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Abstract

Purpose—EGFR targeted therapy is in clinical use to treat squamous cell carcinoma of the head
and neck and other cancers of lining epithelium. Ras mutations in these tumors are a negative
prognostic factor for response and skin inflammation is an adverse reaction to therapy. We
investigated transcriptional and biochemical changes that could account for the confounding
effects of RAS activation and inflammation in a squamous tissue.

Experimental Desigh—We performed gene expression profiling on oncogenic Ras transformed
and wildtype mouse and human keratinocytes with EGFR ablated chronically by genetic deletion
or acutely by drug treatment and followed leads provided by pathway analysis with biochemical
studies.

Results—We identified a 25 gene signature specific to the Ras-EGFR ablation interaction and a
distinct 19 gene EGFR ablation signature on normal keratinocytes. EGFR ablation in the context
of wildtype Ras reduces ontologies favoring cell cycle control and transcription while oncogenic
Ras enriches ontologies for ion channels and membrane transporters, particularly focused on
calcium homeostasis. Ontologies between chronic EGFR ablation and acute pharmacological
ablation were unique, both with and without Ras activation. p38a. is activated in response to
abrogation of EGFR signaling under conditions of Ras activation in both mouse and human
keratinocytes and in RAS transformed tumor orthografts of EGFR ablated mouse keratinocytes.
EGFR ablation in the absence of oncogenic Ras revealed Erk and IL-1p related pathways.

Conclusion—These findings reveal unrecognized interactions between Ras and EGFR signaling
in squamous tumor cells that could influence the therapeutic response to EGFR ablation therapy.
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Introduction

The epidermal growth factor receptor (EGFR) is a transmembrane cell surface tyrosine
kinase in the ErbB family. At least 5 ligands are known to activate EGFR kinase activity
directly, and kinase function can be activated indirectly through interactions with
neighboring receptors. Upon ligand binding, EGFR may either homo- or hetero-dimerize
resulting in autophosphorylation on several specific tyrosine residues. A number of
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intracellular substrates are phosphorylated by activated EGFR kinase resulting in stimulation
of downstream pathways, including the RAS/MAPK pathway and PI(3)K/AKT pathway
among others (1). EGFR activity is increased in a number of human cancers by
amplification, mutation or ligand excess, and therefore EGFR has become a target for
anticancer therapy. Erlotinib (Tarceva, OSI-774), currently approved to treat non-small-cell
lung cancer (NSCLC) and advanced pancreatic cancer (2), selectively and reversibly inhibits
the EGFR tyrosine kinase by binding the intracellular ATP binding domain (3). Cetuximab,
an anti-EGFR monoclonal antibody that blocks ligand-induced EGFR activation, is currently
approved for metastatic colorectal cancer (MCRC) and head and neck squamous cell
carcinoma (HNSCC). RAS mutations occur in 15-30% of NSCLC (4), in 30-50% of mCRC
(5), 60-80% of pancreatic cancers (6, 7) and 5-8% of HNSCC. In NSCLC, HNSCC and
mCRC RAS mutations are negative prognostic factors (8). Patients with tumors harboring
RAS mutations that are treated with EGFR targeted therapy are less or non-responsive or
may have decreased survival as compared to chemotherapy alone (9) (10). In addition,
patients on anti-EGFR therapy often suffer from a severe acneiform, papulopustular
folliculitis that involves the face, scalp, chest, back and arms, characterized by neutrophilic
infiltration in the infundibular portion of the hair follicle, alopecia and xerosis cutis
unresponsive to standard therapy (11, 12). While the extent of the skin rash often correlates
with positive clinical response in responsive patients (13), evaluating the RAS gene status
before dispensing an EGFR inhibitory drug will reduce rash-associated morbidity.

A promising model to evaluate the interaction of the RAS and EGFR pathways
experimentally is the EGFR null mouse that recapitulates the dose-limiting rash of anti-
EGFR therapy as a fulminant papulopustular neutrophilic folliculitis that consumes the hair
follicles leading to alopecia (14). Oncogenic ras transformed keratinocytes from EGFR null
mice produce squamous tumors as orthografts, and these tumors have a high proliferation
rate in the absence of EGFR even though the tumors are very small (15). We hypothesized
that specific changes in gene expression induced by oncogenic ras in this squamous tumor
model could illuminate pathways contributing to the poor clinical response of tumors
harboring RAS mutations in patients on anti-EGFR therapy. In the current study, we have
compared the cell autonomous phenotype of EGFR genetic deficiency with acute
pharmacological ablation of the pathway by anti-EGFR therapeutics in skin keratinocytes
with and without an activated mutant Ras oncogene. We find substantial transcriptional
differences among these groups and define a signature for each. Further, pathway analysis
and biochemical experiments revealed an unexpected activation of p38 signaling that is
unique to the oncogenic ras-EGFR ablated phenotype. Suppression of p38 signaling inhibits
growth of EGFR ablated keratinocytes oncogenically transformed by activated Ras.

Materials and Methods

Materials

Erlotinib (Tarceva) was supplied by OSI Pharmaceuticals Inc (Melville, NY), AG1478 was
purchased from Sigma-Aldrich (St Louis, MO), PD153035 and SB203580 were purchased
from Calbiochem Inc. (San Diego, CA). All drugs were dissolved in DMSO.

Mouse Model

Mouse studies were performed under a protocol approved by the National Cancer Institute
(NCI) and NIH Animal Care and Use Committee. Homozygous and heterozygous EGFR
null mice and wild-type siblings on CD-1 background have been described previously (14).
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Primary mouse keratinocytes were isolated from newborn EGFR-deficient and wild-type
mice. Keratinocytes were prepared as described previously (16) and cultured in calcium- and
magnesium- free MEM (Invitrogen Life Technologies, Carlsbad, CA) supplemented with
8% Chelex (Bio-Rad Laboratories, Hercules, CA)-treated FBS (Gemini Bioproducts) and
0.2 mM Ca?*. After 24 h, cultures were switched to the same medium with 0.05 mM Ca?* to
select for basal cells and cultured for 2 additional days. Transduction of v-rasH2 into
keratinocytes (termed ras-keratinocytes) employed a replication defective retrovirus as
described previously (17). Viral infections were performed using diluted supernatant from
-2 producer cells. Cells were cultured for 4 days following v-rasH transduction and then
treated with 1 uM of the various EGFR tyrosine kinase inhibitors for 2 hours or 14 hours.
Non-transduced cells were treated on day 4 after plating and at the same concentration and
time points as the v-rasHa-transduced keratinocytes. The same protocol was used to infect
cells with retrovirus encoding K-rasV12 generated by transfecting a Platinum A retroviral
packaging cell line (Cell Biolabs, Inc) with pBabe K-Ras V12 (Addgene) and harvesting
medium 48 hours later for infection of keratinocytes. Human keratinocyte HaCaT cells (18)
were cultured in DMEM with 10% FBS. Human RAS transformed keratinocytes HaCaT-11-4
were provided by Dr. Jonathan Garlick (Tufts University) and cultured in low-glucose
DMEM with 5% FBS, 10mM HEPES, and Pen/strep (Life Technologies/Invitrogen).

Microarray Design and Biometric Analysis

Ontology

Ten ug total RNA from tissue culture samples or mouse universal reference total RNA
(Stratagene, La Jolla, CA) were reverse transcribed and the cDNA coupled to Cy3 or Cy5
dyes (Amersham Biosciences, Picataway, NJ) respectively, using the indirect labeling
procedure as previously described (19). The labeled Cy3 and Cy5 cDNA was purified using
QIAGEN PCR Cleanup kit (QIAGEN Inc. Valencia, CA). For each microarray, Cy3 labeled
cDNA was co-hybridized with Cy5 labeled cDNA and compared on each slide. Reverse
fluor experiments were included for each group. Each group contained 5 biological repeats.
The labeled cDNA’s were mixed with Mouse Cot-1 DNA, yeast tRNA and polydA and
boiled for 2 minutes prior to hybridization on microarray slides at 42°C for 14-16 h. Poly-L-
lysine coated glass slides, containing approximately 37K mouse oligoarray features, were
obtained from the NCI Microarray Core Facility. After hybridization, the slides were
washed in SSC, dried, and scanned using GenePix 4000 microarray scanner (Axon
Instruments, Union City, CA) with Genepix 4.0 software. Spots with a size of <10 um or an
intensity of <100 in both the red and green channels were eliminated, followed by removal
of features that were uninformative in >50% of available arrays. Each array was normalized
using a Lowess with print-tip group to provide intensity-dependent normalization.

Statistical analyses were done using the BRB-ArrayTools package (version 3.4.0) developed
by Dr. Richard Simon and BRB-ArrayTools Development Team for microarray analysis.
Class comparison analysis was done using the expression data. The two-sample t statistic
with random variance model (20) was used to measure the difference in gene expression
between two classes. Genes were considered as being differentially expressed at a
significance of P < 0.01.

The data discussed in this publication have been deposited in NCBI's Gene Expression
Omnibus (21) and are accessible through GEO Series accession number GSE29415.

GoMuiner and EASE analyses were done on the lists of differentially expressed genes (22,
23). Enrichment of categories was determined using GoMiner, and P value thresholds were
determined from EASE scores.
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Ingenuity Pathway Analysis

Data sets containing the NCI probe set identifiers and fold changes were uploaded into
Ingenuity Pathway Analysis software (IPA). The IPA program searches the Ingenuity
Pathway Knowledge Base (IPKB) for interactions between the uploaded genes and all other
genes in the IPKB and generates a series of networks. Fisher’s exact t-test was used to
assign statistical significance and biological functions were also assigned to each network.

Quantitative real-time PCR

RNA was isolated using Trizol (Invitrogen). cDNA synthesis and real time PCR analysis
was previously described (24).

Immunoblotting

Cultures were washed twice with PBS, and total cell lysates prepared with 1% triton
containing lysis buffer (Cell Signaling) supplemented with 1mM PMSF, Halt Phosphatase
Inhibitor (Pierce) and Mini-complete tablets (Roche). Proteins were quantified with the
Bradford method (Bio-Rad) and separated by a 4-20% SDS-PAGE gel. Phospho-EGFR
(Invitrogen), EGFR, p38a, p385 (Santa Cruz), p38 and phospho-p38 (Cell Signaling) were
used at 1:1,000 overnight at 4°C, B-actin (Chemicon) was used 1:10,000 for one hour room
temperature. ECL SuperSignal (Pierce) system was used for detection.

Immunohistochemistry

Serial sections of five micrometer paraffin embedded tumors were treated with 3% hydrogen
peroxide to inhibit peroxidase activity, blocked in Dako blocking solution (Dako) and
incubated overnight with phospho-p38 (Cell Signaling) and phospho-EGFR antibodies. The
next day sections were treated with goat anti-rabbit-HRP and sheep anti-mouse HRP (GE
Healthcare) respectively at 1:500 dilution. Immunoreactivity was detected using the DAB
kit (Vector Laboratory).

SH-Thymidine incorporation assay

SiRNA

Results

Keratinocytes, EGFR wildtype and EGFR null, were plated in 24 well plates and transduced
with v-rasHa or K-rasV12 as described. Five days later cells were treated with the appropriate
EGFR TKI for 14hrs. For co-treatments cells were pre-treated with p38 inhibitor for 4 hours
at 10uM. 3H-thymidine (1 uCi per well) was added for 3hrs. Cells were fixed using
methanol and acetic acid (3:1 ratio), solubilized with NaOH (5 normal), and incorporated
counts were read using a scintillation counter.

p38a SIRNA 5’-CTCCAGCTACTTTGTGTTGAA-3’, p38p siRNA 5’-
CAGATTATCTATCTAGTCAGA-3’, p385 siRNA 5’-
CTGGCTAGACCTGCAACTCAA-3’, and All Stars negative control siRNA were obtained
from Qiagen and transfected using HiPerfect (10nM; Qiagen) according to the
manufacturers protocol. All siRNA transfections were performed three days after v-rasHa
transduction. 32hrs post-transfection, EGFR wildtype cells were treated with AG1478,
Erlotinib, or PD153035 for 14hrs, rinsed with PBS and collected for total protein isolation.

Gene expression profiles of EGFR ablated ras transformed keratinocytes

Our goal was to identify a gene expression signature common to genetic and pharmacologic
ablation of EGFR in the context of oncogenic Ras transformation. To achieve this end, we
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transformed wildtype mouse keratinocytes or EGFR null keratinocytes with a v-rasHa
retroviral vector and isolated RNA 2 hours after treatment with EGFR inhibitors. To identify
differentially expressed genes, class comparisons were performed and genes selected with a
p < 0.01. When compared to EGFR wildtype keratinocytes transduced with v-rasHa, this
analysis yielded differentially expressed gene lists for AG1478, Erlotinib, PD153035 and
EGFR null of 852, 1054, 928, and 758 respectively (Figure 1A). To determine gene
expression off-target effects of the EGFR pharmacological inhibitors, EGFR null v-rasHa
keratinocytes were treated with AG1478, Erlotinib or PD153035. Class comparisons
between treated and untreated EGFR null v-rasHa keratinocytes gave off-target gene lists of
891, 380 and 2,486 of differentially expressed genes for AG1478, Erlotinib and PD153035
respectively.

To understand the activated Ras effect on keratinocytes, it was also necessary to identify a
sighature common to genetic and pharmacologic ablation of EGFR without Ras-mediated
transformation. To achieve this, four days after plating we isolated RNA 2 hours after
treatment of wildtype keratinocytes with EGFR inhibitors. RNA was also collected from
EGFR null keratinocytes on day four after plating. As in the Ras transformed comparisons,
all differentially expressed gene class comparisons were performed with a p<0.01. When
compared to untreated EGFR wildtype keratinocytes, treated keratinocytes yielded
differentially expressed gene lists for AG1478, Erlotinib, PD153035, and EGFR null of 450,
165, 229, and 3,137 respectively (Figure 1B). These array comparisons express the
difference between an acute blockade of EGFR by inhibitors and a chronic shutdown of the
EGFR signaling by genetic ablation in keratinocytes. Whereas the EGFR inhibitor treated
groups have relatively small numbers of gene expression changes, the EGFR null array
comparison has over ten-fold higher number of changes, expressing the myriad of
consequences of chronic inhibition of EGFR on wildtype keratinocytes. Further, the
introduction of oncogenic ras into the genome adds significantly more complexity to the
acute response to inhibitors but reduces the number of differentially expressed genes in
keratinocytes chronically depleted of EGFR by gene ablation. This suggests that there are a
significant number of common changes in gene expression produced by Ras transformation
and EGFR activation.

To verify our microarray data, we conducted quantitative real-time PCR for 25 differentially
expressed genes. Supplemental Table 1 shows the fold change for both the real time PCR
and the microarray. All genes screened were concordant in direction of expression and for
the most part similar in magnitude between the real time data and microarray data.

Identification of signatures for EGFR ablation

To identify commonly expressed genes between the different methods for EGFR ablation,
an EGFR master list was created. The master list was created by combining the differentially
expressed genes of the microarray comparison between EGFR wildtype v-rasHa
keratinocytes and EGFR null v-rasH2 keratinocytes, and genes that have been cataloged from
a comprehensive map of EGFR signaling (25). This EGFR master list of 789 genes serves as
the basis for further analysis and comparison with the samples treated with chemical EGFR
inhibitors. A four step analysis (Figure 1A) was performed; comparison of gene lists from
AG1478, Erlotinib or PD153035 treated v-rasta keratinocytes with EGFR master list,
intersecting the overlapping genes between the EGFR inhibitors and the EGFR master list
with each other to find commonalities, and removal of discordant genes. At this point the
analysis had yielded 34 genes. To ensure no genes involved in off-target effects were
included, we intersected the 34 genes with the three off target gene lists; this filtered out 9
genes to achieve a 25 gene list. This gene list is a signature for EGFR ablation in
keratinocytes when v-rasHa is activated (Table 1A).
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To create a signature for EGFR ablation in the absence of oncogenic ras, we performed
similar comparisons as above. The array comparison between EGFR wildtype keratinocytes
and EGFR null keratinocytes yielded 3,137 differentially regulated genes, and there was
significant overlap with the comprehensive map (25). The three EGFR inhibitor array gene
lists were intersected with the EGFR null gene list, resulting in an overlap of 19 genes
(Figure 1B). All 19 genes were concordantly expressed between the different methods of
EGFR ablation (Table 1B). Surprisingly there was no overlap among the gene lists with and
without oncogenic Ras although both showed down-regulation of a member of the dual
specificity kinase family (Dusp 1 and Dusp 9). This suggests that oncogenic Ras exerts a
strong influence on the consequences of EGFR inhibition in keratinocytes.

Gene ontology and pathway analysis

Gene ontology categories from the total gene lists of Figure 1A and B that are significantly
enriched in the four methods of EGFR ablation in the presence of oncogenic Ras are shown
in Supplemental Table 2A, 2B, 2C, and 2D. The cut-off for all ontology analysis was an
EASE score < 0.05. The color is based on the average fold change of the genes matching to
specific ontologies, thereby giving information as to the over-all expression direction of the
ontology. Each inhibitor had a unique ontology profile although some general overlapping
areas could be discerned. Among the gene categories for EGFR ablation are ATPase
activity, regulation of transcription, MAPKKK cascade, cell proliferation, ion transport and
enzyme inhibitor activity. To better understand the effects of pharmacological inhibition, we
catalogued the genes that are common and concordant between the three inhibitors.
Supplemental Table 2E shows the ontologies enriched from the 109 genes that overlapped
the three methods of acute pharmacological blockade. A predominant theme arising from
this analysis is the frequency of enrichment in ontologies for ion, cation, and chemical
homeostasis. To further understand the core differences between acute (Erlotinib) and
chronic (EGFR null) inhibition in the presence of oncogenic Ras, we removed overlapping
or related ontologies and showed the remaining unique ontologies in Supplemental Table
2F. Chronic depletion by gene ablation depresses genes encoding proteins involved in
transcription, cell growth and cell cycle regulation. In contrast, acute exposure to Erlotinib
emphasizes an up-regulation of genes encoding metabolic enzymes and stress responses, a
change common to all of the inhibitors.

Supplemental Tables 3A, 3B, 3C, and 3D are enriched ontologies from the four methods of
EGFR ablation in the absence of oncogenic Ras transformation. There is almost no overlap
in enriched ontologies between the different methods of EGFR ablation. Only a few gene
ontologies, particularly related to cell adhesion and motility, are commonly enriched. The
three chemical inhibitors do share similar immune related ontologies, which are chemokine
activity, inflammatory response, and immune response. These changes could be associated
with an inflammatory response mediated through EGFR inhibition in skin keratinocytes. In
the absence of oncogenic Ras transformation, the diversity and extent of gene ontology
changes is much greater when comparing EGFR wildtype to null keratinocytes than when
comparing EGFR wildtype keratinocytes to keratinocytes acutely ablated for EGFR. By
examining ontologies based only on the 25 genes v-rasHa-EGFR ablation signature
(Supplemental Table 4), five enriched ontologies encompassing the same genes becomes
apparent. These ontologies define common functions as membrane transporters.

Using Ingenuity Pathway Analysis (IPA) and its Ingenuity Pathway Knowledge Base
(IPKB) we investigated interactions among the v-rasHa- EGFR ablation signature gene list
and found that 14 of the 25 genes mapped to one network shown in Figure 2A. With a score
of 33, this network relates to cancer, cellular growth and proliferation, cellular development
and tumor morphology. Central to this network is the p38 MAPK. The same analysis was
performed on the EGFR ablation signature gene list in the absence of v-rasHa transformation
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and illustrated that 11 of the 19 genes mapped to one network. The network (Figure 2B) was
the most significant and has a score of 26. Top functions of this network related to immune
cell trafficking, cellular growth and proliferation, and cellular assembly and organization.
Central to this network are Erk1/2 and IL-1p.

p38MAPK is activated by EGFR ablation in the presence of ras activation

The MAPK p38 is a potent regulator of proliferation, inflammation, cell motility and
differentiation. The p38 MAPK family includes p38a, B, 8, and vy, with three isoforms
expressed in keratinocytes, a, B, and 8. The isoforms affect different cellular processes.
Based on IPA mapping of p38 interaction with the v-rasHa- EGFR ablation signature, we
tested the effects of EGFR inhibition on modification of the p38 isoforms. Pharmacological
or genetic ablation of EGFR in combination with v-rash? increases phosphorylation of p38
in cultured primary keratinocytes without changes in overall levels of p38a, p38p or p386
(Figure 3A). Proliferation as determined by 3H-thymidine incorporation (Figure 3B) did not
change in Ras transformed keratinocytes with either genetic or pharmacological ablation of
EGFR. In contrast, genetic and pharmacological ablation of EGFR inhibited proliferation in
wildtype keratinocytes. To confirm that the changes in p38 activation also occurs in vivo,
squamous tumors arising from orthotopic grafts of EGFR wild type and null v-rasHa -
transformed keratinocytes were immunostained for phospho-p38 (Figure 3C, D). In the
absence of EGFR, phospho-p38 is abundantly detected in basal and suprabasal
compartments of v-rasHa- oncogene induced tumors whereas detection is limited to a smaller
number of cells restricted to the basal cell compartment in v-rasHa- induced tumors
expressing EGFR. Consistent with the in vitro results, previous analysis of these tumors
indicated that proliferation rate in tumor epithelium was independent of EGFR status (15).

p38a is the activated isoform of p38 in EGFR ablated cells

To determine the specific p38 isoform activated by oncogenic Ras when EGFR signaling is
abrogated, isoform specific p38 siRNA was used to selectively silence transcription. In
either EGFR null cells or EGFR wildtype cells transformed with v-rasH?, the level of
phospho-p38 was reduced by siRNA targeting p38a but not p38p or p383 (Figure 4A). Since
p38p is undetectable by immunoblot we confirmed the effectiveness and specificity of the
SiRNA by real time PCR (Supplemental Figure 1). We inhibited p38 pharmacologically in
v-rasH@ transformed keratinocytes to determine if combination treatment with EGFR
ablation would lead to growth inhibition. Blockade of EGFR or p38 alone did not reduce
proliferation, but combining inhibition of EGFR and p38 reduced proliferation by 40-45%
(Figure 4B). We also asked if p38 isoform knock-down would alter a sampling of genes
differentially expressed as the EGFR ablation signature in wildtype keratinocytes
transformed by oncogenic Ras and treated with Erlotinib. In this signature neuroregulin 1
(Nrg1) is down regulated while 1d2 and Slc30al are up-regulated. Knockdown of the
individual p38 isoforms does not reverse this trend (Figure 4C). Similar results were seen
with Duspl and Timp3 also part of the EGFR ablation signature (data not shown).

p38 activation in conjunction with oncogenic Ras transformation is detected in human
keratinocytes

To confirm that changes in the v-rasHa-EGFR signature detected in mouse keratinocytes
were relevant to human keratinocytes, HaCaT and oncogenic RAS transformed HaCaT 11-4
cells (26) were employed. As seen in mouse keratinocytes, phospho-p38 is increased in the
HaCaT I1-4 cells when EGFR is pharmacologically abrogated (Figure 5A), but this response
is not seen in the parental HaCaT cells. This result is consistent with previous finding in
primary human keratinocytes where pharmacological inhibition of EGFR did not affect the
level of phospho-p38 (27). Furthermore, signature v-rasHa-EGFR gene expression changes
such as upregulation of Slc30al, 1d2 and Timp3 are increased upon EGFR inhibitor
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treatment specifically in the HaCaT 11-4 cells (Figure 5B). K-RAS mutations are more
commonly found in NSCLC than H-RAS mutations. To ensure that our v-rasHa-EGFR
ablation signature was not limited to v-rasH2 activation, but applied to K-rasV12 activation as
well, we infected mouse keratinocytes with retroviruses expressing either K-rasV12 or v-
rasha (Supplemental Figure 2) and treated them with EGFR inhibitors. Gene expression
changes seen in the v-rasHa-EGFR signature were also observed in the K-rasV12 expressing
cells when inhibited for EGFR. Such gene expression changes seen were up-regulation of
Timp3 and 1d2 and down-regulation of Duspl (Figure 5C).

Discussion

It is now well established that activating mutations in one of the RAS alleles is a negative
prognostic factor for response to EGFR ablation therapy in multiple epithelial cancer types
(9, 28, 29). We used an established mouse model for oncogenic v-rasH?- induced squamous
cancer to profile gene expression changes that might illuminate genes or pathways that
define Ras signaling in the absence of EGFR and therefore be potentially relevant to
therapy. To narrow our analysis we required that both acute pharmacological ablation and
chronic genetic ablation of EGFR be included and the genes limited to those recognized
under the comprehensive map of the EGFR pathway (25). With these restrictions we were
able to identify a 25 gene signature for further pathway analysis. By performing the same
analysis on cells treated identically but without v-rasHa transduction, a distinct 19 gene
signature was generated. The absence of overlap in the two gene lists reveals the importance
of Ras signaling in cells lacking EGFR signaling. The study also revealed differences in
gene expression and ontologies among chronic genetic EGFR ablation that may model
extended human drug exposure and acute pharmacological ablation consistent with initiation
of treatment. Several unexpected results became evident from this experimental design. In
the absence of EGFR signaling, Ras activation has substantial influence on the expression of
genes in ontologies for ion channels and membrane transporters. Further, pathway analysis
and biochemical studies indicate that activation of p38a. is a response to both acute and
chronic abrogation of EGFR signaling under conditions of Ras activation. This was also
observed in oncogenic RAS transduced human keratinocytes and in tumor grafts of v-rasHa
transformed mouse keratinocytes. Changes in membrane ion transporters and p38a signaling
could influence the therapeutic response to EGFR ablation therapy in tumors driven by
oncogenic RAS.

Because these studies were performed on normal and v-rasHa- transformed keratinocytes,
they may be most relevant to NSCLC and HNSCC patients with similar lining epithelia, but
the biology is analogous in CRC. RAS mutations range from 5-40% in these tumor sites
depending on ethnicity and smoking history among other factors (28-30). Whereas H-RAS
mutations are more common in HNSCC, K-RAS mutations are more common in NSCLC. A
sampling of our signature changes indicates similar results are obtained with either mutant
RAS allele. These inherent differences of cancers with and without RAS mutations and the
correlation to responsiveness with EGFR targeted therapy is mirrored in the distinct gene
expression profiles documented in our model system using mouse keratinocytes ablated for
EGFR signaling in the presence or absence of mutant ras. We noted distinct ontologies
when oncogenic Ras was introduced into cells with chronically ablated EGFR (null
keratinocytes) or acutely inhibited EGFR signaling (Erlotinib). Genes involved in cell cycle
and transcriptional regulation are reduced with chronic depletion of EGFR while acute
inhibition is characterized by up-regulation of transporters and stress related genes. Among
the latter are increased expression of Ryanodine receptor and Atp2b3 (Pmca3) that are
critical for Ca2+ transport and Ca2+ intracellular homeostasis. Over-expression of Atp2b3
increases the export of intracellular calcium; (31), thus lowering intracellular Ca2+ levels, a
change that has been associated with chemoresistance (32, 33). It is well documented that
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altered calcium signaling in cancer cells contributes to tumor proliferation and progression,
and molecules in the family of Atp2b3 participate in these alterations (34). Indeed, previous
gene expression profiling of human lung cancer cell lines, validated on resected
adenocarcinomas and related to clinical response, revealed a 180 gene signature predictive
of response to Erlotinib that included multiple calcium signaling proteins including CaM
kinase and Atp2cl, a member of the Atp2b3 family (35). These same genes are represented
in a 26 gene signature predicting response to cetuximab in human colon cancer (36).
However, from the available data the concordance with our findings cannot be confirmed.

Pathway analysis of gene expression changes revealed that inhibition of EGFR in cells with
wildtype Ras proteins intercepted pathways centering on nodes for Erk and IL-1p signaling.
These pathways would be relevant for normal tissues exposed to EGFR inhibitors for cancer
therapy and could be associated with the acneiform skin rash so prevalent in these patients.
Activation of the MAPK pathway is a feature of the skin rash in patients receiving Erlotinib
for metastatic breast cancer (37). Similarly, anti-IL-1 therapy reduces the skin eruption in a
mouse model for the human rash (38). We identified a unique activation of p38a as a
consistent response in Ras transformed mouse and human keratinocytes after either acute or
chronic EGFR ablation. This is associated with a consistent decrease in expression of
Dusp1, the primary phosphatase responsible for deactivating p38a. Previous studies have
indicated distinct functions for the four members of the p38 family. p38a. contributes to
multiple cellular responses and can mediate inflammation, proliferation, and cellular
differentiation depending on cell type and context (39, 40). Activation of p38a is also
associated with cancer cell proliferation (41-43) and invasion (44). p38a antagonists are
under study as therapy for both inflammatory and neoplastic diseases alone or in
combination with other targets (40, 42, 45, 46). In human keratinocytes p38a. activation is
required for migration on collagen 1 and release of MMP13 in RAS transformed
keratinocytes (47). Thus, activation of p38a might worsen the response to EGFR ablation
therapy in Ras driven tumors, and this has been observed in some cases. Our in vitro studies
confirm that inhibiting p38 in oncogenic Ras/EGFR ablated keratinocytes reduces cell
proliferation substantially suggesting a combination of EGFR and p38a. inhibition could be
clinically useful under similar circumstances.

In this study we have been able to define gene expression changes in keratinocytes before
and after anti-EGFR therapy in a setting of potential therapeutic success or failure dependent
on the presence of a ras oncogene. As far as we can tell only two previous studies have
addressed tumor gene expression before and after treatment, and these were conducted with
human metastatic breast cancers or breast cancer cell lines (48, 49). The large array platform
we employed and the stringent requirements we used to restrict the analysis to genes only
associated with EGFR signaling and consistent among multiple EGFR antagonists were
designed to illuminate the most relevant gene changes attributable to therapy in a squamous
tissue. We also incorporated both acute and chronic EGFR inhibition in our requirements.
Despite the restrictions we imposed to get the most specific and relevant set of markers
possible, expression changes in Serpinel, Tenascin C, Cdc6, Atp2b3, Foxd3 in our
signatures were concordant with the same or closely related genes identified as the top
changes in the breast cancer analysis. Of particular interest was the common finding of three
minichromosome maintenance protein genes (MCM3, 6, and 7) commonly downregulated in
our EGFR null gene list (Supplemental Table 3D) and breast cancer cells sensitive to
lapatinib (53). These proteins are critical for DNA replication and cell cycle progression,
ontologies commonly found suppressed by chronic EGFR ablation. Our approach offered an
opportunity for the first time to explore functional pathways associated with the potential for
treatment success or failure. We have identified alterations in calcium balance and p38
signaling as changes unique to oncogenic Ras transformation in the setting of EGFR
inhibition and thus possible targets to overcome treatment resistance. With therapeutics now
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available to target each of these alterations, future studies can address the potential efficacy
of combinations to achieve full tumor inhibition.

Statement of Translational Relevance

A major advance in targeted cancer therapy was accomplished by the introduction of
EGFR antagonists for the treatment of lung, head and neck and colon cancer. However,
efficacy is limited due to the frequent presence of RAS gene mutations in these tumor
types, an adverse skin eruption, and the development of resistance. This report utilizes a
well described model of oncogenic Ras transformed keratinocytes, gene expression
profiling and a highly restrictive analytic approach to identify unique expression
signatures that define the influence of activated Ras on acute and chronic EGFR ablation
therapy in a squamous tumor type. Combined with biochemical studies, the analysis has
revealed several previously unrecognized functional alterations unique to the Ras-EGFR
ablation interaction that could be targets for combination therapy to overcome therapeutic
failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Analytic scheme used to identify common gene expression changes in oncogenic Ras
transformed (A) or wildtype keratinocytes (B) lacking EGFR signaling by genetic ablation
or pharmacological inhibition. A, v-rasHA transformed keratinocytes were treated with each
EGFR inhibitor for 2 hours, RNA was isolated and expression changes relative to untreated
transformed keratinocytes were documented using the 37K mouse oligo array platform. A
master EGFR gene list was similarly generated from the profile of v-rasH2 transformed
EGFR null keratinocytes that overlapped a comprehensive map of EGFR signaling (27)
(light blue), and these lists were intersected to identify common genes that were EGFR
relevant. These three overlapped gene lists were then intersected, shown in the Venn
diagram, discordant genes were removed and a resultant list of 34 common genes were
identified. By treating oncogenic Ras transformed, EGFR null keratinocytes with the three
EGFR inhibitors, off-target gene expression changes were identified, and 9 genes in the 34
concordant gene list were removed as off target genes. This resulted in 25 genes that
comprised the Ras-EGFR ablation signature. B, a Venn diagram illustrates the similar
analysis used to determine the common and concordant genes between the four methods of
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EGFR ablation in the absence of oncogenic Ras. Each gene expression profile is from five
biological repeats.
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Ingenuity pathway analysis (IPA) of the EGFR ablation signature with oncogenic (A) and
wildtype Ras (B). Nodes represent genes, with shapes showing IPA-defined functional class
of genes, and lines indicating biological relationships between nodes. A, a network based on
the Ingenuity Pathway Knowledge Base of 14 of the 25 (56%) genes from oncogenic Ras-
EGFR ablation signature. B, a network comprised of 11 of the 19 (57%) genes from the

EGFR ablation signature with wildtype Ras.
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Figure 3.

Inhibition of EGFR in the presence of oncogenic Ras activates p38. A, Immunoblots for total
and phosphorylated p38 isoforms in keratinocytes inhibited for EGFR signaling. B,
Proliferation of cultured wildtype or v-ras™? - transduced EGFR null or wildtype
keratinocytes 24hr after treatment with EGFR pharmacologic inhibitors. C, Immunostaining
for phospho-p38 in squamous tumors from orthotopic grafts of EGFR wild-type and EGFR
null v-rasHa — transformed keratinocytes. D, Phospho-p38 labeled cells were counted in nine
to ten randomly selected regions. Each group contains four (EGFR null) and six (EGFR wit)
tumors, and data are representative of two independent grafting experiments. Horizontal
lines= mean, vertical bars= SE.
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Figure 4.

p38a is activated in EGFR ablated keratinocytes in the presence of oncogenic Ras. EGFR
wildtype and EGFR null primary keratinocytes were transduced with v-rasH@ retrovirus and
subsequently transfected with a non-silencing siRNA (NS) or an siRNA targeting the three
p38 isoforms, p38a (a), p38p (B), and p386 (6). After 24hrs, EGFR wildtype cells were
treated with an EGFR pharmacologic inhibitor for 14 hours. A, Immunablots for phospho-
p38 (p-p38), p38a, and p383. B, Proliferation (3H-thymidine incorporation) of cultured v-
rasHa-transduced EGFR null or wildtype keratinocytes after 4hr pre-treatment with p38a
selective inhibitor (SB203580) and 14hr treatment with Erlotinib. P-values for EGFR WT

group and EGFR null group were 0.0434 and 0.0227 respectively. . C, Nrg1, 1d2, and
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Slc30al mRNA expression by real time PCR in EGFR wildtype and EGFR null
keratinocytes. Columns, mean value of triplicate determinations, bars, SE.
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Figure 5.

Ras and EGFR abrogation dependent activation of p38 occurs in human keratinocytes. A,
Immunoblots were performed for total and phospho-p38 (p-p38), and total and phospho-
EGFR (p-EGFR) in HaCaT cells and HaCaT I1-4 cells which have an activated H-Ras. B,
Slc30al, 1d2, and Timp3 expression (real time PCR) in HaCaT and HaCaT 11-4 cells treated
with EGFR inhibitors. C, Expression of Duspl, Timp3 and Id2 (real time PCR) in EGFR
wildtype and EGFR null cells transduced with either K-rasV12 or v-rash@ and treated with
inhibitors for EGFR. Columns, mean of triplicate determination, bars, SE.
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Table 1

Signature gene lists for keratinocytes inhibited for EGFR signaling and expressing either oncogenic Ras (A) or
wildtype Ras (B). Downregulated genes are in green and upregulated in red. Values are relative to EGFR wild-
type keratinocytes with oncogenic (A) or wild-type Ras (B).

Table 1A.

Erlotinib AG1478
Downregulated
Up Regulated
solute carrier family 30 (zinc transporter), member 1 (Slc30al) 2.2675737 2.2522523 2.8248588 1.984127
surfeit gene 1 (Surfl) 2.2883295 2.1786492 1.8382353 2.1008403
Ubiquitin domain containing 1 2.3696682 2.6315789 3.5971223 2.5316455
inhibitor of DNA binding 2 (1d2) 2.7027027 4.950495 4.2553191 3.8167939
PREDICTED: RIKEN cDNA 4930458A03 gene (4930458A03Rik), mRNA. 2.8490028 3.076923 2.4752475 4.2194092
aldehyde oxidase 1 (Aox1) 2.7322404 2.9411765 2.7548209 2.5906736
RIKEN cDNA 2200002J24 gene (2200002J24Rik), mRNA. 2.8735632 3.4013605 | 3.78787878 2.3364485
RIKEN cDNA 6230410P16 gene (6230410P16RIiKk), transcript variant 2 2.8985507 2.7624309 2.5974026 2.7173913
fucosyltransferase 9 (Fut9) 3.030303 3.8910506 2.0746888 3.0674847
Tissue inhibitor of metalloproteinase 3 3.2679739 3.2051282 3.2258065 2.3419204
RIKEN cDNA 4921528107 gene 3.2786885 3.5460992 3.1545741 3.7735849
synaptoporin (Synpr) 3.3670034 2.8011204 3.3444816 3.030303
testis specific gene A2 (Tsga2) 3.3670034 4.4247788 3.6630037 4.4247788
ATPase, Ca++ transporting, plasma membrane 3 (Atp2b3) 3.5335689 3.4482759 4.0650407 3.968254
interferon-induced protein 44 (Ifi44) 3.5335689 3.5714286 3.4246575 2.6041667
CD46 antigen, complement regulatory protein (Cd46) 3.6101083 4.3668122 3.8314176 3.90625
RIKEN cDNA 2310026E23 gene (2310026E23Rik), mRNA. 4.2016806 3.5842293 3.3898305 2.1881838
solute carrier family 16 (monocarboxylic acid transporters), member 12 5.1282051 5.0761421 6.2789447 3.703703
(Slc16al2), mRNA.
camello-like 1 (Cml1) 5.5555556 5.3475936 5.9171598 13.69863
ryanodine receptor 1, skeletal muscle (Ryr1) 3.7522278 3.2258065 3.6764706 3.4722222
F-box and leucine-rich repeat protein 13 (FbxI13), mRNA. 11.6279069 5.1020408 | 10.2040816 5.4644808
Table 1B.

EGFR null AG1478 PD153035

Downregulated
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Table 1B.

AG1478 |  PD153035
Upregulated
BEN domain containing 7 (Bend7), mRNA. 2.986081 2.59399268 2.17177856 | 2.123838473
Transcribed locus 5.117288 2.62182163 2.62978239 | 2.357328025
RRN3 RNA polymerase | transcription factor homolog (yeast) (Rrn3), mMRNA 4.179157 3.01058099 3.03574806 | 2.600699744
membrane-spanning 4-domains, subfamily A, member 13 (Ms4al3), mRNA. 10.55176 2.62303544 5.03417703 | 2.540895071
adenosine A3 receptor (Adora3), transcript variant 2, mRNA. 6.572833 3.02683959 3.77621258 | 3.789070049
Vacuolar protein sorting 13A (yeast) 2.670708 2.63874731 2.15684629 | 1.896646066
adrenergic receptor, alpha 2b (Adra2b), mRNA. 3.285338 3.01698624 3.86207003 | 2.693184117
LY6/PLAUR domain containing 6 (Lypd6), mRNA. 2.30441 2.1395848 2.13043367 | 2.320750995
engrailed 2 (En2), mRNA. 2.444314 2.30637466 2.00310682 | 2.242360614
somatostatin (Sst), mMRNA. 3.569832 3.90594027 3.58261785 | 2.805393762
myosin light chain kinase 3 (Mylk3), mRNA. 1.791513 2.14708521 1.92247208 | 3.027817467
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