.8,10,11 Abnormal signaling through the EGFR
has been implicated in the activation of downstream
pathways [ie, phosphatidylinositol 3-kinase/Akt and Ras/
Raf/mitogen-activated ERK kinase (MEK)/extracellular
signal-regulated kinase (ERK)] in HNSCC.12

Paradoxically, few patients with HNSCC respond to
drugs targeting the EGFR,13–15 raising questions regard-
ing how addicted most of these tumors are to the EGFR
signaling pathway. Indeed, it has been hypothesized that
other growth factor receptors, such as insulin-like growth
factor 1 receptor,16,17 can serve to activate the same
downstream pathways in HNSCC in a redundant fashion.

Aberrant or constitutive activation of transcription fac-
tor–signaling molecules [eg, signal transducer and acti-
vator of transcription 3 (Stat3)18–20 and nuclear factor
(NF)-�B21–23] has also been extensively reported in both
established cell lines and tumor specimens derived from
patients with HNSCC. Both Stat3 and NF-�B are highly
regulated by protein kinases. The activation of Stat3 is
associated with increased tumor cell proliferation and
anti-apoptotic functions.24–26

The activation of Akt in primary HNSCC tumors is con-
troversial because some groups27,28 have reported can-
cer-specific increases in Akt phosphorylation and others
have found little difference between tumor and normal29

or even elevated phosphorylation of Akt in adjacent nonma-
lignant mucosa from patients.30 Nevertheless, high levels of
phosphorylated Akt protein are commonly observed in
many established HNSCC lines in vitro, where it most likely
functions to regulate cell growth and survival.31

Given the critical role of abnormal protein expression and
activation in malignant transformation, several groups32–34

have attempted global analysis of the HNSCC proteome
using high-throughput platforms based on reverse-phase
liquid chromatography and mass spectrometry. Although
these studies have identified proteins that appear to be
differentially expressed in tumors compared with normal
tissue, they lacked the capacity to discriminate changes
in protein phosphorylation levels. Consequently, we de-
cided to compare and identify differences in phospho-

proteins regulating survival or cell death in primary tu-
mors and normal (ie, nonmalignant) specimens from
patients with HNSCC using reverse-phase protein mi-
croarrays (RPPAs). Phosphorylation and/or expression
levels of 60 different protein targets (end points), pre-
dominantly phosphoproteins, were simultaneously mea-
sured in a cohort of matched laser-capture microdis-
sected (LCM) tumor and nonmalignant samples from 23
patients with HNSCC. The data were analyzed to identify
differences in signaling pathways between HNSCC tu-
mors and nonmalignant tissue. In addition, the feasibility
of measuring and profiling alterations unique for an indi-
vidual patient’s tumor was examined. Bioinformatics data
of this kind could prove pivotal to discovering novel ther-
apeutic targets and developing a personalized medicine
approach to treating cancer.

Materials and Methods

Reagents and Cell Lines

Phosphospecific antibodies used in RPPA and Western blot
experiments were from Cell Signaling Technology (Dan-
vers, MA). Isoform-specific antibodies to total protein kinase
C (PKC) � were purchased from Cell Signaling Technology
(Ab 2998) and Santa Cruz Biotechnology (Santa Cruz, CA)
(H-76 and N-20); the PKC �-specific antibody was also from
Cell Signaling Technology (AB 9372). Purified recombinant
PKC � and � made in baculovirus were obtained from Cell
Sciences (Canton, MA). Short tandem repeat profiles for all
HNSCC and papillary cell lines used in this study were
generated from genomic DNA samples submitted to
the Johns Hopkins University Core Fragment Analysis
Facility (Baltimore, MD). The authenticity and unique-
ness of cell lines were confirmed by cross-comparing
their short tandem repeat profiles with the database of
more than 600 commonly used cell lines deposited at
the American Type Tissue Culture Repository (Manas-
sas, VA).

LCM of Human Specimens

Tumor and adjacent nonmalignant mucosa samples ex-
cised from patients with HNSCC undergoing surgery as
their primary treatment were snap frozen in the operating
room immediately after devascularization. Samples ob-
tained from 30 patients were stored in liquid nitrogen
before embedding in optimal cutting temperature com-
pound and sectioning onto glass slides with a cryostat.
The slides (7 �m) were fixed in 70% ethanol; washed in
purified water (Milli-Q); stained with Mayer’s hematoxylin,
followed by Scott’s tap water substitute; and dehydrated
by successive washes with increasing concentrations of
ethanol, followed by final dehydration in xylene. Protei-
nase inhibitors (Roche, Indianapolis, IN) were added to
the water and 70% ethanol to minimize protein degrada-
tion. Approximately 20,000 cells from each sample were
captured onto caps (CapSure Macro LCM; Arcturus, Life
Technologies, Carlsbad, CA) using a laser capture mi-
croscope (PixCell II; Arcturus, Life Technologies), and
captured cells were stored at �80°C before extracting

protein with a lysis buffer containing a 1:1 dilution of



550 Frederick et al
AJP February 2011, Vol. 178, No. 2
tissue protein extraction reagent (Pierce Biochemicals,
Rockford, IL) and �2 SDS loading buffer (Invitrogen,
Carlsbad, CA) supplemented with 2.5% mercaptoetha-
nol. The elapsed time between staining and freezing cap-
tured cells did not exceed 35 minutes for any sample,
and 25 tumors and 23 matched control specimens had
adequate material for LCM. An additional slide from each
sample was stained with a modified procedure that in-
cluded eosin so that a pathologist (M.D.W.) could review
the histological features. All human samples were col-
lected and processed in accordance with approved In-
stitutional Review Board tissue banking and use proto-
cols, and all patients gave written informed consent.

Reverse-Phase Protein Microarrays

Printing of lysates onto nitrocellulose arrays was performed
as previously described.35 Samples were printed in dupli-
cate, using a four-point dilution scheme. High and low con-
trol lysates (A431, with or without EGF and HeLa cells and
with or without pervanadate) were printed on every slide as
an internal control. Microarrays were immunostained as
previously described36 on an automated slide stainer
(Dako, Carpinteria, CA) using a biotin-linked catalyzed sig-
nal amplification system (Dako). Stained slides were
scanned using an illustrating system (Adobe Photoshop
6.0; Adobe, San Jose, CA) on a scanner (UMAX PowerLook
III; UMAX, Dallas, TX) as 16-bit tagged information file for-
mat images at 600 dpi. Antibodies used in these studies
were validated for specificity by immunoblotting before use
on arrays. All end points tested in these studies are listed in
Supplemental Table S1 at http://ajp.amjpathol.org. Total pro-
tein values were determined after staining (SYPRO Ruby;
Molecular Probes, Eugene, OR) of two representative
slides, printed near the middle and end of the arraying
process.

Statistical Analyses of RPPA Data

The TIFF images were analyzed using computer software
(MicroVigene; VigeneTech, Boston, MA) to determine the
background-corrected intensities for each spot. Differ-
ences in sample loading were corrected for by normaliz-
ing to total protein values determined from stained slides
(SYPRO Ruby). Protein levels for each analyte were cal-
culated using an in-house–developed software package
(SuperCurve). Essentially, information provided by the
whole dilution series from all samples for a given slide (ie,
one analyte at a time) is jointly used to estimate the
relative protein concentration for an individual sample.
The SuperCurve method takes advantage of the fact that
each microarray is probed with a single antibody and,
thus, all samples on an array should have similar hybrid-
ization behavior and measurements from all spots; and
can be used to provide information about baseline and
saturation levels and rate of signal increase for each
dilution point to construct a SuperCurve. The software
package uses a three-parameter logistic model to con-
struct a SuperCurve for each analyte, from which an EC50

in a log2 scale can be calculated individually for each

sample on an array. The log2 EC50 is an estimate of the
true protein concentration for an individual sample’s ana-
lyte at some prespecified step within the dilution series (in
this case, the median step).

Paired t-tests were used to test against the null hypoth-
esis of no differential expression between tumor and normal
samples for any given protein. The Benjamini-Hochberg
method was applied to control the false-discovery rate
(FDR) of 0.05. Software (JMP 8.0.1 analysis software; SAS,
Cary, NC.) was used to perform the unsupervised cluster
analysis and to generate a heat map representing log2
EC50 values from all sample end points. Patient-specific
alterations in tumor samples were defined for each analyte
using an algorithm that accounted for both the magnitude of
an end point and the specific ratio when compared with the
patient-matched nonmalignant control. For each end point,
cutoff values for magnitude were determined by taking the
mean log2 EC50 value for all nonmalignant samples �1.65
SDs (ie, 90% of measurements expected to fall in between).
Cutoff values for ratios were determined by taking the mean
of all possible ratios between every nonmalignant sample
for each end point �1.28 SDs (ie, 80% of ratios expected to
fall in between) after a log2 transformation. Analytes were
considered to be truly increased or decreased in a patient’s
tumor only if both the log2 EC50 and the tumor EC50/
matched control EC50 ratio were outside the predetermined
cutoff values. However, for analyzing the feasibility of future
diagnostic tests in the absence of patient-matched controls,
a test result was considered positive based solely on the
magnitude of a tumor’s end point. False-positive results
corresponded to patients whose tumors were positively el-
evated by magnitude alone but failed to exceed the cutoff
ratio for activation. The positive predictive value for markers
was then defined as follows: true positives/(true positives
plus false positives). The sensitivity for each analyte was
defined as follows: true negatives/(true negatives plus false
positives).

Potential correlations between sample clusters and vari-
ous clinicopathological end points for patient samples were
examined with a Fisher’s exact test. End points significantly
associated with tumor and nonmalignant subsets were
identified by class comparison using computer software
(BRB Array tools software version 3.8.0) developed by Rich-
ard Simon, Ph.D., and the BRB-ArrayTools Development
Team. Pearson correlation coefficients derived from every
possible pair of end points were obtained using software
(JMP 8.0.1). Potential signaling modules were identified af-
ter performing an unsupervised cluster analysis with the
correlation coefficients and generating a heat map using
ArrayTools. Correlation values greater than 0.41 (ie, P �
0.005 for � � 46) were considered statistically significant.
Pathway analysis was performed by searching scientific
publications using MEDLINE, the Internet (ie, Google), and
software (Ingenuity Pathways Analysis v8.5; Ingenuity Sys-
tems, Redwood City, CA).

Ultrasensitive Western Blots

Protein from approximately 10,000 cells collected by LCM
was solubilized in sample lysis buffer containing 87-mmol/L
Tris (pH 6.8), 75-mmol/L sodium chloride, 1-mmol/L EDTA,

0.5% NP40, 2% SDS, 0.25% deoxycholate, 10% glycerol,
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2.5% mercaptoethanol, 10-mmol/L sodium fluoride,
1-mmol/L orthovanadate, 2-mmol/L pyrophosphate, and
proteinase inhibitors. Sample protein concentrations were
estimated by dot blotting serial dilutions onto nitrocellulose,
staining protein (SYPRO Ruby) for blots, and comparing the
fluorescent intensity of spots under UV transillumination with
a dilution series made of bovine serum albumin standards.
Fluorescent spot intensities were quantitated with a gel
documentation system (Bio-Rad, Hercules, CA) running
software (Quantity One). Equal amounts of protein (1 to 3
�g/lane) were heat denatured, resolved by SDS–
polyacrylamide gel electrophoresis, and electrotrans-
ferred overnight to nitrocellulose membranes. Mem-
branes were blocked for 30 minutes at room temperature
with casein (Vector Laboratories, Burlingame, CA); incu-
bated with primary antibodies (diluted 1:1000 in casein)
overnight at 4°C; washed with casein the next day; incu-
bated for 45 minutes at room temperature with horseradish
peroxidase conjugated goat anti-rabbit (Cell Signaling
Technology) (diluted 1:2000 in casein); washed in PBS/
0.05% TW-20; incubated for 15 minutes at room tempera-
ture with biotinylated tyramide (Perkin Elmer, Waltham, MA);
washed with PBS/TW-20/20% dimethyl sulfoxide and then
casein; incubated at room temperature with alkaline phos-
phatase reagent (Vectastain ABC; Vector Laboratories); di-
luted 1:250 in casein for 10 minutes; and washed, incu-
bated for 5 minutes with 0.1-mol/L Tris (9.5), and incubated
for 5 minutes with substrate (DuoLux AP; Vector Laborato-
ries) before rinsing in 0.1-mol/L Tris and exposing to X-ray
film.

Immunohistochemistry

Sections (5 �m) cut from formalin-fixed archival speci-
mens were deparaffinized and hydrated by successive
incubations in xylene, 100% ethanol, and 95% ethanol,
followed by rinsing in water. After antigen retrieval, im-
munohistochemistry (IHC) was performed with an auto-
stainer (Lab Vison autostainer 360). Essentially, slides
were blocked, incubated with primary antibodies (60 min-
utes at room temperature, except for phosphorylated
PKC �/� T410/T412, which was at 4°C overnight), and
signal detected with a detection system (UltraVision LP)
using a horseradish peroxidase polymer and diamino-
benzidine substrate, followed by counterstaining with he-
matoxylin. The following antibodies, dilutions, and anti-
gen retrievals from Cell Signaling Technology were used
for IHC: anti-checkpoint kinase (Chk) 2 T68 2661 (1:100/
EDTA, pH 8), anti-EGFR Y1173 4407 (1:100/Tris-EDTA,
pH 9), anti-MEK1/2 S217/221 2338 (1:50/citrate, pH 6),
anti-ERK1/2 T202/Y204 4376 (1:150/citrate, pH 6), anti-
ErbB3 Y1289 4791 (1:100/EDTA, pH 8), and anti-PKC �/�
T410/T412 9378 (1:50/citrate, pH 6). The anti-Chk1 S345
Ab47318 (1:100/citrate, pH 6) was obtained from Abcam
(Cambridge, MA); anti-total PKC � 610175 (1:100/citrate,
pH 6), Becton Dickinson laboratories; and anti-total EGFR
sc-03 (1:100/citrate, pH 6), Santa Cruz Biotechnology
(San Jose, CA). Staining was scored according to the
German semiquantitative system,37 in which numbers are
assigned based on the percentage of positively staining

cells (0 indicates 0%; 1, 1% to 10%; 2, 11% to 50%; 3,
51% to 80%; and 4, 81% to 100%) and their intensity (0
indicates no staining; 1, weak staining; 2, moderate stain-
ing; and 3, strong staining). The IHC score is then calcu-
lated by multiplying the percentage score by the intensity
score to yield values ranging from 0 (no expression) to 12
(strongest possible expression). A one-sided nonparamet-
ric Mann-Whitney U-test was used to compare scores be-
tween tumor and nonmalignant samples for each marker.

Copy Number Analysis by Fluorescence in Situ
Hybridization and Real-Time PCR

Fluorescence in situ hybridization was performed on sec-
tions (5 �m) from formalin-fixed archival specimens using
a color probe set (Vysis LSI EGFR Dual color probe set;
No. 32–191053; Abbott Molecular, Des Plaines, IL) hy-
bridizing to band region 7p12 in spectrum orange and to
the centromere of chromosome 7 (7p11.1-q11.1) in spec-
trum green. Essentially, slides were baked overnight at
60°C, deparaffinized in xylene and 100% ethanol, air
dried, and then pretreated for 12 minutes at 80°C in a
sodium thiocyanate solution, followed by digestion with
pepsin (3.8 mg/ml) for 15 to 18 minutes at 37°C. After
proteinase treatment, slides were rinsed in water and
dried before application of the probe under a coverslip
sealed with rubber cement. The probe and DNA were
denatured for 5 minutes at 73°C, followed by overnight
hybridization at 37°C. The next day, coverslips were
removed and slides were washed twice with standard
saline citrate (SSC)/0.3% NP-40 before counterstaining
with DAPI. Nuclei were examined.

Fluorescence was performed with a microscope (Olym-
pus BX61) and image analysis software (Genetix Cytovi-
sion, San Jose, CA). Real-time PCR to measure the number
of PKC � (PRKCi) gene copies was performed with an assay
[TaqMan Copy number; ABI, Carlsbad, CA (HS06679465)]
that has primers and a probe (TaqMan) spanning from exon
10 to intron 11. Reactions were multiplexed with the primers
and probe from the copy number reference RNaseP (No.
4403326) assay (ABI), which served as an internal control
for normalization. PCR was performed with 20 ng DNA in
20-�L reaction volumes on a cycler (Bio-Rad C1000 Ther-
mal cycler) for 40 cycles. Copy number was analyzed with
software (CopyCaller v1.0 software; ABI).

Small Interfering RNA–Mediated Knockdown

Commercially available small interfering RNAs (siRNAs)
specific for PRKCi, targeting regions with reduced homol-
ogy to PKC �, were purchased from Qiagen (siRNA 1,
SI02660098; Valencia, CA) and Ambion (siRNA2,
AM51331, id 311; Austin, TX), along with a nonsilencing
siRNA control (Ambion 4390846). The target sequence of
the siRNA from Qiagen was 5=-CAGATTGTTCTTTGT-
TATAGA-3=, which spans exons 10 and 11. The siRNA
from Ambion targets a region from exon 2. Established
HNSCC lines HN5, SCC61, and OSC19 were electro-
porated with 1.5 �g siRNA using a nucleofector II
apparatus (Amaxa, Walkersville, MD); and proteins

harvested 48 hours later were resolved by SDS–poly-
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acrylamide gel electrophoresis and analyzed by West-
ern blotting. The integrated optical density of bands
was determined from scanned images of the films us-
ing software (Photoshop CS4), which can be used to
measure pixel intensities and areas of bands.

Results

Protein Activation Profiles Differ Between
HNSCC Tumors and Matched Nonmalignant
Mucosa

Reverse-phase protein microarrays allow a quantitative
and simultaneous comparison of multiple protein ana-
lytes (ie, end points) across many samples. Surgical
specimens were obtained from 25 previously untreated
patients with primary HNSCC, derived from various sites
within the upper aerodigestive tract. Laser-capture mi-
crodissection was used to enrich for cancerous or “nor-
mal” squamous epithelial cells from frozen tumor and
matched nonmalignant mucosa samples, respectively.
The clinicopathological features of these patient samples
are listed in Table 1. Approximately 85% of the tumors
studied were from the oral cavity, with the most frequent
site being the oral tongue (ie, 7 of 25). Slightly less than
half of the tumors were poorly differentiated, and approx-
imately 50% of the patients presented with lymph node
metastasis, as confirmed by pathological features.

Initially, arrays were stained for 58 different protein end
points (predominantly phosphoproteins) using phospho-

Table 1. Clinicopathological Features of Patient Samples

Patient
no./sex Site Grade

1/M FOM Mod
2/M Gingiva Poor
3/M Subglottic Mod
4/M FOM Mod
5/M Oral tongue Mod
6/F Oral tongue Poor
7/M FOM Mod
8/M Gingiva Poor
9/M Epiglottis Poor

10/F FOM Poor
11/F Hypopharynx Poor
12/M Gingiva Mod
13/F Buccal Mod
14/M Gingiva Mod
15/F FOM Poor
16/M Retromolar trigone Mod
17/M Buccal Mod
18/F Retromolar trigone Poor
19/F Oral tongue Poor
20/M Buccal Well
21/M Oral tongue Poor
22/F Oral tongue Mod
23/M Oral tongue Mod
24/M Epiglottis Mod
25/M Oral tongue Mod

M, male; F, female; FOM, floor of mouth; PNI, perineural invasion pre

*Hyperplasia present in 30% or more of the nonmalignant sample.
†Dysplasia present in 10% or more of the nonmalignant sample.
specific antibodies, with the exception of caspases 3 and
9, which were detected with antibodies specific for their
cleaved (ie, activated) forms. During preliminary inspec-
tion of arrays, signals from the phosphospecific PKC �/�
(T410/T412) antibody were dramatically higher in tumors
as a class. However, this phosphospecific antibody does
not discriminate between the two phosphorylated iso-
forms of atypical PKC (ie, � and �) because of their high
homology. Therefore, additional arrays were stained with
isoform-specific antibodies to either total PKC � or total
PKC � to examine which isoform’s expression pattern
would correlate best with the phosphospecific staining
detected with the PKC �/� T410/T412 antibody. Recom-
binant proteins were used to validate the specificity and
sensitivity of the PKC isoform-specific antibodies in both
Western blots (see Supplemental Figure S1 at http://ajp.
amjpathol.org) and RPPA experiments (data not shown).
In all, 60 protein end points (see Supplemental Table S1
at http://ajp.amjpathol.org), including total PKC � and �,
were analyzed by RPPA in tumor and nonmalignant sam-
ples. All 25 tumors were analyzed by RPPA; however,
only 23 patients had adequate adjacent nonmalignant
mucosa for comparison.

To normalize for differences in the amount of protein
present in each sample, arrays near the middle and end
of the printing process were stained with the fluorescent
dye (SYPRO Ruby) that reacts with total protein (see
Supplemental Figure S2 at http://ajp.amjpathol.org). For
each RPPA analyte, data from multiple dilutions and rep-
licates were analyzed and measured to generate a Su-
perCurve, from which the EC50 could be determined and

PNI

Hyperplasia in
nonmalignant

samples*

Dysplasia in
nonmalignant

samples†

Yes Yes No
ND Yes Yes
Yes Yes Yes
No No No
Yes Yes No
No Yes No
Yes No No
Yes Yes No
Yes Yes No
No No No
No Yes Yes
No Yes No
No Yes Yes
No Yes Yes
Yes Yes No
No No No
No No No
Yes Yes No
No Yes No
ND ND ND
Yes No No
No No No
Yes No Yes
No NA NA
Yes NA NA

od, moderate; ND, not determined; NA, not applicable.
TNM
stage

T4N2B
T4N2C
T3N0
T2N0
T3N2B
T1N0
T2N0
T4N1
T4N2
T3N0
T4N2B
T4N0
T4N0
T4N2B
T4N1
T4N0
T3N0
T4N2B
T1N0
T3N0
T4N2B
T2N2
T2N2B
T3N2A
T3N0

sent; M

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org


Phosphoproteomics in Head and Neck Cancer 553
AJP February 2011, Vol. 178, No. 2
compared across samples (see Supplemental Table S2
and Supplemental Table S3 at http://ajp.amjpathol.org).
The EC50 is a measure of the abundance of an analyte
derived by using RPPA data from all of the dilutions for
that specific analyte. An unsupervised two-way hierarchi-
cal clustering of patient samples and the log2-trans-
formed EC50 values for protein end points was performed
to generate the heat map and dendogram in Figure 1.
Tumor and nonmalignant samples segregated perfectly
into two main clusters (Figure 1), suggesting that the
protein expression profiles of tumors resembled each
other more than their matched nonmalignant controls.
Nonmalignant samples could be further clustered into
two subgroups, N1 and N2 (Figure 1), based on their
expression profiles. Although tumor samples clustered
into four subgroups, most tumors belonged to either clus-
ter T1 or cluster T4 (Figure 1).

Protein End Points Significantly Differ Between
HNSCC Tumors and Nonmalignant Mucosa

Differences in the EC50 values from tumor and normal
samples for all 60 analytes were examined with a paired
t-test, applying the Benjamini-Hochberg procedure to
control the FDR (� � 0.05). Of the 60 end points, 18 were
significantly elevated (Table 2) and 17 were significantly
decreased (Table 3) in tumors as a group, compared with
matching nonmalignant mucosa. Among the most signif-
icantly elevated analytes in tumors (P � 0.0003) were
Chk1 serine 345 (S345), Chk2 S33/35, 4E-BP1 (S65),
PKC �/� threonine 410/412 (T410/T412), LKB1 S334,
I�B-� S32, eIF4E S209, Smad2 S465/67, IRS-1 S612,

MEK1/2 S217/21, and total PKC �. The most significantly
decreased analytes (P � 0.0001) in HNSCC tumors were
�-catenin (T41/S45), vascular endothelial growth factor
receptor 2 (VEGFR2) tyrosine (Y951), ErbB3 (Y1289), and
total PKC �. Reverse-phase protein microarrays for some
of these end points that were significantly different be-
tween tumors and matching nonmalignant mucosa, along
with a graphical representation of corresponding EC50

values determined from the arrays, are shown in Figure 2.

Figure 1. Unsupervised 2-way hierarchical
clustering of patient samples and protein end
points. Patient sample numbers appear on the
left vertical axis, whereas clusters are designated
on the right vertical axis. Protein end points
appear along the bottom. Tumor samples clus-
tered into four groups (T1-T4), whereas nonma-
lignant samples clustered into two main groups
(N1 and N2). Groups are also indicated by colors
in the dendogram. Red boxes indicate higher
expression, and green boxes indicate lower ex-
pression, in the heat map.

Table 2. Values for End Points Significantly Higher in HNSCC
Tumor Cells Compared with Matched Nonmalignant
Mucosa

End points higher
in tumors P value FDR value

Chk1 S345 �0.0001 �0.0001
Chk2 S33/35 �0.0001 �0.0001
4E-BP1 (S65) �0.0001 �0.0001
PKC �/� T410/T412 �0.0001 �0.0001
LKB1 S334 �0.0001 �0.0001
I�B-� S32 �0.0001 �0.0001
eIF4E S209 �0.0001 �0.0001
Smad2 S465/67 �0.0001 �0.0001
IRS-1 S612 �0.0001 �0.0001
MEK1/2-S217/221 �0.0001 �0.0001
PKC � �0.0001 0.00016
Stat3 Y705 �0.0001 0.00029
Bad S136 �0.001 0.00224
PLC�1 Y783 �0.002 0.00292
mTOR S2448 �0.003 0.00571
Stat3 S727 �0.004 0.00684
B-Raf S445 �0.007 0.01313
p90RSK S380 �0.02 0.02170

Differences between tumor and nonmalignant samples were examined

with a paired t-test (� � 0.05), applying the Benjamini-Hochberg proce-
dure to control the FDR.

http://ajp.amjpathol.org
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Correlation Between Sample Subsets and
Clinicopathological Parameters

Although tumor samples can be divided into four clusters
or subgroups based on their phosphoprotein profiles
(Figure 1), tumor clusters T2 and T3 each contain too few
samples for any meaningful analysis with clinicopatho-
logical parameters. Consequently, potential correlations
were first examined using samples grouped into cluster
T1 (ie, 12 samples) and cluster T4 (ie, 8 samples). No
significant correlation (Fisher’s exact test) existed be-
tween the tumor sample cluster and any of the clinico-
pathological or demographic parameters examined, in-
cluding lymph node status, tumor stage, perineural
invasion, histological grade, and sex. Similarly, if the few
samples from clusters T2 and T3 were included in the
analysis by regrouping them into clusters T1 and T4,
respectively, there still were no significant correlations
with any clinicopathological or demographic parameters.

The nonmalignant samples grouped into two clusters
(Figure 1) that were examined for correlation with either
hyperplasia or dysplasia. By using a Fisher’s exact test,
no significant correlation was found between clustering of
nonmalignant samples and the presence of hyperplasia
(Table 4). However, all six nonmalignant samples con-
taining dysplasia grouped into cluster N1 (Table 5),
which was statistically significant (P � 0.003).

End Points Significantly Associated with
Clinicopathological Parameters

Although most patient parameters did not correlate well
with sample subsets generated from unsupervised clus-
ter analysis (Figure 1), it was possible that clinicopatho-
logical parameters were still associated with certain end

Table 3. Data for End Points Significantly Lower in HNSCC
Tumor Cells Compared with Matched Nonmalignant
Mucosa

End points higher
in tumors P value FDR value

�-Catenin T41/S45 �0.0001 �0.0001
VEGFR2 Y951 �0.0001 �0.0001
PKC � �0.0001 �0.0001
ErbB3 (Y1289) �0.0001 �0.0001
ERK1/2 T202/Y204 �0.0001 0.00033
Stat5 Y694 �0.0002 0.00038
Akt T308 �0.0003 0.000818
p70 S6K T389 �0.0005 0.001258
p70 S6K S371 �0.002 0.00292
VEGFR2 Y996 �0.002 0.00394
Fox01/03a T24/T32 �0.002 0.00400
Gab1 Y627 �0.003 0.00627
Akt S473 �0.005 0.00914
Shc Y317 �0.007 0.01253
ErbB2 Y1248 �0.007 0.01253
p70 S6K T412 �0.008 0.01340
EGFR Y1148 �0.03 0.03806

Differences between tumor and nonmalignant samples were examined
with a paired t-test (� � 0.05), applying the Benjamini-Hochberg proce-
dure to control the FDR.
points. Therefore, a two-sample t-test was applied to
compare the log2 EC50 values among various subsets of
patient samples defined by the presence or absence of
clinicopathological parameters (Table 6). The FDRs for
each t-test were estimated with the Benjamini-Hochberg
method, and only significant end points with an FDR of
less than 0.2 were considered. Primary tumors from pa-
tients presenting with lymph node–positive disease had
significantly greater expression of PKC �/� T410/T412
(P � 0.006) and cKit Y703 (P � 0.009) but lower levels of
p70 S6K T412 (P � 0.02), p90 ribosomal S6 kinase (RSK)
S380 (P � 0.03), and ERK 1/2 T202/Y204 (P � 0.03). The
antibody reacting with PKC �/� T410-T412 does not dis-
criminate between phosphorylated � and � isoforms.
However, neither PKC � nor PKC � total proteins were
statistically different in tumors from patients with or with-
out lymph node metastasis (ie, P � 0.5 and P � 0.28).
Nevertheless, there was an intermediate degree of cor-
relation between levels of PKC �/� T410-T412 and total
PKC � (r � 0.64) in tumors from patients who had lymph
node metastasis. However, in the same set of patients,
correlation between the phosphorylated end point and
total PKC � was considerably weaker (r � 0.33). Tumors
from patients exhibiting perineural invasion had signifi-
cantly lower levels of p38MAPK T180/Y182 (P � 0.0003),
ERK1/2 T202/Y204 (P � 0. 003), Stat3 S727 (P � 0. 003),
and Akt T308 (P � 0.007). Furthermore, poorly differen-
tiated tumors expressed significantly lower levels of
ErbB3 Y1289 (P � 0. 0005).

End points in nonmalignant samples were examined
for correlation with the presence of either hyperplasia
or dysplasia. No analytes were significantly different
(with an acceptable FDR) between nonmalignant sam-
ples that had hyperplasia and those that did not have
hyperplasia. In sharp contrast, dysplasia was associ-
ated with alteration of 26 analytes (Table 6). Among the
end points most significantly elevated in nonmalignant
samples with dysplasia were PKC �/� T410-T412, phos-
phatase and tensin homolog (PTEN) S380, c-Abl T735,
and I�B-� S32. Although levels of total PKC � and �
both tended to be elevated in the six nonmalignant
dysplastic samples, this did not reach statistical sig-
nificance (ie, P � 0.054 and P � 0.058, respectively),
possibly because of the few samples with dysplasia.
However, there was a moderately strong correlation
between PKC �/� T410-T412 and total PKC � (r � 0.63)
and total PKC � (r � 0.60) in the nonmalignant dysplas-
tic samples. Furthermore, there was a high correlation
between total PKC � and � (r � 0.74) when only the dys-
plastic samples were considered, suggesting the possibility
that both isoforms could contribute to the phosphorylated
signal in dysplasia.

Patient-Specific Differences in Proteomic
Profiles

A major rationale for performing RPPA analysis on patient
samples is that molecular alterations present in tumors
from different individuals may be heterogeneous, even
when the tumors share common histological features.

End points activated in a few samples or a single patient
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would be overlooked by global analysis alone. However,
the design of the current study allows direct comparisons
to be made between end points from a single tumor and
values from the patient-matched nonmalignant control.
Therefore, specific criteria were developed to classify
analytes as either elevated or reduced in individual tumor
specimens relative to the patient’s nonmalignant sample.
The number of cases for which an analyte was consid-
ered elevated or reduced relative to the patient-matched
control is represented by the histogram in Figure 3.

A conservative approach was used to classify an end
point as altered in a tumor specimen, which accounted
for the variability of measurements observed for each
analyte among the nonmalignant samples (patient differ-
ences were assumed to be biologically insignificant). For
an end point to be activated in a patient tumor, the acti-
vation ratio (ie, EC50 tumor/EC50 matched control) should
be outside the range or distribution of ratios observed for
any random nonmalignant samples compared with each
other. This approach is similar to the tactic commonly

Figure 2. Reverse-phase protein arrays stained for various end points sh
Lysates from LCM-procured tumor or nonmalignant mucosa were arrayed
signaling end point. A: Four such arrays stained for Chk1 S345, PKC �/� T
Arrays were imaged on a flat bed scanner. B: Comparison of EC50 values
experiments shown.

Table 4. Presence of Hyperplasia in Nonmalignant Clusters

Cluster Hyperplasia* No hyperplasia Total

N1 8 2 10
N2 6 6 12
Total 14 8 22

P � 0.2 by Fisher’s exact test.

*Samples with nonmalignant squamous epithelium containing 30% or

more hyperplasia.
used for analysis of cDNA microarrays, for which differ-
entially expressed genes between two samples are iden-
tified as having ratios that are outside thresholds defined
by the distribution of unchanged genes. Benschop et al38

applied a similar strategy to quantitatively compare phos-
phoprotein changes by mass spectrometry using the ra-
tios of unphosphorylated proteins to define a normal dis-
tribution and set threshold values.

In the present study, data from nonmalignant samples
for each analyte were used to conservatively estimate
what the distribution of values and ratios among patients
should look like when changes are not expected. For
each end point, a matrix was constructed in which all
possible EC50 ratios between nonmalignant samples
were calculated. A log2 transformation was applied to
these ratios to normalize their distribution. An example of
such a matrix for the PKC �/� T410-T412 analyte appears
in Supplemental Table S4 at http://ajp.amjpathol.org. Non-
malignant dysplastic samples were excluded from the
normal ratios because many end points were significantly
elevated in dysplastic nonmalignant specimens, which

differences between patient-matched tumor and nonmalignant samples.
point series dilution, and each array stained with an antibody to a unique
12, �-catenin T41/S35, and Erb B3 (Her3) Y1289 are shown as examples.
lytes measured in matched tumor and normal specimens from the RPPA

Table 5. Presence of Dysplasia in Nonmalignant Clusters

Cluster Dysplasia* No dysplasia Total

N1 6† 4 10
N2 0 12 12
Total 6 16 22
owing
in four-
410/T4
*Present in 10% or more of cells.
†P � 0.003 by Fisher’s exact test.

http://ajp.amjpathol.org
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would have biased the ratios from the normal population.
Upper and lower ratio thresholds were then set individu-
ally for each analyte so that 80% of ratios observed for
normal samples would be in between (ie, mean of normal
ratios �1.28 SDs). A specimen with a tumor EC50/
matched control EC50 outside that range would then be
considered potentially abnormal for an analyte.

The tumor EC50/matched control EC50 ratios for all
patients and analytes are listed in Supplemental Table 5
at http://ajp.amjpathol.org, along with the upper and lower
thresholds calculated individually from the nonmalignant
sample ratios. For all end points, the average upper
threshold for activation corresponded to a 2.1-fold differ-
ence between tumor and normal; and the average lower
threshold to consider an analyte decreased in tumor cor-
responded to a 2.2-fold difference (see Supplemental

Table 6. End Points Significantly Correlated with Clinicopatholo

End point
�Median

EC50*
�Me

EC

Data for LN
PKC �/� T410/T412 10.33 21
cKit Y703 1.59 3
p70 S6K T412 32.34 16
P90 RSK S380 5.76 3
ERK1/2 T202/T204 44.40 15

Data for PNI
p38MAPK T180-Y182 49.05 15
ERK1/2 T202-Y204 43.84 12
Stat3 S727 23.06 12
Akt T308 11.74 6

Data for differentiation
ErbB3 Y1289 2.24 8

Data for dysplasia
PKC �/� T410-T412 4.94 8
PTEN S380 4.22 10
cAbl T735 11.42 19
I�B-� S32 1.96 2
p70 S6K T412 28.11 48
eNOS S1177 7.91 14
Chk1 S345 1.58 2
Met Y1234-35 6.38 13
Gab1 Y627 3.20 3
CREB S133 3.21 5
Fox01-03a T24-T32 4.20 9
MEK1-2 -S217-21 10.45 13
Stat3 Y705 1.01 1
p70 S6K T389 5.62 10
eIF4E S209 1.04 1
EGFR Y992 1.37 2
Smad2 S465-67 1.08 1
eIF4G S1108 3.88 9
PKCA T197 7.24 9
NF-�B p65 S536 3.27 4
MARCKS S152-56 1.68 2
FAK Y397 1.50 2
EGFR Y1173 6.42 10
SRC Y527 34.40 45
VEGFR2 Y951 3.14 4
4E-BP1 S65 8.16 11

Statistical analyses were performed with a two-sample t-test after log2
Hochberg method. Dysplasia and no dysplasia refer to nonmalignant sa

*For LN, data are given as LN�median EC50 and LN�median EC
differentiation, data are given as moderate- to well-differentiated EC50 and
and dysplasia absent. (All information is for the second and third column
Table S5 at http://ajp.amjpathol.org).
Possibly, some patient specimens had high activation
ratios in tumors because the corresponding matched
normal for comparison may have been abnormally low
because of sampling error. In such cases, it is difficult to
discern whether the low value measured for an end point
in the control tissue is an accurate reflection of normal for
that patient or just happened to reflect sampling variation.
To strengthen the likelihood that end points identified as
activated in tumor specimens using the “ratio method”
were truly activated, an additional criterion was added
that also accounted for the absolute magnitude of an
observed EC50 value for an analyte. Nonmalignant con-
trol samples for each analyte were analyzed to construct
a distribution of magnitudes such that 90% of values were
expected to fall within a range of upper and lower thresh-
olds (ie, 1.65 SDs above and below the average). Thus,

rameters

Change
t-test EC50

P value
FDR
value

1 �0.006 0.18424
1 0.008 0.18424
2 0.01 0.18424
2 0.02 0.18424
2 0.023 0.18424

2 �0.0003 0.01516
2 �0.003 0.05337
2 �0.0038 0.05337
2 �0.007 0.10055

1 �0.0005 0.02628

1 �0.0008 0.04529
1 �0.004 0.08544
1 �0.005 0.08544
1 �0.008 0.08544
1 �0.01 0.08544
1 �0.01 0.08544
1 �0.02 0.08544
1 �0.02 0.08544
1 �0.02 0.08544
1 �0.02 0.08544
1 �0.03 0.08884
1 �0.03 0.08884
1 �0.03 0.08884
1 �0.03 0.08884
1 �0.03 0.08884
1 �0.03 0.08884
1 �0.03 0.08884
1 �0.03 0.08884
1 �0.03 0.08884
1 �0.03 0.09713
1 �0.04 0.10379
1 �0.04 0.10883
1 �0.05 0.10933
1 �0.052 0.11282
1 �0.05 0.11282
1 �0.05 0.11282

rmation of EC50 values, and the FDRs were estimated by the Benjamini-

PNI, data are given as PN�median EC50 and PNI�median EC50; for
ifferentiated EC50; and for dysplasia, data are given as dysplasia present
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tumors, both the tumor/normal activation ratio and the
magnitude of the tumor EC50 value had to be above the
defined thresholds. Analogous criteria were applied to
define end points lower in a specific patient’s tumor,
except that the activation ratio and magnitude had to be
lower than the defined thresholds.

Overall, there was fairly good agreement between
those end points activated or reduced in multiple patients
using the combined ratio and magnitudes method (Fig-
ure 3) and end points globally altered between tumor and
nonmalignant specimens by t-tests (ie, Tables 2 and 3).
For example, increased eI4FE S209 and B-Raf S445 were
found in 8 of 23 individual patients and were also signif-
icantly elevated in tumors as a group compared with
nonmalignant controls. However, there were notable ex-
ceptions. For example, platelet-derived growth factor re-
ceptor (PDGFR) Y751 was activated in 12 patients but
was not significantly different between tumor and normal
as a group by t-test (P � 0.09). This discrepancy may be
because values for this end point were unusually low in

just four tumor samples because rerunning the analysis
excluding those four patients yielded P � 0.0004. This
illustrates an important limitation using global analysis
as a means to identify potentially interesting pathway
differences between tumor and nonmalignant samples.
Several other end points (eg, IGF-1R Y1131, c-Abl
T735, and cAMP response element-binding protein
S133) were also elevated in individual patient tumors
yet were not globally significant (see Supplemental
Figure S3 at http://ajp.amjpathol.org).

Although patient heterogeneity in end points can dis-
guise the potential importance of markers in a global
analysis, individual patient analysis has limitations. There
were end points significantly different in the global com-
parison of tumor versus normal, for which an analysis by
individual patients did not suggest much importance.
Examples of this are the analytes Stat3 Y705 and Bad
S136, which were significantly elevated in tumors as a
whole (P � 0.0001 and P � 0.001, respectively) but
activated in only two patients. For Bad S136, an unusually
large range in EC50 values observed among the nonma-

Figure 3. Histogram of pathways activated in
individual samples. Bars correspond to the num-
ber of cases for which an analyte was considered
to be higher (black) or lower (gray) in a tumor
relative to the patient-matched control. The cri-
terion used incorporated both the absolute mag-
nitude of an end point and the ratio between
tumor and normal samples, as explained in the
text. Brackets indicate those end points that
were significantly different between tumor and
nonmalignant samples when a global group
comparison was made (Tables 2 and 3).
lignant samples meant too high of a threshold or cutoff

http://ajp.amjpathol.org
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value (ie, 2.81) was chosen to classify tumors as acti-
vated, compared with the average ratio threshold of 2.1
for all of the markers. Therefore, it is possible that the
number of patients for which Bad S136 was activated
was greatly underestimated by individual analysis. One
solution is to greatly increase the number of nonmalig-
nant controls for which measurements are made. This
would increase confidence in threshold values set for
future testing.

For Stat3 Y705, the tumor EC50/nonmalignant EC50

ratio was high enough in four patients to be considered
activated but the absolute magnitudes of the tumor EC50

values were not higher than the cutoff threshold. This
disparity occurred because the magnitude of the EC50

values for the paired nonmalignant samples of these
patients was unusually low compared with the rest of
the nonmalignant samples. Consequently, it is unclear
if Stat3 Y705 was truly activated in these four patients
or if the tumor activation ratio was artificially increased
because of sampling errors in the matched control
specimens.

Potential to Develop Biomarkers in HNSCC
Tumors Using RPPA

In theory, RPPA could be used to develop a theranostic
or clinical laboratory test capable of distinguishing
whether an analyte is altered in an individual patient’s
tumor to personalize treatment. When measurements ex-
ist for matched nonmalignant specimens, a combination
of information regarding the activation ratio and magni-
tude could be used, as previously discussed. However,
matching nonmalignant tissue of the appropriate type
may not always be available for every patient or be of
sufficient quantity and quality for routine theranostic tests.
An important question is whether it would be possible to
make correct conclusions regarding the status of an end
point, in the absence of a nonmalignant control, based
solely on the absolute magnitude measured in the tumor
sample. In other words, could the magnitude of the tumor
end point be an accurate surrogate for the activation
ratio? An obvious prerequisite for such a scenario would
be that the tumor activation ratio (ie, tumor EC50/matched
nonmalignant EC50) for an end point correlates highly
with the EC50 magnitude measured for tumor alone. Con-
sequently, the correlation between the log2 tumor activa-
tion ratios and the log2 EC50 values for tumor alone was
examined for each end point (see Supplemental Table S6
at http://ajp.amjpathol.org).

A total of 33 of 60 end points showed strong correlation
(ie, r 	 0.7) between EC50 for tumor and the tumor/normal
activation ratio. These 33 end points were then examined
further to determine whether a meaningful threshold or
absolute value could be set that would negate the need
for the matched nonmalignant control altogether. An up-
per threshold was set individually for each marker at 1.69
SDs higher than the average EC50 value obtained for all
of the nonmalignant samples pooled (ie, 95% of nonma-
lignant samples are expected to occur below this value).

Consequently, tumor specimens with log2 EC50 values
greater than 1.69 SDs higher than the normal average
would be considered “positive” for the theranostic test;
and those less than this threshold would be considered
“negative” for the test.

The diagnostic value for each of the 33 markers was
then evaluated using the previously defined criteria that
markers be elevated in both “ratio” and “magnitude” si-
multaneously, to be considered truly activated. By de-
fault, there were no possible false negatives, because the
definition of truly activated shares the same magnitude
cutoff value as the theranostic test. Therefore, the sensi-
tivity and negative predictive value of the putative diag-
nostic test are automatically 100%. However, the speci-
ficity of the test (ie, if an end point is truly not activated,
the odds of the test result being negative) and the posi-
tive predictive value (ie, the probability of an end point
being truly activated if the theranostic test result is positive)
are inversely related to the number of false positives. The
number of false positives, true positives (positive by the
test, and both the ratio and magnitude method), and true
negatives for each of the 33 end points is listed in Sup-
plemental Table S6 at http://ajp.amjpathol.org. The distri-
bution of patient values for some of these markers is
depicted graphically in Figure 4; some patient tumors
had high activation ratios but were considered negative
on the basis of absolute magnitude. Many of these neg-
ative specimens had high activation ratios because their
corresponding matched nonmalignant controls had EC50

values well below the group averages. For 18 of the 33
markers evaluated, including the Chks, PKC �/� T410-
T412, PKC �, I�B-� S32, B-Raf S445, PDGFR Y751, and
several phosphorylated EGFR end points, the positive
predictive value was greater than 84%.

Validation of End Points Significantly Different in
Tumors by Western Blotting

Reverse-phase protein microarrays are an established
platform to quantitatively compare protein levels among
samples and have been used in many publications.39

Antibodies to the 60 protein end points used in this study
were previously tested by Western blotting to confirm
minimal cross-reactivity with other proteins. As a proof in
principal that the technique does indeed generate mean-
ingful results, two end points of interest (ie, Chk1 S345
and PDGFR Y751) were compared by RPPA and tradi-
tional Western blotting using lysates that were experi-
mentally generated. The HNSCC lines HN5 and HN31
were treated with UV radiation to activate Chk1 S345, and
two additional HNSCC lines with a mesenchymal pheno-
type (MDA1386 and UMSCC25) were stimulated with
PDGF-BB to induce phosphorylation of the PDGFR on
Y751. Lysates from stimulated cells were mixed in various
decreasing ratios with lysates from control unstimulated
cells and then analyzed by both Western blotting and
RPPA (see Supplemental Figure S4 at http://ajp.amjpathol.
org). Bands on Western blots were quantitated by densi-
tometry, and the concentration of analyte in each sample
was estimated from the SuperCurve method after image

analysis of the RPPA. For both Chk1 S345 and PDGFR

http://ajp.amjpathol.org
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Y751, the correlation between values for the two tech-
niques was 0.9 or greater.

In all, we found 35 of 60 end points (Tables 2 and 3) to
be significantly different in tumors compared with
matched nonmalignant mucosa. The RPPA findings were
validated by Western blotting experiments using protein
extracts made from residual samples. However, because
of the relatively large number of end points and limiting
amounts of material remaining after RPPA experiments, it
was not feasible to validate most end points. Conse-
quently, a few end points that were of particular interest
for potential therapeutic application were chosen for val-
idation.

Because the yields of protein available after LCM are
often too little for detection of targets by conventional
means, we developed an ultrasensitive Western blotting
protocol that used the same double enzymatic amplifica-
tion scheme used for signal detection in RPPA. By using
this protocol, phosphoproteins could typically be de-
tected on Western blots when just 1 to 3 �g total protein

Figure 4. Distribu
T410/12 (A), B-Raf
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predictive values a
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nant control to illu
was loaded per lane.
Among end points more highly expressed in tumors
compared with nonmalignant specimens, PKC �/� T410/
T412 was of particular interest because the � isoform is an
oncogene in lung cancer.40 The increased signal inten-
sity observed in RPPA was validated in LCM protein
extracted from four patients by Western blotting with the
phosphospecific antibody. As expected, increased band
intensity for PKC �/� T410/T412 was observed in tumor
samples compared with matched nonmalignant mucosa
from patients 13, 18, and 21 but not from patient 2 (see
Supplemental Figure S5 at http://ajp.amjpathol.org).
These results correlated well with those of the earlier
RPPA (Figure 2). The phosphospecific antibody cannot
distinguish between PKC � phosphorylated on T410 and
PKC � phosphorylated on T412 because these isoforms
are highly homologous (ie, 72% identity and 92% similar-
ity). Furthermore, they have nearly identical molecular
weights and isoelectric points, making them difficult to
distinguish the proteins even by two-dimensional elec-
trophoresis. Consequently, isoform-specific antibodies

log2 EC50 values for potential biomarkers. Log2 EC50 values for PKC �/�
), PDGFR Y751 (C), or Chk1 S345 (D) from individual patients were plotted
on and the feasibility of developing a test based solely on magnitude. A
ly activated (circles) if the tumor/matching nonmalignant EC50 ratio was at
, calculated individually for each end point (see text and Supplemental Table
rg) and the absolute magnitude of the EC50 value was higher than the dotted
t 1.65 SDs higher than the mean log2 EC50 value for nonmalignant samples.
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ermined threshold. Tumor samples with an EC50 higher than the dotted line,
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ificity were calculated as explained in the text. Solid lines connect end points
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for either of these proteins would correlate with increased
phosphorylation. The differential expression pattern in
Western blots for total PKC �, but not �, was strikingly
similar to the pattern observed for the phosphoprotein
(see Supplemental Figure S5 at http://ajp.amjpathol.org).
Both the phosphoprotein and total PKC � levels were
elevated in tumors from patients 13, 18, and 21 but not in
patient 2. Although levels of total PKC � were also ele-
vated in the tumor from patient 13, the signal in patient 21
was only marginally elevated; in patient 18, there ap-
peared to be no difference between tumor and normal by
Western blotting.

Although the Western blot experiments with total pro-
tein suggested that the signal detected by the phospho-
specific PKC �/� antibody was likely from the � isoform,
more evidence was sought. Levels of protein detected
in RPPA by the phosphospecific antibody were corre-
lated with levels detected by the isoform-specific anti-
bodies to either PKC � or PKC � for the entire sample
set and just for tumors. The correlations are depicted
graphically in Supplemental Figure S6 at http://ajp.
amjpathol.org. There was a strong correlation between
levels of PKC � and PKC �/� T410/T412 detected by
RPPA for all samples (r � 0.84) and just tumor samples
alone (r � 0.73). For total PKC �, on the other hand,
there was no correlation with levels of PKC �/� T410/
T412 when all samples were considered (r � �0.1).
However, there was a moderate correlation when just
tumor samples were analyzed (r � 0.45).

The finding that both Chk1 S345 and Chk2 S33/35
were higher in tumors was of interest in light of recent
efforts by pharmaceutical companies to target these and
other enzymes involved in DNA repair. By Western blot-
ting (see Supplemental Figure S5B at http://ajp.amjpathol.
org), Chk1 S345 was increased in tumors for patients 2
and 13 and not by much in patient 19, which was the
same pattern observed by RPPA (Figure 2). Similarly, a
pattern of increased Chk2 S33/35 was observed for tu-
mors from patients 13 and 19 by Western blotting, which
was in agreement with results from the RPPA (see Sup-
plemental Figure S5E at http://ajp.amjpathol.org). The sig-
nal for Chk2 S33/35 for patient 21 was too faint to be seen
by Western blot, but this was consistent with the obser-
vation that patient 21 had less Chk2 S33/35 on the RPPA
compared with either patient 13 or patient 19 (see Sup-
plemental Figure S5E at http://ajp.amjpathol.org).

Finally, because the finding of increased Akt S473 in
nonmalignant samples compared with matched tumors
was somewhat unexpected, this end point was also val-
idated by Western blot. As with the other end points,
there was good agreement between relative intensities
observed by Western blot and those found by RPPA (see
Supplemental Figure S5 at http://ajp.amjpathol.org). The
amount of non–malignant-associated Akt S473 was
greater compared with that of matched tumor samples for
patients 2 and 8 by both Western blot and RPPA. For
patients 18 and 19, levels were similar between nonma-

lignant and tumor specimens for both techniques.
Validation of RPPA Findings by IHC

Because the amount of residual samples limited the abil-
ity to validate markers by ultrasensitive Western blotting
in most cases, IHC performed on archival formalin-fixed
specimens from the cohort was used as an alternative to
confirm RPPA findings. However, this approach has lim-
itations of its own. For example, archival specimens col-
lected routinely for histopathological diagnosis are not
collected in a fashion ideally suited to preserve phospho-
proteins, which can be labile after tissue devasculariza-
tion.41 In addition, archival specimens represent a differ-
ent region of the actual samples used by RPPA and, in
particular, the nonmalignant mucosal tissue present is,
by necessity, in closer proximity to the tumor margin. A
total of 8 end points were examined by IHC in select
cases (eg, 7 to 10 patients for each marker) from the
original cohort. The expression of phosphorylated atypi-
cal PKC detected with anti-phosphorylated PKC �/� T410/
T412 is shown for two patients in Figure 5. In agreement
with RPPA findings, phosphorylated levels were consid-
erably higher in the tumors from these patients compared
with their matched nonmalignant mucosa. Indeed, there
was copious staining (predominantly cytoplasmic, but
some nuclear) for phosphorylated PKC �/� present in
nearly 100% of tumor cells from seven different patients
examined. However, there was significant variability in
expression levels observed in the nonmalignant mucosa
across patients; many of these samples expressed high
levels as well.

The amount of cytoplasmic/membrane or nuclear
staining for phosphorylated PKC �/� and other markers
examined by IHC was accessed according to the Ger-
man semiquantitative scale, which scores staining based
on both intensity and proportion of positive cells. The IHC
scores for tumor and nonmalignant tissue for all cases
and markers studied are reported in Supplemental Table
S7 at http://ajp.amjpathol.org. By using these IHC scores,
it was possible to examine whether differences in expres-
sion levels by IHC were statistically significant between
tumor and healthy groups using a nonparametric Mann-
Whitney U-test (P values listed in Supplemental Table S7
at http://ajp.amjpathol.org). Although there was a trend
toward elevated cytoplasmic phosphorylated PKC �/� in
tumors, it did not reach statistical significance (P � 0.06).

The expression of total PKC � was examined with an
antibody from Becton Dickinson that was distinct from
the one used for RPPA analysis because it has previ-
ously been validated to work on formalin-fixed speci-
mens. This antibody was also specific for the � isoform
and did not cross-react with recombinant PKC � on
Western blots (data not shown). Strong cytoplasmic
and nuclear expression of total PKC � was apparent in
nearly all tumor cells from all samples examined (see
Supplemental Table S7 at http://ajp.amjpathol.org). For
some of the cases examined, there was considerably
more expression of total PKC � in tumor cells compared
with matched nonmalignant mucosa (Figure 5, H and
K), consistent with RPPA findings. However, there was
considerable patient variability among nonmalignant

specimens; some of these also had high levels of total
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PKC � (both nuclear and cytoplasmic). Nevertheless,
levels of total cytoplasmic PKC � scored by IHC were
higher in tumors compared with nonmalignant cells (P
� 0.025).

Phosphorylation of the Chks was also examined by
IHC. Because several commercially available antibodies
used to detect Chk2 S33/35 did not work on formalin-
fixed specimens, an antibody recognizing phosphoryla-
tion on T68 was used instead. Phosphorylation on T68
accompanies S33/35 phosphorylation during Chk2 acti-
vation and is, therefore, a reasonable surrogate. In many
of the tumor cases examined, there was frequent and
intense nuclear staining for phosphorylated Chk2 in tu-
mors, which was rarely observed in nonmalignant mu-
cosa (Figure 6). Nuclear staining for phosphorylated
Chk2 was significantly higher in tumors (P � 0.025).
Similarly, tumors were frequently positive for Chk1 S345
by IHC, but staining in nonmalignant mucosa was often
weak (Figure 6). Interestingly, staining of Chk1 S345 was
predominately cytoplasmic in tumors compared with the
nuclear localization observed for phosphorylated Chk2.
Phosphorylation of Chk1 on S345 has been associated

with shunting from the nucleus to the cytoplasm,42 which
is highly consistent with the pattern of staining observed
in tumors.

By RPPA analysis (Figure 3), levels of phosphorylated
ERK and phosphorylated MEK did not correlate and ap-
peared to have opposite expression patterns that sug-
gested elevated phosphorylated ERK in nonmalignant
cells compared with tumor. This same pattern of expres-
sion was observed by IHC (Figure 7). Intense nuclear
staining accompanied by moderate cytoplasmic expres-
sion of phosphorylated ERK was present in most nonma-
lignant mucosa cells, whereas expression in tumors was
often weak or only focally positive (Figure 7 and Supple-
mental Table S7 at http://ajp.amjpathol.org). Both nuclear
and cytoplasmic levels of phosphorylated ERK were sig-
nificantly higher in nonmalignant mucosa compared with
tumor (P � 0.004). Phosphorylated MEK, on the other
hand, was abundant in the cytoplasm of tumors by IHC
(Figure 7) but was much weaker in nonmalignant cells
(P � 0.005). Often, the same area of tumors that
stained strongly for phosphorylated MEK was weak for
phosphorylated ERK.

In agreement with RPPA findings, phosphorylation of

Figure 5. The IHC analysis of phopshorylated
PKC �/� T410/12 and total PKC �. Nonmalignant
(A, D, G, and J) and tumor (B, E, H, and K)
tissues were stained with anti-phosphorylated
PKC �/� T410/12 (A, B, D, and E) or anti-total
PKC � (G, H, J, and K). Cohort numbers for the
cases, along with RPPA measurements for each
marker in the individual patients, are indicated
in panels C, F, I, and L. Images were photo-
graphed under a �10 objective.
ErbB3 was also much higher in nonmalignant mucosa
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than tumor (P � 0.009) by IHC (Figure 7 and Supplemen-
tal Table S7 at http://ajp.amjpathol.org). Large continuous
areas of membranous and cytoplasmic staining for ErbB3
Y1289 were observed in nonmalignant mucosa from
many cases, whereas tumors were only focally positive.
Regions of tumor that were focally positive for ErbB3
Y1289 tended to occur in areas that were more differen-
tiated.

In the RPPA analysis, little difference was found
among tumor and nonmalignant samples for EGFR
phosphorylated on multiple tyrosine residues for most
patients. However, three patients (ie, patients 5, 21,
and 24) were of notable exception because their tu-
mors had high levels of phosphorylated EGFR. There-
fore, the levels of phosphorylated and total EGFR by
IHC in these same patients was compared with those
of the rest of the cohort. In most tumors, total EGFR
expression was increased compared with matched
nonmalignant control mucosa (Figure 8 and see Sup-
plemental Table S7 at http://ajp.amjpathol.org). Among

tumors, total EGFR staining by IHC was extraordinarily
high in patients 5 (Figure 8), 21, and 24 (data not
shown) compared with remaining patients, who had
modest overexpression (ie, patient 1 in Figure 8). Not
surprisingly, these were the same three patients who
had highly elevated phosphorylation of EGFR by RPPA.
Although phosphorylation of EGFR on Y1173 was gen-
erally weak for most tumors and nonmalignant mucosa
by IHC, expression was again uniquely elevated in
tumor from patient 5 (Figure 8) and patients 21 and 24
(data not shown). The IHC results for EGFR Y1173 were
in exact agreement with the RPPA findings.

Because total EGFR was only modestly overex-
pressed in most of the tumors, the intense overexpres-
sion observed for three of the patients by IHC, along
with the elevated levels of phosphorylated EGFR ob-
served in the same patients by IHC and RPPA,
prompted us to investigate whether EGFR gene ampli-
fication had occurred. Analysis of tumors by fluores-
cence in situ hybridization revealed a high copy num-
ber (ie, �20 copies) of the EGFR gene in all three
patients (Figure 8 and see Supplemental Figure S7 at

Figure 6. The IHC analysis of phosphorylated
Chk2 T68 and phosphorylated Chk1 S345. Non-
malignant (A, D, G, and J) and tumor (B, E, H,
and K) tissues were stained with anti-phospho-
rylated Chk2 T68 (A, B, D, and E) or anti-phos-
phorylated Chk1 S345 (G, H, J, and K). Cohort
numbers for the cases, along with RPPA mea-
surements for each marker in the individual pa-
tients, are indicated in panels C, F, I, and L.
Images were photographed under a �10
objective.
http://ajp.amjpathol.org).
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PKC � Copiously Expressed and
Phosphorylated in Established HNSCC Lines

Genetic aberrations and signaling abnormalities found
in primary cancers are often replicated in established
cell lines from the same origin. If PKC � phosphorylation
was important in the biological features of primary tu-
mors, then it might also be present in established HN-
SCC lines. Protein lysates from 11 different HNSCC
lines and 1 papillary thyroid cancer (PTC) line were first
examined for reactivity with the phosphospecific PKC
�/� T410/T412 antibody (Figure 9). The phosphospe-
cific antibody detected a strong band migrating at the
predicted molecular weight of approximately 78 kDa in
eight of the HNSCC lines and in the PTC line. Weak
expression was observed in the three remaining HN-
SCC lines. The antibody also detected recombinant
isoforms � and �, made in insect cells as glutathione
S-transferase fusion proteins (approximately 92 kDa
each) demonstrating that the phosphospecific anti-
body is capable of detecting either isoform. Presum-
ably, the recombinant proteins became phosphory-

lated during production because posttranslational
modifications, including phosphorylation, commonly
occur in insect cells.

The PKC �-specific antibody (Ab 2998) detected a
relatively strong band migrating at the correct molecular
weight in 10 of the HNSCC lines and the PTC line, and
there was weak to moderate expression in the remaining
HNSCC line (PCI24). Interestingly, the phosphospecific
band in PCI24 was also relatively weak, matching the
relative intensity of total PKC �. The PKC � was also
detectable in all of the HNSCC lines but with much more
variability in levels, which did not seem to correlate with
the intensity of the phosphorylated species. The PTC line
that exhibited strong phosphorylation did not express the
� isoform, suggesting that in the thyroid cancer cell line
the phosphoprotein was most likely attributable to the �
isoform.

Having established that HNSCC lines commonly ex-
press copious PKC � and a protein of the same molecular
weight reacting with the phosphospecific antibody, the
next question was about how much of the phosphory-
lated signal on Western blots was due to the � isoform. To
address this question, total PKC � was knocked down in

Figure 7. The IHC analysis of phosphorylated
ERK, MEK, and ErbB3. Nonmalignant (A, D, G,
and J) and tumor (B, E, H, and K) tissues were
stained with anti-phosphorylated ERK T202/
Y204 (A and B), anti-phosphorylated MEK S217/
221 (D and E), or anti-phosphorylated ErbB3
Y1289 (G, H, J, and K). Cohort numbers for the
cases, along with RPPA measurements for each
marker in the individual patients, are indicated
in panels C, F, I, and L. Images were photo-
graphed under a �10 objective.
three different HNSCC lines using two different commer-
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cially available siRNAs specific for the � isoform gene
(PRKCi), which had minimal homology to PKC �. Western
blot analysis demonstrated that the two PKC �-specific
siRNAs reduced levels of total PKC � by more than 80% in
all three HNSCC lines (Figure 9). In contrast, no reduction
of total PKC � was found in HN5 and SCC61 compared
with treatment with control siRNA, although there was a
modest nonspecific reduction when compared with un-
treated SCC61. The knockdown appeared less specific
in OSC19 because there was a 30% to 50% reduction in
the � isoform after electroporation with PRKCi siRNA1 and
siRNA2, respectively. Quantitatively, levels of phosphor-
ylated protein detected by the anti-PKC �/� T410/T412

Figure 8. Analysis of phosphorylated and total EGFR. Tumor (A, B, E, and
F) and nonmalignant (C and D) tissues were stained with antibody recog-
nizing total EGFR (A, C, and E) or anti-phosphorylated EGFR Y1173 (B, D,
and F). Tissue in the first four panels (A–D) was from patient 5 and had high
levels of phosphorylated EGFR Y1173 by RPPA (G) and high phosphoryla-
tion levels on other tyrosine residues of EGFR (see text). The sample in E and
F was from patient 1 and lacked high levels of phosphorylated EGFR proteins
by RPPA. Amplification of the EGFR gene was demonstrated in patient 5 by
fluorescence in situ hybridization (FISH) (H). The IHC images were photo-
graphed under a �10 objective, whereas the FISH image was produced
under a �100 objective.
mirrored the decrease in levels of total PKC �, with a
greater than 80% decrease in phosphorylated protein
observed in both HN5 and SCC61 after silencing with the
PRKCi-specific siRNAs. A decrease in phosphorylated
protein was also seen in OSC19 silenced with the PRKCi-
specific siRNA, but the results were harder to interpret
because the total � isoform levels were also reduced by
treatments. Thus, for at least two cell lines, HN5 and
SCC61, siRNA experiments demonstrated that a consid-
erable amount of phosphorylated protein is the result of
the � isoform. The fact that PKC � is substantially phos-
phorylated in these cell lines was also demonstrated by
immunoprecipitation and immunodepletion experiments
(data not shown).

The gene encoding PKC � has been amplified in non-
small cell lung cancer tumors and cell lines. Therefore, the
PKC � gene copy number was examined in some of the
HNSCC lines by real-time PCR. Seven HNSCC lines had at
least four copies of the PRKCi gene (see Supplemental
Figure S8 at http://ajp.amjpathol.org), including HN5. Inter-
estingly, PCI24, which had the lowest levels of phosphory-
lated protein and total PKC �, had normal copy levels.

Correlational Analysis of End Points Identifies
Multiple Signaling Modules

Simultaneous measurement of 60 end points across 48
different samples (ie, 23 tumor and normal pairs plus two
unmatched tumors) allowed examination of potential re-
lationships between analytes through correlational anal-
ysis. Pearson correlation coefficients were calculated in-
dividually for every possible pair of end points (see
Supplemental Table S8 at http://ajp.amjpathol.org). Al-
most half of the analytes studied had a high correlation
(ie, r 	 0.7) with two or more other end points, suggesting
they may be linked in the same biological pathway. Cor-
relations between EGFR Y1173, Y1068, Y1045, and Y992
were high. ErbB2 Y1248 had a strong correlation with
EGFR Y1173 and Y1068 and moderately strong correla-
tions with other EGFR end points, including EGFR Y1045
and EGFR Y992. Furthermore, in the three patients whose
tumors were elevated for EGFR Y1068 (Figure 3), in-
creased phosphorylation of EGFRY992, EGFRY1045,
EGFRY1173, EGFRY1248, and ErbB2 was also observed
(see Supplemental Figure S7 at http://ajp.amjpathol.org),
illustrating the correlation between these end points and
providing some internal validation that the pathway was
activated. As previously noted, the correlation between
PKC �/� T410/T412 and total PKC � was also high.

To analyze the relationships between analytes in a
global and systematic fashion, unsupervised one-way
clustering was performed using the correlation coeffi-
cients from Supplemental Table S7 (at http://ajp.amjpathol.
org) to group together end points that may be part of the
same pathway. The cluster analysis and a visual heat
map of the correlation coefficients is shown in Figure 10,
where r values greater than 0.41 (ie, P � 0.005 for � � 46)
appear as small dark red squares and r values of 1 (eg,
end points correlated with themselves along the diago-
nal) are bright red. A cutoff of r � 0.41 was chosen

because it is highly statistically significant and still repre-
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sents an intermediate strength of correlation. In this man-
ner, clusters of significant correlations between multiple
end points take the shape of a larger red square or
rectangle, corresponding to end points presumably con-
nected in the same signaling module.

At least nine signaling modules can be visually identi-
fied from the heat map in Figure 10. Because the con-
nection between different end points within the same
signaling module is an implied one based on RPPA data
from the current study, confirmation of these relationships
was sought from the existing scientific literature. Connec-
tions between end points within identifiable signaling
modules were validated by searching scientific publica-
tions using MEDLINE, the Internet (ie, Google), and a
computer software program (Ingenuity Pathways Analy-
sis). This information was incorporated into a schematic
diagram constructed for each of the signaling modules
(Figure 11). Because of significant overlap in common
end points, the two signaling modules (I and F) in Figure
10 were consolidated into a single pathway in Figure 11F.

The two signaling modules, A and B (Figure 11), repre-
sent growth factor signaling through VEGFR and EGFR,
respectively. Interestingly, there was also a high correlation
between phosphorylation of cKit and the EGFR end points
and downstream adapters (Shc and Gab1), which led to
grouping cKit with these molecules. Signaling through
these two growth factor pathways appears to be more

Figure 9. Expression of PKC � and � isoforms in HNSCC lines. A: Both PKC
by Western blotting. B: Knockdown of total PKC � by two different siRNAs
(ie, OSC-19, SCC61, and HN5) were electroporated with PKC �-specific siRNA
48 hours later were analyzed by Western blot. Blots were first incubated w
anti-PKC �, followed by anti-PKC �. The gel was cut to allow detection of a
doublet detected by anti-PKC � (indicated by an asterisk) aligned perfectly
from the siRNA experiment is represented by bar graphs.
highly elevated in nonmalignant samples compared with
tumors. Similarly, signaling module C, which regulates a
component of cell growth, is more activated in nonmalig-
nant samples. Signaling modules D through F, on the other
hand, are more activated in HNSCC tumors and all appear
to promote cell survival and response to stress.

Discussion

In this study, RPPA analysis was used to quantitatively
compare a relatively large number of protein end points
in microdissected tumor specimens derived from pa-
tients with head and neck cancer. A unique component of
this work is that comparisons were made with patient-
matched nonmalignant specimens to control for normal
biological variation in protein expression levels between
individuals. Cluster analysis of specimens using expres-
sion levels from all 60 end points revealed a clear sepa-
ration of tumors from nonmalignant specimens, highlight-
ing the fact that tumors from different individuals were
more similar to each other than to their matched normal
control. This paired analysis approach identified 18 of 60
analytes globally elevated in tumors and 17 of 60 ana-
lytes that were decreased.

There is no standard method to define whether an
analyte measured by RPPA is more highly elevated in an
individual sample. In this study, criteria were developed

, and a phosphorylated form, are easily detected in a panel of HNSCC lines
d expression of both PKC �/� T410/12 and total PKC �. Three HNSCC lines
siRNA1 or siRNA2) or a nonsilencing control siRNA; and proteins harvested

PKC �/� T410/12 (upper gel), then sequentially stripped and reprobed with
e lower blot. The bands detected by anti-PKC � and the lower band in the
phosphoprotein detected by anti-PKC �/� T410/12. C: Quantitation of blots
� and �
decrease
s (PKCi

ith anti-
ctin in th
to evaluate whether end points were elevated or reduced
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in each patient’s tumor specimen, based on both the
magnitude of an analyte’s EC50 value and the ratio when
the matched nonmalignant control was considered.
Eleven end points that were globally elevated in tumors
as a group (P � 0.05 by t-test) were also elevated in five
or more individual patient tumors (ie, �20% of samples),
including Chk1 S345, Chk2 S33-35, PKC �/� T410-T412,
I�B-� S32, eIF4E S209, Smad2 S465-67, IRS-1 S612,
MEK1-2 S217/221, PKC �, Stat3 S727, and B-Raf S445.
Although the importance of some of these molecules has
yet to be tested in HNSCC, their known biological func-
tions warrant further investigation into their possible uses
as therapeutic targets.

Eight protein markers deemed interesting from the
RPPA study were also validated by IHC using formalin-
fixed archival specimens from the same cohort. Despite
the fact that archival tissue was not collected in a manner
to best preserve protein phosphorylation, there was ex-
cellent agreement between the RPPA findings and IHC
results. However, IHC added some additional information
with respect to the localization of proteins. In both plat-
forms, phosphorylated Chk1 and Chk2 levels were ele-
vated in tumors compared with nonmalignant mucosa,
but phosphorylated Chk1 was predominantly cytoplas-
mic when assessed by IHC. Niida et al42 have demon-
strated that phosphorylation of Chk1 specifically on S345
shifts its localization to the cytoplasm, which may facili-
tate the association between Chk1 and centrosomes.
This would position Chk1 in the vicinity of the many cell
cycle regulatory proteins anchored to the centrosomes,
possibly preventing activation of cyclin B-Cdk1. Strong
expression levels of phosphorylated PKC �/� and total

PKC � were observed in most tumor cells by IHC, but high
expression in nonmalignant mucosa for some cases was
also found. It may be difficult to detect quantitative dif-
ferences in protein levels by IHC when a protein is highly
expressed in both tumor and normal samples. In such
cases, RPPA analysis may be more reliable because it is
quantitative by nature.

Elevated PKC �/� T410-T412 was among the most fre-
quent alterations found in tumors by RPPA and occurred
in 70% of patients; levels were on average 3.7-fold higher
in tumors than matched nonmalignant specimens. The �
isoform most likely accounted for this increase because
total PKC � was also elevated by an average of 2.9-fold in
60% of tumors and was highly correlated with levels of
PKC �/� T410-T412. This was in sharp contrast to PKC �,
which was not elevated in any tumors but actually re-
duced in five patient tumors and had virtually no corre-
lation with PKC �/� T410-T412. Phosphorylation of the �
isoform contributed significantly to the phosphorylated
signal detectable in established HNSCC lines, although
both isoforms were expressed in a panel of cells. More-
over, direct examination of patient samples by an ultra-
sensitive Western blot confirmed elevated PKC � in 3 of 3
tumor specimens with elevated PKC �/� T410-T412. Col-
lectively, the evidence suggests that the � isoform, not the
� isoform, accounts for the increased phosphorylation
frequently observed in tumors.

Few studies, if any, have directly examined the molec-
ular regulation of PKC �. However, it can be inferred that
phosphorylation on T412 is most likely associated with
kinase activation. This threonine amino acid in the acti-
vation loop is highly conserved among more than nine
different PKC family members, and phosphorylation of

Figure 10. Heat map of correlation values.
Cross correlations were determined for every
combination of end points among all samples,
including 23 pairs of tumor and nonmalignant
specimens and two unpaired tumors. Bright red,
r � 1; dark red, r � 0.41 (ie, P � 0.005 for n �
46). Clusters of red form signaling modules la-
beled with white letters, corresponding to path-
ways shown schematically in Figure 11.
the residue appears to be critical for kinase activation of
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both conventional and atypical PKC enzymes.43 For ex-
ample, phosphorylation of the analogous threonine resi-
due (T410) by PDK1 leads to activation of the highly
homologous PKC � isoform.44,45

Increased activity and overexpression of PKC � in HN-
SCC could have profound significance because this mol-
ecule is an oncogene overexpressed in 70% of primary
non-small cell lung cancers.40 Furthermore, PKC � is ge-
netically amplified in 70% of non-small cell lung cancers
with a squamous subtype. Similarly, amplification of the
3q26 locus, which harbors the PKC � gene and the phos-
phatidylinositol 3-kinase p110� gene, frequently occurs
in HNSCC, where it has been associated with tumor pro-
gression and poor prognosis.46 Possibly, the two coam-
plified genes function together as an oncogenic cassette

Figure 11. Signaling modules identified by correlational analysis of end poi
were identified as part of the modules from RPPA end point correlational anal
with the rest of the module but are implicated in the pathway. Analytes in gre
arrows indicate that an end point directly or indirectly causes phosphorylat
lines connect proteins that are known to complex with each other. A red pe
the two signaling modules (I and F) from Figure 10 were consolidated into
in HNSCC. Furthermore, it is likely that phosphatidylino-
sitol 3-kinase itself stimulates PKC � activity through the
intermediate PDK1, which directly binds PKC �43 and
probably phosphorylates the highly conserved threonine
residue in a manner analogous to what has been ob-
served for the PKC � isoform.44,45

Levels of PKC �/� T410-T412 were moderately corre-
lated with two other end points, MEK1/2 S217 and BRAF
S445 (ie, r � 0.55 for both), which were both elevated in
approximately 30% of patient tumors. Possibly, all three
analytes are connected in the same pathway in HNSCC
because they all can be activated downstream of Ras
signaling. Moreover, PKC � activation can lead to MEK1/2
phosphorylation47 that facilitates association with other
kinases (ie, Raf) that phosphorylate MEK on S217. Unex-
pectedly, there was no correlation between MEK1/2

: Schematic diagram of modules identified in Figure 10. End points in boxes
ereas proteins with ellipses were either not studied or did not cluster together
d text were globally reduced or elevated in tumors, respectively. Light blue
nother; and dark blue arrows, stimulation (direct or indirect). Solid black
cular line represents inhibition. Because of overlap in common end points,
pathway (F).
nts. A–F
ysis, wh
en or re
ion of a
S217/221 and its phosphorylated downstream target ERK
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when all samples were considered together, although the
correlation was statistically significant in nonmalignant
samples alone (ie, r � 0.43, P � 0.025). A lack of corre-
lation between MEK and ERK activation has also been
reported in approximately 50% of acute leukemia sam-
ples,48 in which dephosphorylation of ERK by PAC1
(phosphatase of activated cells 1) under the effect of
still-activated MEK may explain the discrepancy. The IHC
results confirmed the lack of correlation between ERK
and MEK phosphorylation in our cohort of primary HN-
SCC samples. The overexpression of Ras protein is fre-
quent in primary HNSCC,49,50 despite an absence of Ras
point mutations from HNSCC tumors in the western hemi-
sphere. The tumor-associated increase in phosphoryla-
tion of BRAF, PKC �, and MEK we observed in HNSCC
tumor samples could be a signature of Ras overexpres-
sion or activation, independent of mutational status.

The PKC �/� T410-T412 levels were also highly corre-
lated (r � 0.64) with I�B-� S32, which was elevated in
48% of HNSCC tumor samples. Phosphorylation of I�B-�
on serine 32 leads to proteosomal degradation and is a
major step in positively regulating NF-�B. The PKC � can
activate the canonical NF-�B pathway through interaction
with the I�B-� kinase.51 Regardless of upstream signal-
ing events, the increased I�B-� S32 detected in tumor
samples suggests that NF-�B is activated with high fre-
quency in primary tumors and is in good agreement with
much literature indicating that NF-�B activation is preva-
lent in HNSCC.12,52 As expected, there was good corre-
lation between levels of I�B-� S32 and NF-�B S536 in all
samples, although NF-�B was not globally elevated in
tumors. However, S536 phosphorylation is not essential
for NF-�B transcriptional activity in the canonical path-
way.53 The activation of NF-�B contributes to the malig-
nant phenotype of cancers by regulating key genes in-
volved in proliferation, cell survival, inflammation,
angiogenesis, invasion, metastasis, and resistance to
chemotherapy and radiation.52 Consequently, drugs tar-
geting NF-�B activation are in human clinical trials for
HNSCC and other cancers. Because I�B-� S32 was in-
creased in only approximately half of the tumor samples,
a theranostic test using RPPA would be helpful to identify
HNSCC patients likely to benefit from drugs targeting this
pathway.

Increased phosphorylation of the Chks was one of the
most frequent findings in HNSCC specimens, occurring
in 60% to 70% of samples with an average of more than
2.6-fold higher levels of Chk1 S345 or Chk2S33-35 in
tumors. Serine phosphorylation of these residues has
been associated with activation of the Chks,54,55 usually
in response to DNA damage. Our results in primary HN-
SCC are consistent with previous reports describing con-
stitutive activation of Chk2 and Chk1 in several other
cancer types.56,57 Because cell cycle checkpoints gen-
erally represent a barrier to carcinogenesis, tumors com-
monly evolve with defects in certain components of their
DNA damage response (eg, mutations in p53).56,58 Tu-
mors with p53 mutations become more dependent on
remaining checkpoints, such as Chk1 or Chk2, to arrest
and repair after exposure to DNA-damaging agents.

Thus, tumors with loss of p53 can be sensitized to che-
motherapy or radiation by Chk inhibitors in a synthetic
lethal fashion.59 Consequently, constitutive elevation of
Chk1 S345 or Chk2S33-35 may be potential biomarkers
for patients that would respond to drugs targeting these
pathways in combination with chemotherapy or radiation.

Increased eIF4E S209 occurred in approximately one-
third of HNSCC tumor samples, consistent with the role
that eIF4E has in tumorigenesis.60 Overexpression and
amplification of eIF4E have been reported to occur in a
variety of human cancers, in which it correlates with poor
prognosis,61 including HNSCC.62 The rate-limiting step in
protein translation is controlled by eIF4E, which recruits
capped mRNA to ribosomes. Protein translation is dereg-
ulated in cancer and proteins encoded by mRNAs with a
long 5= UTR or complex secondary structure, such as
VEGF and cyclin D1, are more dependent on excess
pools of activated eIF4E for translation.63 Phosphoryla-
tion on S209 activates the protein’s ability to bind capped
mRNA and initiate translation. Because eIF4E is consid-
ered an attractive drug target for cancer therapy, S209
phosphorylation may prove to be a useful biomarker in
patients with HNSCC.

Although overexpression of total EGFR protein is a
common finding in HNSCC,5 increased phosphorylation
of EGFR in tumors relative to nonmalignant specimens
was not observed for most cases in this study by either
RPPA or IHC. Few studies, if any, have reported in-
creased phosphorylation of EGFR in primary HNSCC.
Possibly, basal phosphorylation of EGFR may not be a
good indicator of the receptor’s use in tumors because of
the dynamics of dephosphorylation. For example, many
established HNSCC lines in vitro have low basal EGFR
phosphorylation when grown in the continued presence
of serum, yet the same cell lines are susceptible to drugs
inhibiting the EGFR (unpublished observation, M. Fred-
erick, Ph.D., 2009). Nevertheless, three patients (ie, ap-
proximately 10%) did show concomitant elevation of
EGFR Y992, Y1045, Y1068, Y1173, and ErbB2, strongly
suggesting activation of the EGFR pathway. Interestingly,
all three of these tumors had large copy number gains of
the EGFR gene. It is tempting to speculate that, in the
absence of point mutations and gene amplifications, the
otherwise modest levels of EGFR overexpression may
have limited biological significance in HNSCC.

Several analytes were significantly diminished in HN-
SCC tumors compared with nonmalignant samples. Re-
duced Akt T308 and Akt S473 levels were apparent in
patient tumors. Although this finding was unpredicted, it
is not unprecedented. Tosi et al30 also found both Akt
S473 and T308 levels to be higher for nonmalignant mu-
cosa samples when compared with matching HNSCC in
Western blots prepared from snap-frozen specimens. In
another study29 using lysates prepared from snap-frozen
biopsy specimens, levels of Akt S473 were fairly compa-
rable between nonmalignant and HNSCC tumor speci-
mens. Higher levels of Akt S473 in HNSCC tumors have
been reported after IHC of formalin-fixed specimens.27

However, dephosphorylation of Akt is known to occur
rapidly in tissues after devascularization; and it is unclear
what effects this would have on normal and tumor spec-

imens collected and formalin fixed in a clinical setting. It
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is also possible that important differences do exist be-
tween HNSCC tumors and nonmalignant epithelium with
respect to the nuclear and cytoplasmic localization of
phosphorylated Akt because our studies were not de-
signed to make these distinctions. Nevertheless, there
was good agreement between the Akt T308 and S473
end points among all samples (r � 0.65), suggesting that
measurements for these analytes accurately reflected ac-
tivation of the Akt pathway. Although hyperplasia was
prevalent in the nonmalignant samples, it is unlikely to
account for elevated Akt phosphorylation because none
of the analytes (including Akt) was significantly associ-
ated with hyperplasia.

Unlike hyperplasia, dysplasia was associated with el-
evation of more than 20 analytes. The many statistically
significant end points were not an artifact arising from
analysis performed on a small set of samples because a
parallel analysis using a different group of six nonmalig-
nant samples chosen at random failed to find any signif-
icant differences (data not shown). Moreover, an unsu-
pervised cluster analysis performed with all 48 samples
(including both tumor and nonmalignant specimens)
placed all six dysplastic samples into the same cluster
(cluster N1, Figure 1), suggesting a possible signature for
dysplasia.

Many end points elevated in dysplastic specimens
were also increased in tumors as a group, suggesting the
early involvement of these pathways in tumorigenesis.
However, there were also analytes increased in dysplasia
that were reduced in tumors, suggesting that additional
changes were occurring during the progression to inva-
sive HNSCC. Possibly, the increased expression of some
of these end points in dysplastic samples could have
inflated the group average of nonmalignant samples,
making the tumors appear decreased by comparison.
However, this was not the case because all of the end
points globally elevated in the nonmalignant controls
were still statistically increased compared with tumor
specimens, even when dysplastic samples were ex-
cluded from the analysis.

Although PKC �/� T410-T412 was one of the end points
most significantly increased in dysplasia, it is unclear
which of the atypical PKC isoforms contributed to the
signal. Both PKC � and � levels were higher in dysplastic
samples, although the differences were just short of be-
ing statistically significant for each. Consistent with our
results, Cohen et al64 found increased protein expression
of PKC � and PKC �/� T410-T412 by IHC in specimens
with oral dysplasia. However, the antibodies used in their
study were incapable of distinguishing between the two
atypical PKC isoforms, thereby raising the question of
whether the � isoform could have accounted for their
findings.

Because of the many end points analyzed in this study
and limiting amounts of tissue, it was only possible to
validate a few findings by Western analysis and IHC.
However, multiple correlations between end points pre-
sumed to be part of the same pathways did provide
additional internal validation. In general, high correlations
were observed for analytes that corresponded to the

same protein but differed solely by the residue phosphor-
ylated. For example, correlations between EGFR Y1173,
Y1068, Y1045, and Y992 all ranged from 0.74 to 0.87.
Strong correlations were similarly observed for VEGFR
Y951 and Y996, Akt S473 and T308, and p70S6K T389,
S371, and T412. In many instances, these relationships
extended to different proteins part of the same activation
pathways, as exemplified by signaling modules (found
through correlational analysis; Figure 10) that were con-
firmed in the scientific literature.

The feasibility of using RPPA analysis as a potential
theranostic platform for HNSCC samples was also exam-
ined. Considering that a matched nonmalignant speci-
men from the same tissue may not always be available for
comparison, it was important to address whether mea-
surements made on tumor specimens alone could theo-
retically be used to infer whether an end point is abnor-
mally elevated. By using cutoff values based on a group
average for nonmalignant specimens, it was possible to
define an upper threshold for each end point at which
tumor specimens would be considered positive by the
RPPA test result. For 18 end points, the positive predic-
tive value was greater than 84%; and for 17 end points,
both the positive predictive value and the specificity were
greater than 75%. Because PKC �/� T410-412, PKC �,
I�B-� S32, B-RAF S445, PDGFR Y751, and several phos-
phorylated EGFR analytes were among those that worked
well, it may be feasible and clinically useful to develop an
RPPA test examining these and other markers in patient
tumors.
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