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Abstract
Reverse Phase Protein Microarray analysis was used to identify cell-signaling derangements in
squamous cell carcinoma (SCC) compared to actinic keratosis (AK) and upper inner arm (UIA).
We analyzed 2 independent tissue sets with isolation and enrichment of epithelial cells by Laser
Capture Microdissection. Set 1 served as a pilot and a means to identify protein pathway
activation alterations that could be further validated in a second independent set. Set 1 was
comprised of 4 AK, 13 SCC, and 20 UIA. Set 2 included 15 AK, 9 SCC and 20 UIA. Activation
of 51 signaling proteins known to be involved in tumorigenesis were assessed for set 1 and
demonstrated the MEK-ERK pathway was activated in SCC compared to AK and UIA, that EGFR
and mTOR pathways were aberrantly activated in SCC. Unsupervised two-way hierarchical
clustering revealed that AK and UIA shared a common signaling network activation architecture
while SCC was dramatically different. Statistical analysis found that pro-survival signaling
through phosphorylation of ASK and 4EBP1 as well as increased Bax and Bak expression was
higher in AK compared to UIA. We expanded pathway network activation mapping in Set 2 to
101 key signaling proteins, which corroborated activation of MEK-ERK, EGFR, and mTOR
pathways through discovery of a number of upstream, and downstream signaling molecules within
these pathways to conclude that SCC is indeed a pathway activation-driven disease. Pathway
activation mapping of SCC compared to AK revealed several interconnected networks that could
be targeted with drug therapy for potential chemoprevention and therapeutic applications.
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Introduction
Skin cancer, which includes both melanoma and nonmelanoma (NMSC) cancers, represents
a significant health problem. Skin cancer incidence is higher than all other cancers and the
rate skin cancer is increasing in the United States and worldwide (1). NMSC represents the
largest proportion of skin cancer diagnoses (~96%) in the US (2, 3) of which approximately
16% are squamous cell carcinomas (SCC). SCC involves the malignant transformation and
proliferation of squamous cells, which are the most abundant cell type in the epidermis. SCC
can demonstrate aggressive behavior as seen in advanced high risk lesions with increased
risk for metastasis although this represents a small proportion (4, 5). The majority of SCCs
occur on sun-exposed areas of the body and have been strongly associated with chronic sun
exposure (6). Actinic keratosis (AK) is an intraepidermal malignancy that exists in a
continuum with SCC although not all AK progress to SCC and the factors responsible for
AK progression are largely unknown (2). The transformation rates of AK to SCC have been
variably estimated to be between 0.025% and 16% per year (7, 8). In addition, AKs are an
important risk factor for identifying those at increased risk of SCC (9). While mortality due
to SCC is relatively low, it represents a significant public health burden making the study of
SCC pathogenesis imperative (10). The 3-year cumulative risk of recurrence of SCC is at
least ten times the rate compared with the incidence of first tumors of other types in a
comparable general population (11, 12). From a cost and morbidity perspective, there is a
need for a shift in current practices of applying primarily destructive methods for treatment
of SCC and AK to interventions that can prevent or reverse these keratinocytic neoplasias
(13).

The most significant molecular alteration found in AK and SCC is in the mutation of the p53
gene, which occurs early in the sequential development of chronically sun-damaged skin,
AK, and SCC (14, 15). The subset of SCCs considered to be advanced have a higher rate of
mortality and recurrence but there is a lack of understanding of the specific molecular
mechanisms that lead to the development and progression of SCC (16).

Ultraviolet light (UV) has both acute and chronic effects on mouse and human skin (17).
Although not all of these effects are known, it has been shown that acute UV irradiation
leads to the activation of critical molecular targets and multiple signal transduction pathways
that result in the induction of expression of specific genes that lead to skin cancer (18–20).
Analysis of the functional activation protein network architecture altered by both acute and
chronic exposure to ultraviolet irradiation represents a significant means of uncovering the
signaling pathways responsible for progression to SCC. Molecular profiling using gene
expression arrays provide evidence of altered gene expression at the messenger RNA level.
However, gene expression studies lack the ability to show how these changes manifest at the
protein level, and most critically how the post-translational modifications that drive and
control cell signaling such as protein phosphorylation are modulated. Reverse Phase Protein
Microarray (RPMA) is a technology platform that allows for the broad-scale and
quantitative measurements of the activation/phosphorylation of dozens to hundreds of
proteins at once from very small tissue samples. The elucidation and characterization of on-
going protein signaling activation can complement and synergize with gene-based analysis
to generate a better understanding of the underpinning biology of tumors (21).
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This study uses RPMA to assess changes in phosphoprotein and total protein expression of
these complex signaling pathways during the progression from normal skin to AK and SCC
in a pilot and second independent sample set. We chose skin taken from the upper inner arm
(UIA) since this region is likely exposed to substantially lower amounts of UV. Ultimately,
identification of molecular targets essential to the solar UV light signal transduction
pathways leading to SCC carcinogenesis will facilitate the evaluation of novel and more
effective chemopreventive therapies to inhibit the development of cutaneous SCCs.

Materials and Methods
Patient Samples

Subjects, males and females aged 18 or older were recruited from the University of Arizona
Medical Center Section of Dermatology, the Southern Arizona Veterans Affairs Health Care
System (SAVAHCS), local dermatologist offices, and advertisements. Specimens were
obtained with informed consent and the study was approved by the Institutional Review
Board review of the University of Arizona and the SAVAHCS. All lesions were
immediately divided and placed into 10% formalin or snap frozen in liquid nitrogen and
frozen specimens were then maintained at −80° C until analysis. The diagnosis of AK and
SCC was confirmed by study pathologists (AP and PS). Tissue samples were collected
prospectively for studies related to the Skin Cancer Prevention program at the University of
Arizona Cancer Center and approved for future use. Specimens were then retrospectively
selected based on whether there was a frozen biopsy available with a prior histologic
diagnosis of AK or SCC and a matched upper-inner arm sample (UIA). Advanced SCCs
were categorized as having evidence of large size (≥2.0 cm) (16). The matched UIA was a 4
mm punch biopsy of the right upper inner arm and was handled in the same manner as
described for the SCC and AK.

The first study set was comprised of 4 cases of AK, 6 cases of advanced SCC, 4 non-
advanced low risk SCC and 20 UIA. The second independent study set included 15 AK, 5
advanced SCC, 4 non-advanced SCC and 20 UIA. Table 1 lists the demographic and
pathologic characteristics of subjects and corresponding specimens. Table 1 also contains
subject age, gender, tumor diameter, tumor depth, differentiation, site, presence of perineural
invasion, whether the tumor was a primary or recurrent lesion, and sentinel lymph node
status. The mean age for advanced SCC was 79.7 ± 3.2 years, for non-advanced SCC was
81.5 ± 4.4 years, and for AK was 69 ± 9.7 years for sample set 1. In sample set 2, the mean
age was 77 ± 10.7 years, 67.8 ± 10.4 years, and 65 ± 7.44 years for advanced SCC, for non-
advanced SCC, and AK, respectively. In sample set 1 males made up 83% (5/6) of advanced
SCCs, 100% (4/4) non-advanced SCCs, and 100% (5/5) of subjects with AK. In sample set
2, 80% (4/5) of subjects with advanced SCCs, 100% (4/4) with non-advanced SCCs and
73% (11/15) of subjects with AK were males.

Sample Preparation and Reverse Phase Protein Microarray
Highly enriched populations of approximately 6000 tumor epithelial cells were obtained
from SCCs by Laser Capture Microdissection (LCM) using a PixCell IIa (Molecular
Devices, Sunnyvale, CA). An equivalent amount of epithelium from AK and UIA samples
was isolated by UV cutting laser microdissection using the Veritas (Molecular Devices,
Sunnyvale, CA). Microdissected cells were lysed on the CapSure® Macro LCM Caps
(Molecular Devices, Sunnyvale, CA) using with a 1:1 mixture of T-Per™ Tissue Protein
Extraction Reagent (Pierce, Rockford, IL) and 2X Tris-Glycine SDS Sample Buffer
(Invitrogen, Carlsbad, CA) containing 5% β-mercaptoethanol. Reverse Phase Protein
Microarrays (RPMA) were prepared using an Aushon 2470 solid pin microarrayer (Aushon
Biosystems, Billerca, MA). For sample set 1, the arrayer was outfitted with 350 μm pins,
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and for sample set 2, 185 μm pins were used. A series of positive and negative control
lysates consisting of cell lines treated or untreated with compounds that cause broad
phosphoprotein increases (e.g. pervanadate, calyculin) were also printed and slides were
stored dessicated at −20°C prior to staining with antibody. For estimation of total protein
amounts, selected arrays were stained with Sypro Ruby Protein Blot Stain (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions and visualized on the NovaRay
scanner (Alpha Innotech, San Leandro, CA). Printed slides were prepared for staining by
treating with 1x Reblot (Chemicon, Temecula, CA) for 15 min, followed by 2×5 min washes
with PBS. Slides were treated for at least 5 hours or overnight with blocking solution (1g I-
block (Applied Biosystems, Bedford, MA), 0.5% Tween-20 in 500mL PBS) with constant
rocking. Blocked arrays were stained with antibodies on an automated slide stainer (Dako
North America, Inc., Carpinteria, CA) using the Catalyzed Signal Amplification System kit
according to the manufacturer’s recommendation (CSA; Dako). Briefly, endogenous biotin
was blocked for 10 minutes with the biotin blocking kit (Dako), followed by application of
protein block for 5 minutes; primary antibodies were diluted in antibody diluent and
incubated on slides for 30 minutes and biotinylated secondary antibodies were incubated for
15 minutes. Signal amplification involved incubation with a streptavidin-biotin-peroxidase
complex provided in the CSA kit for 15 minutes, and amplification reagent (biotinyl-
tyramide/hydrogen peroxide, streptavidin-peroxidase) for 15 minutes each. A signal was
generated using streptavidin-conjugated IRDye680 (LI-COR Biosciences, Lincoln, NE).
Slides were allowed to air dry following development. Slides containing sample set 1 were
stained with a set of 51 antibodies against phospho-specific and total proteins, and slides
containing sample set 2 were stained with a set of 101 antibodies. The proteins and
phosphoproteins measured in the two sample sets are shown in a supplementary Table. All
of sample set 1endpoints were repeated in set 2 with the exception of cleaved caspase 3
(D175), HIF-1α, pEGFR (Y992), pFOX01 (S256), pNFkB (S536), and pp90RSK (S380)
due to antibody availability. All antibodies were subjected to extensive validation for single
band, appropriate MW specificity by Western blot as well as phosphorylation specificity
through the use of cell lysate controls (e.g. HeLa +/− pervanadate, Jurkat +/− Calyculin
purchased from Cell Signaling as lysates).

Stained slides were scanned individually on the NovaRay scanner (Alpha Innotech) or the
Vidar Scanner (Vidar Systems, Herndon, VA). The TIF images for antibody-stained slides
and Sypro-stained slide images were analyzed using MicroVigene v2.9.9.9 (VigeneTech,
Carlisle, MA, USA). Briefly, Microvigene performed spot finding, local background
subtraction, replicate averaging and total protein normalization, producing a single value for
each sample at each endpoint. All data was background subtracted (local and slide average),
normalized to total protein, and all signal values produced for data analysis were at least 2
standard deviations above background.

Data and Statistical Analysis
Statistical analyses were performed on final RPMA intensity values obtained using SAS
version 9 software (SAS Institute, Cary, NC). Initially, the distribution of variables was
checked. If the distribution of variables for the analyzed groups was normal, a two-sample t-
test was performed. If the variances of the groups were equal, two-sample t-test with a
pooled variance procedure was used. Otherwise, two-sample t-test without a pooled variance
procedure was adopted. For non-normally distributed variables, the Wilcoxon rank sum test
was used. All significance levels were set at p < 0.05.

Pathway Mapping and Visualization
The “Pathways in Human Cancer” diagram (reproduced courtesy of Cell Signaling, Inc (46)
along with the Google Maps Application Programming Interface (API) (47) to create a
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dynamic web application called Cscape (Cancer Landscape) was used for visualizing and
navigating through RPMA generated data. Cell signaling analytes from the RPMA data were
manually annotated to image coordinates using Adobe Dreamweaver. The application was
written within a web application framework based off of the Perl CGI: Application module
and hosted on a Red Hat Enterprise Linux Advanced Server using tan Apache HTTP Server.
After data and parameters for the job (colors, values to use) were submitted to the server via
a web form, JavaScript calls to the Google Maps API were returned in the result in order to
place the appropriate markers on the image. The color legend and custom markers were
generated using Perl’s Image:Magick module. The Perl modules mentioned are available on
CPAN Comprehensive Perl Archive Network (48).

Results
Two independent sets of samples were analyzed by RPMA in this study. Table 1 provides
the subjects age, gender, diameter of the tumor, tumor depth, differentiation state,
anatomical site, presence of perineural invasion, whether the tumor was a primary or
recurrent lesion, and sentinel lymph node status for sample sets 1 and 2. The original criteria
for selecting and categorizing SCCs as advanced was tumor diameter, subsequent to this
original selection the study pathologist (AP) evaluated each SCC for depth of invasion, level
of differentiation, and perineural invasion all of which contribute to revised criteria for
classifying an SCC as advanced (16). Sample set 1 was used to obtain pilot information and
as a means to generate candidate pathway alterations that could be further validated in a
second independent sample set with an expanded number of analytes. The 51 proteins and
phosphoproteins were chosen based on knowledge of alterations seen in both mouse and
human skin after UV irradiation and with SCC progression. Sample set 1 was comprised of
4 cases of AK, 5 cases of advanced SCC, 8 non-advanced SCC, and 20 UIAs, which
included both matched and unmatched samples of UIA. In each case, snap frozen human
skin biopsies were subjected to LCM to enrich for epidermal cells and to reduce
contamination of surrounding normal material prior to RPMA analysis. This step was
determined to be necessary as our group (22) found that in human breast cancer and
colorectal cancer study sets LCM was necessary to determine accurate signaling data for
tumor epithelium and stroma. The list of validated antibodies measured for both sample set 1
and 2 is shown in a supplementary Table. Multiplexed quantitative cell signaling analysis
was performed using RPMA on the lysates of the captured material using these validated
antibodies. Parametric and non-parametric statistical analysis of each signal pathway protein
was performed between AK and advanced SCC samples from Study Set 1 revealing a
number of significant differences (p <0.01). These statistically significant endpoints were
then plotted using an unsupervised two-way hierarchical clustering heatmap (Figure 1). As
seen in Figure 1, unsupervised two-way hierarchical clustering analysis revealed clear
differences between advanced SCC (≥2 cm) and AK, and importantly, despite the fact that
51 endpoints were measured, those with statistically significant changes were all contained
within a distinct EGFR-driven signaling network through both MAPK family signaling and
the AKT-mTOR pathway. The signaling proteins shown in Figure 1 are cleaved caspase-9,
(D330), phospho-ERK 1/2 (Thr202/Tyr204), phospho-EGFR (Tyr1173), phospho-MEK1/2
(Ser217/221), phospho-p38 MAP Kinase (Thr180/Tyr182), total MEK1/2, total PTEN,
phospho-mTOR (Ser2448), phospho-mTOR (Ser2481), and phospho-NF-kappaB p65
(Ser536).

In a second comparison of sample set 1, unsupervised two-way hierarchical clustering
analysis was performed on statistically significant endpoints between advanced SCC and
non-advanced SCC (in situ SCC and superficially invasive), shown in Figure 2. Advanced
SCC and non-advanced SCC could be discriminated using unsupervised two-way
hierarchical clustering analysis for phospho-FAK (Tyr397), phospho-p38 MAPK (Thr202/
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Tyr204), HIF 1α, phospho-Chk1 (Ser345), phospho-Cofilin (Ser3), phospho-Bcl2 (Ser70),
phospho-IRS1 (Ser612), and phospho-PDGFR (Tyr751). Again, despite the 51 endpoints
measured, a significant number were part of the same EGFR signaling pathway. In a third
comparison using unsupervised two-way hierarchical clustering analysis AK and UIA
samples (data not shown) were found to be similar for those proteins and phosphoproteins
measured.

Study set 2 was used to both confirm and validate our pilot findings from study set 1 as well
as to expand the number of signaling proteins to 101. This independent group of samples
consisted of 15 AK, 5 advanced SCC, 4 non-advanced SCC and 20 UIA. Using this
expanded group of proteins, unsupervised two-way hierarchical clustering of UIA, AK, non-
advanced SCC, and advanced SCC (Figure 3) revealed significant pathway activation in all
SCC samples compared to AK, as well as differences between non-advanced SCC and
advanced SCC. Moreover, the clustering highlighted the overarching similarity in the
signaling architecture of UIA and AK as demonstrated in the co-mingled clustering of AK
and UIA in Figure 3. Again, despite the large number of analytes measured, we saw
activation of the same key signaling proteins from sample set 1 in the advanced and non-
advanced SCC that included phospho-p38, MEK1/2, PTEN, EGFR and phospho-mTOR.
Statistical analysis of advanced and non-advanced SCC compared to AK (Table 2) revealed
a rich archive of pathway activation differences. Finally, statistical analysis also revealed
that pro-survival signaling through phosphorylation of ASK, and 4EBP1 as well as increased
Bax and Bak expression were higher in AK compared to UIA (Table 2).

We next utilized a novel pathway visualization tool called CScape, or Cancer Landscape, as
a means to take RPMA data directly and map the expression/activation changes onto a
network image so that pathway activation portraits can be easily generated, and network
connections clearly revealed. As seen in Figure 4, CScape pathway activation mapping of
those proteins showing the statistically significant differences between AK and all SCCs
combined (advanced and non-advanced SCCs) from Study Set 2 revealed that the protein
phosphorylation alterations found from biochemically linked networks indicate specific
pathway activation changes between AK and all SCCs. The AMPK-AKT-mTOR and RAS-
RAF-ERK pathways are highlighted as examples of systemic pathway activation in SCC. A
Cancer Landscape (CScape) Protein Pathway Activation Map (Figure 4, Top left) is shown
using population averages of RPMA data from individuals with AK and SCC. Higher fold
differences in the SCC group are shown in increasing shades of red while higher fold
differences for the AK group are shown in green. Each balloon pin is placed over the protein
measured. Enlargements (middle top and bottom, Figure 4) of the AMPK-AKT-mTOR and
RAS-RAF-ERK pathways are again highlighted with a green box and a red box,
respectively. Linked members from each pathway are numbered and the individual protein
data are plotted as scatter plots for the statistically significant endpoints. The scatter plots for
the AMPK-AKT-mTOR pathway (far right of Figure 4) include phospho-AMPKα (Ser485),
phospho-AMPKβ Ser108), phospho-S6Ribosomal Protein (Ser235/236), phospho-mTOR
(Ser2448, 2481), phospho-4EBP1 (Thr70), phospho-eIF4G (Ser1108), and phospho-GSKα/β
(Ser219) for both AK and all SCCs. Similarly, the RAS-RAF-ERK pathway scatter plots
(Figure 4, bottom left) include phospho-BRAF (Ser445), phospho-MEK1/2 (Ser217/221),
phospho-ERK (Tr202/Ty204), and phospho-Creb (Ser133) for AK compared to all SCCs.

DISCUSSION
In this study, two independent sample sets of normal appearing skin, AK, non-advanced
SCC, and advanced SCC were analyzed using RPMA as a means to interrogate the
activation of selected kinase pathways in the progression of cutaneous SCC. Protein
microarrays represent a rapidly emerging field and the RPMA format specifically was
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originated to provide for broad-scale mapping of signaling proteins from microscopic
quantities of cells of interest. A direct analysis of the protein signaling architecture generates
functional information about the protein pathways compared genomic or RNA expression
profiling techniques (22) and can provide key insights into the activation state of key
therapeutic targets (23).

While the signalling analysis performed in this study included a broad-scale analysis of the
activation/phosphorylation state of key signalling proteins we did not measure the activation
state of every protein. Indeed, like any immunoassay, the arrays are limited by the
availability of well performing highly specific antibodies. However, based on our initial
findings, we expect that even further coverage of the signal transduction machinery will
yield new discoveries. We chose to focus our analysis on key signalling hubs known to
integrate information about known tumorigenic processes such as inflammation, survival,
energy metabolism, growth and differentiation. Furthermore, while signalling can be
regulated by a number of post-translational modification driven events (e.g. glycosylation,
acetylation, etc.), we chose to measure protein phosphorylation, the principal regulator of
signal transduction and the key analyte endpoint for the recording of on-going cellular
kinase activity, so that we could generate a direct knowledge snapshot of the on-going
signalling cascades within the tumor cells.

The first sample set was used to obtain pilot information and as a means to generate
candidate pathway alterations that could be further validated in a second independent sample
set with an expanded number of analytes. In study set 2, we confirmed results from study set
1 that showed activation of a number of key proteins involved in MEK-ERK, EGFR, and
mTOR in SCC compared to AK, by evaluating an expanded number of upstream and
downstream signaling molecules within these pathways (Supplementary Table), as well as
identified a number of new drug targets that revealed that SCC is a pathway activation-
driven disease.

Our analysis revealed that there are indeed numerous overt pathway activation changes
between AK, non-advanced SCC, and advanced SCC. We found systemic activation in
advanced and non-advanced SCC compared to AK in many components of the RAS-RAF-
ERK and AMPK-AKT-mTOR pathways. The observed increased phosphorylation of both
subunits of AMPK in SCC compared to AK may initially appear to be contradictory to the
known involvement of AMPK as a suppressor of tumor growth (24, 25). In the current study
we observed increased phosphorylation of AMPK α at the Ser485 inhibitory site in SCC
compared to normal epidermis. Inhibition at the Ser485 site can result in a downstream
increase in mTOR signaling, which was indeed observed in SCCs. Interestingly, we also
observed increased phosphorylation of AMPK at Ser108 on the β subunit in SCCs compared
to AKs and UIA. Phosphorylation at the Ser108 site is thought to be required for AMPK
activation (26) and would lead to downstream inactivation of mTOR. A potential
explanation for these contrasting effects, described above, is the possibility that there are
compensatory effects where one phosphorylation event activates downstream mTOR
signaling and the other inhibits mTOR signaling. Despite these potential compensatory
events we found mTOR signaling in SCCs to be highly activated. It must be pointed out that
there are other pathways, such as the PI3K/AKT signaling pathway, that can lead directly to
activation of mTOR downstream signaling, and these signaling events were indeed found to
be elevated in SCC compared to AK.

Overall, our results are in keeping with the wealth of information generated from UV
induced SCC carcinogenesis models, which have been primarily explored in mouse models.
In totality, these UV induced SCC carcinogenesis models demonstrate the activation of
abundant critical molecular targets and multiple signal transduction pathways that result in
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the induction of expression of specific genes that could lead to SCC (18–20, 27). UV is
known to activate cell surface growth factor (i.e. EGFR) and cytokine (i.e. IL-1R) receptors
which in turn lead to stimulation of mitogen-activated protein kinase (MAPK) signal
transduction pathways and cellular responses like apoptosis, proliferation, inflammation,
differentiation, and development (28, 29). Our group and others have demonstrated that the
p38 MAPK pathway is activated after UV irradiation (17, 30–32). In addition, we have
shown that activation of EGFR can lead to downstream activation of PI3K and AKT
signaling pathways (40), which were also observed in this study.

The PI-3K-AKT signaling pathway, another important signaling pathway activated by UV
(33–36), regulates the expression of cyclooxygenase 2 (COX-2) (37–39) which is
transcriptionally regulated through altered phosphorylation of the cyclic AMP response
element binding protein (CREB) (38, 39). In agreement with mouse studies, we found that
UV-induced changes in human epidermis were seen in phospho-CREB, phospho-p38,
phospho-GSK-3β, COX-2, and apoptosis (32). In another report, human skin exposed to low
doses of UV activated the EGFR, the GTP-binding regulator protein p21RAS, and stimulates
the MAPKs (ERKs, JNKs, and p38) all of which add to the strength of results from our
study showing similar changes in cutaneous SCC (40). Another UV induced protein, mTOR,
is regulated through activation of the PI-3K-AKT pathway and our findings reported herein
reveal that this pathway and mTOR activation are significant components of human
cutaneous SCC progression (41–43). These findings are in keeping with previous reports
have shown that activation of this pathway is an important component in the development of
human SCC (42–44).

There is limited information regarding expression of the majority of these signaling proteins
in AK and SCC. Recently, Chen et al found that the percentage of phosphorylated AKT
(Ser473) positive cells by immunohistochemistry was significantly higher in SCC than AK
compared to normal skin and moreover was higher in SCCs with metastases. Results were
similar for mTOR (Ser2448), 4EBP1 (Ser65), 70S6K1 (Thr421), p70S6K1 (Thr421 Ser424),
and S6 (Ser6) (45).

In conclusion, while it is widely known that the majority of SCC proceed from an AK
precursor lesion (2, 88), our pathway activation mapping study demonstrates dramatic
alterations in the signaling architecture between AK and SCC in two independent (albeit
small) sample sets. The results provide rationale to further study cutaneous SCC progression
by functional pathway mapping techniques such as RPMA. Pathway activation portraits
revealed distinct molecular derangements that are activated in a pathway-specific manner
that transcend patient-patient heterogeneity and which can serve as an underpinning
molecular rationale prospective clinical for selection and monitoring of efficacy of targeted
inhibitors in prospective clinic. The signaling architecture of SCC (both advanced and non-
advanced) was distinct from both AK and UIA. Signaling alterations that occur during the
transition from AK to SCC were found and manifest in biochemically linked signaling
networks.

Our finding that the signaling architecture of AK and normal upper inner arm skin are
similar may be a factor of the reality that; 1) only a small proportion of AK progress to overt
SCC (while the majority of SCCs arise from an existing AK), thus it is possible that few if
any of AKs that we studied would actually have gone on to SCC, and 2) AKs appear to be a
much more heterogeneous lesion than SCC; thus, we could postulate that the premalignant
phenotype is a reflection of a natural selection “survival of the fittest” process where many
different types of pathways are being turned on until the one that provides the necessary
survival advantage is selected for and the SCC is the emergent, homogeneously selected
clone.
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These linked pathways, such as RAS-RAF-ERK and AMPK-AKT-mTOR, contain a number
of important targets for molecularly targeted therapeutics. The ability to broadly measure
and map the signaling architecture of SCC from tissue biopsy samples could provide a new
opportunity to develop a personalized medicine approach whereby activated/phosphorylated
signaling proteins are used as a companion diagnostic biomarker for upfront patient
selection and stratification for targeted chemoprevention and treatment strategies. In the
future, such an approach for NMSCs such as SCC would be philosophically similar to what
is now occurring for melanoma. Based on our findings, we have shown in a preliminary
fashion that cutaneous SCC development is driven by pathway activation. Genetic
alterations caused by exposure to UV are likely the primary cause of this aberrant pathway
activation leading to carcinogenesis. The next step in this work is to validate the activation
of key signaling pathways in a larger sample set of skin biopsies, and confirm these results
using other methods of phospho-protein expression analysis. If the RPMA technique proves
to be a valid technique for determining activation (or de-activation) of key signaling
pathways, we plan to use this as a prospective tool for selection of targeted inhibitors that
can be used in combination for a true individualized approach to drug selection both in
prevention of advanced disease in high-risk groups, and potentially in treatment of AK and
SCC. This powerful technique can also be adapted to other epithelial tumor types in a
similar manner in order to combat aberrant signaling network activation, as opposed to
selection of therapy based only on over-expression (or under-expression) of single proteins
and genes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RPMA analysis of human skin biopsy samples containing AK or advanced SCC showing an
unsupervised two-way hierarchical clustering heatmap. Samples with the highest relative
level of phosphorylation are shown as red and lowest levels as green. Median values are
black.
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Figure 2.
RPMA analysis of human skin biopsy samples containing advanced SCC or non-advanced
SCC (in situ and lower risk SCCs) showing an unsupervised two-way hierarchical clustering
heatmap. Samples with the highest relative level of phosphorylation are shown as red and
lowest levels as green. Median values are black.
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Figure 3.
Unsupervised clustering of RPMA pathway activation data from study set 2 showing AK,
UIA, non-advanced SCC and advanced SCC samples. Samples with the highest relative
level of phosphorylation are shown as red and lowest levels as green. Median values are
black.
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Figure 4.
Protein Pathway Activation Map of SCC. A Cancer Landscape (CScape) Protein Pathway
Activation Map (4 Top left) is shown using population averages of RPMA data from
patients with AK and SCC. Higher fold differences in the SCC group are shown in
increasing shades of red while higher fold differences in signaling in the AK group are
shown in green. Each balloon pin is placed over the protein measured. Magnified views of
the AMPK-mTOR pathway (green box, middle top) and RAS-RAF-ERK pathway (red box,
middle bottom) are shown to reveal pathway detail. Linked pathway members from each
pathway are numbered and the individual protein data are plotted as scatter plots for the
statistically significant endpoints.
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Table 2

Statistically Significant Endpoints from Sample Set 2

Increased in SCC p <0.01* Increased in AK p<0.01*

Bak EstrRec a total

Bax p4EBP1 S65

ClCasp3 D175 pAkt S473

ClCasp9 D330 pAkt T308

ErbB2 total pALK Y1586

MEK1/2 total pcKit Y703

p4EBP1 T70 pcKit Y719

pAdducin S662 pBcl2 S70

pAMPKa S485 pErbB2 Y1248

pAMPKb S108 pFKHRL1 S253

pARaf S299 pIGF1R Y1135/36 - IR Y1150/51

pATF2 T71 pIkBa S32/36

pATP/CitrateLyase S454 pLKB1 S334

pAuroraA/B/C T288/232/198 pMSK1 S360

pBad S112 pPKCd T505

pBad S136 pProgRec S190

pBad S155 pStat1 Y701

pBRaf S445 pTyk2 Y1054/1055

pcAbl T735

pcAbl Y245

pCatenin B S33/35/T41

pChk1 S345

pcRaf S338

pCREB S133

pCrkL Y207

pEGFR Y1068

pEGFR Y1173

peIF4G S1108

peNOS S113

peNOS S1177

pErbB3 total

pErbB3 Y1289

pERK T202/Y204

pEzrin/Radixin/Moesin T567/564

pFADD S194

pFAK Y576/77

pFKHR/RL1 T24/32
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Increased in SCC p <0.01* Increased in AK p<0.01*

pFKHRL1 S253

pGSK3a/B S21/9

pHistoneH3 S10

pMARCKs S152/156

pMEK1/2 S217/221

pMet Y1234/5

pmTOR S2448

pmTOR S2481

pp27 T187

pp38MAPK T180/Y182

pPDGFRb Y751

pPDK1 S241

pPKA C T197

pPKCa S657

pPKCth T538

pPKCz/l T410/403

pPLK1 T210

pPRAS40 T246

pPTEN S380

pRaf S259

pRasGRF1 S916

pS6RiboProt S235/236

pSmad2 S465/467

pSrc Y527

pStat3 S727

PTEN total

pVEGFR2 Y996

XIAP total

*
Compared to normal upper-inner arm (UIA)
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