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INTRODUCTION

Lung cancer is the leading cause of cancer death in the world. Non-small cell lung cancer
(NSCLC) accounts for 85% of all lung cancer cases. Only 15% of patients diagnosed with lung
cancer survive five years from diagnosis. Therapy for advanced disease increases average life
expectancy by only a few months, and slightly improves quality of life. Similarly, adjuvant
chemotherapy for resected disease has only a modest impact on survival rates. More effective
therapy is needed. We believe that applying state-of-the-art molecular tools to carefully
conducted clinical trials will lead to the identification of molecular mechanisms that contribute to
lung cancer therapeutic resistance and that drive prognosis, and that this in turn will lead to the
development of drugs with novel biological and therapeutic functions. Therefore, we have
undertaken a translational research program named PROSPECT: Profiling of Resistance
Patterns & Oncogenic Signaling Pathways in Evaluation of Cancers of the Thorax and
Therapeutic Target Identification. The goal of PROSPECT is to use therapeutic target-focused
(TTF) profiling along with genome-wide mRNA and serum phosphopeptide profiling to identify
and evaluate molecular targets and pathways that contribute to therapeutic sensitivity or
resistance, prognosis, and recurrence patterns, and to use this information to guide formulation
of new rational therapeutic strategies for NSCLC and mesotheliomas. In the Program, we have
5 research projects and 3 Cores to address 3 central issues: therapeutic resistance, prognosis
and new therapeutic targets and strategies.

PROGRESS REPORT (BODY):

Project 1: Therapeutic target-focused (TTF) profiling for the identification of molecular
targets and pathways that contribute to drug sensitivity or resistance in vitro and the
development of rational treatment strategies for NSCLC.

(Leader: Dr. John Heymach; Co-Leader: Dr. John Minna)

Hypotheses:

We hypothesize that a broad, systematic molecular profiling of NSCLC cell lines, using both

TTF and global approaches, will lead to the following results:

1. The identification of new potential therapeutic targets for NSCLC

2. The development of predictive markers for in vitro sensitivity to targeted agents, which will
form the starting point for the development of a predictive model of in vivo sensitivity using
clinical specimens as described in Aim 3.

3. Insights into the molecular mechanism underlying therapeutic resistance and into the
relationship of resistance mechanisms to factors innately affecting tumor growth rate and
prognosis

4. Identification of readily translatable therapeutic strategies to combat these resistance
mechanisms.

Specific Aims:

In this project, we will develop and validate a novel therapeutic target-focused (TTF) profiling
platform at M.D. Anderson Cancer Center. The platform will provide a high throughput,
guantitative, scalable, and highly sensitive set of assays to assess activation of key signaling
pathways (e.g., PI3K/AKT, STAT, RAS-RAF-ERK) as well as other potential therapeutic targets
such as receptor tyrosine kinases (RTKs). It will be coupled with global profiling of gene
expression using Affymetrix 2.0 array. These molecular profiles will then be coupled with
information from a broad drug and therapeutic target siRNA (DATS) screen to develop markers
for predicting drug sensitivity in vitro based on molecular profiles, elucidate the molecular
determinants of sensitivity or resistance to a given therapeutic agent, and identify potential
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therapeutic targets for tumor cells resistant to a given agent. This project lays the foundation for
Project 3, where the same TTF and global profiling approaches will be used to characterize
clinical tumor specimens and investigate molecular markers identified in this project, for Project
4, in which the profiles and therapeutic targets for mesothelioma will be explored, and for
Project 2, in which the profiles will be correlated with patient prognosis and metastatic patterns.
The specific aims of this project are as follows:

Specific Aim 1: To develop a TTF profile for assessing critical signaling pathways and
potential therapeutic targets, and to apply TTF and gene expression profiling to NSCLC
and mesothelioma cell lines.

1.1. Development and technical validation of a TTF profile using reverse phase lysate arrays
(RPPA) and multiplexed bead array technology.

1.2. Application of TTF profiling to a cell line panel representing malignant (NSCLC and
mesothelioma) and non-malignant (endothelial and stromal cells, normal bronchial epithelium)
cell types.

1.3. Gene expression profiling of the cell line panel using Affymetrix microarrays.

1.4. Correlation of TTF and gene expression profiles from the cell line panel to determine gene
expression signatures that correlate with activation of individual proteins (e.g., EGFR activation)
and critical signaling pathways (e.g., RAS pathway activation).

Specific Aim 2: To determine the sensitivity of the cell line panel to the selected drug and
therapeutic target siRNA (DATS) screen.

2.1. Screening of the cell line panel for sensitivity to a panel of 20-25 targeted agents and
standard chemotherapy agents.

2.2. Screening of the cell line panel using siRNA representing potential therapeutic targets,
including molecules targeted by specific agents in Aim 2.1 (e.g., EGFR, IGFR-1, etc.) and
potential therapeutic targets for which drugs are not currently available (e.g., RTKs for which
drugs are currently in development).

2.3. Comparison of in vitro and in vivo profiles (TTF and global) and drug sensitivity in selected
NSCLC cell lines and xenografts grown from the same lines.

Specific Aim 3: Development of markers for predicting drug and targeted siRNA
sensitivity in vitro based on TTF and molecular profiles, and identification of candidate
therapeutic targets in chemotherapy-resistant lines.

Summary of Research Findings

In March 2009, Dr. Li Mao (former Co-Leader) left the institution to accept a position at the
University of Maryland at Baltimore; therefore, Dr. Heymach has assumed responsibility for
completion of Dr. Mao’s proposed studies.

Over the past year, we have expanded our set of NSCLC cell lines and have completed gene
expression and protein profiling on all of these cell lines. The mMRNA expression data from each
of 50 NSCLC lines correlated with various drug response phenotypes and we identified
signatures predictive of response. Likewise, proteomic profiles correlated with in vitro drug
response data for a variety of drugs. We are in the process of validating these findings in
xenografts and in clinical samples from patients treated with these drugs.
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Database of preclinical molecular profiles including mRNA gene expression and proteomic
profiles of NSCLC cell lines, tumor specimens, and xenografts; mRNA profiling of NSCLC cell
lines and tumors. We have already performed genome-wide mRNA expression profiling using
Affymetrix HGU133A, B, or Plus2 or Illlumina WG6-v2 gene chips for more than 50 NSCLC and
30 SCLC lung cancer lines, 5 immortalized human bronchial epithelial cell strains (HBECs), and
more than 40 NSCLC xenografts. This activity will be extended to include the full set of ~70
NSCLC lines in the bank. We will also assess the molecular profiles of 40 heterotransplants for
validation of predictive signatures. It is worth noting that we found few differences in the gene
expression profiles between NSCLC cell lines grown in vitro or in vivo (either subcutaneously or
orthotopically in the lung); in an unsupervised clustering analysis, each tumor line grouped with
itself (tissue culture, subcutaneous, or orthotopic xenograft) rather than other tumor lines,
illustrating that a cell line can be linked to an in vivo profile.

Proteomic profiling of NSCLC cell lines and tumors. We have already conducted an RPPA
analysis from a set of NSCLC tumors (Figure 1). Using a panel of 59 proteomic markers,
unsupervised clustering sorted primary lung cancer from normal lung tissue specimens. A five-
marker signature was able to identify tumor versus normal lung (Figure 1A and B) and

squamous versus
adenocarcinoma A. B.
histology. We also
assessed a panel of
75 NSCLC cell lines
grown under three
media conditions and
analyzed for ~150
proteins and
phosphoproteins. C
RPPA profiling was ’
able to separate
distinct subsets of
cell lines, normal
lung tissue, and lung
and HNSCC by
clustering analysis.

Training Set Test Set

NSCLC tumor Normal tissue

Cell lines

(6€T) sule04d

HNSCC normal

Figure 1. RPPA profiling separates normal from NSCLC tumor in patient samples and

Lung Lung

Interestingly, a group
of lung cell lines was
identified that was
characteristically

similar to the HNSCC
(Figure 1C). This

shows separates subsets of cell lines with distinct proteomic profiles. (A) Unsupervised
clustering identifies paired normal lung (blue) versus NSCLC tumor (red) by RPPA
markers. (B) From the full set of RPPA markers, A 5-marker signature was identified
and validated that separate normal (blue) from tumor (red). (C) RPPA profiling using
139 proteins categorizes 230 cell lines, including lung, head and neck (HNSCC), and
normal (human bronchial epithelial cell) controls.

panel of cell lines was also correlated with in vitro drug response, which identified predictive
signatures of response (Figure 3). In the next grant period, the proteomic profiles will be
extended to include those of the heterotransplant models, including post-treatment samples.

Database of molecular profiles from clinical NSCLC specimens, including tumors from the
BATTLE-1 trial. To validate the signatures derived from the cell line panel, we will leverage the
currently available molecular profiles, and additional ones that will be available over the next 6
months, from the BATTLE-1 clinical trial as well as the more than 100 NSCLC tumors profiled
from our tumor archives. We currently have global gene expression profiling data in tumor
specimens from 70 patients, and it is anticipated that data from at least 70 more will become
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available by late 2009. Among these tumors, EGFR mutations were observed in 13 patients,

and KRAS mutations
were detected in 11
patients.

Baseline gene
expression drug

response signatures.
The mRNA profiles for

50 NSCLC lines were
correlated with the
various drug response

phenotypes to derive
signatures predictive of
response to various
drugs including erlotinib
and the MEK inhibitor
AZD6244 (Figure 2). As
shown in the figure, the
drugs also clustered by
their general mechanism
of action (e.g., EGFR
inhibitors geftinib,
erlotinib, and cetuximab
together), with AZD6244
having a distinct profile.

Proteomic drug response
signatures.

Genes (MRNA)

AZD6244 mulp

Erlotinib s

Expression Correlates
with Sensitivity

Expression Correlates
with Resistance

-1.0 Pearsonr +1.0

Figure 2. Unsupervised clustering of mRNA expression signatures predicting sensitivity
and resistance to various chemotherapy agents groups drugs by mechanism of action.
The mRNA expression patterns from the microarray data for each of the 50 NSCLC lines
were correlated with the various drug response phenotypes to derive signatures
predictive of response, including erlotinib (blue arrow) and AZD6244 (red arrow). The
statistical Pearson r values that correlate expression of the individual genes with drugs
sensitivity and resistance across the 50 lung cancer lines are color-coded with
expression levels of green correlating with sensitivity, and expression levels of red
correlating with resistance.

We correlated the proteomic profiles with in vitro drug response data for a variety of drugs
(Figure 3). Sixty cell lines were tested for sensitivity to the EGFR inhibitor erlotinib, and 30 to
AZD6244. The cell lines were then classified into "sensitive," "intermediate sensitivity," and
"resistant” classes based on ICs, values, and were correlated with baseline expression of ~150
proteins measured by RPPA. Proteomic signatures of in vitro response to EGFR inhibition by
erlotinib or gefitinib, or to MEK inhibition using AZD6244, were derived and retested, showing a
significant correlation with drug response. For erlotinib, markers of sensitivity included EGFR
itself, HER-2, pl16, pSTAT3, and ERK1, several of which had been previously identified;
markers associated with resistance included IGF-1R, FOXO3, and EMT marker N-cadherin. The
MEK inhibitor AZD6244 had a distinct profile, with pSTAT3 and pSRC associated with
sensitivity, and p16, p85 subunit of PI3K, MEK2, and phosphoAMPK associated with resistance.
These data illustrate that this approach can be used to derive predictive proteomic signatures.

High SRC-3 expression correlates with EGFR-TKI resistance.

The Steroid Receptor Co-activator 3 (SRC-3) overexpression was correlated with resistance to
the EGFR tyrosine kinase inhibitors cetuximab, gefitinib, and erlotinib by proteomic profiling of
NSCLC cell lines. Subsequent downregulation of SRC-3 by siRNA in a gefitinib-resistant
NSCLC cell line (H1819) restored sensitivity to gefitinib, which then induced cell death (Figure

4).
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Figure 3. Proteomic signatures cluster drugs as to mechanism of action and predict drug response. (A).
Signatures were derived from NSCLC panel IC50 and RPPA data. Pearson correlation values are calculated
between the RPPA expression vectors of each protein (columns) and the IC50 vectors of each drug (rows),
across all NSCLC lines. Green (blue in panel B) indicates increased expression correlates with sensitivity, red
with resistance. Black arrow indicates EGFR inhibitors gefitinib and erlotinib; blue arrow AZD6474, red arrow
MEK inhibitor AZD6244. (B). Proteomic markers that predict sensitivity to EGFR inhibitors, but resistance to
AZD6244 (red boxes). (C, D). Protein markers that predicted response were identified for erlotinib (27 markers)
and AZD6244 (22 markers, panel D). Leave-one-out cross-validation comparing predicted IC50s with measured
IC50s demonstrated a good performance of the markers for each drug.
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Figure 4. Inhibition of SRC-3 sensitizes H1819 cells to gefitinib and induced apoptosis. Inhibition of SRC-3 by
siRNA sensitized the gefitinib-resistant H1819 cells to gefitinib, which then induced cell death as depicted by
imaging (A) and annexin V staining (B).
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Key Research Accomplishments

e Completed protein profiling and gene expression profiling for 50 NSCLC cell lines.

o Derived baseline gene expression signatures predictive of response by correlating mRNA
expression with drug response.

e« Derived proteomic drug response sighatures by correlating proteomic profiles with drug
response data for a variety of drugs.

e Using baseline proteomic profiles, markers of radiation sensitivity and resistance were
identified in lung cancer cell lines (Yordy et al., ASTRO 2008; Yordy et al., ASCO 2008).

o Identified factors associated with age and sex differences in NSCLC (Herynk et al.,
Proceeding of the Flight Attendants Medical Research Institute, 2009; Herynk et al.,
Proceedings of the International Association for the Study of Lung Cancer, 2009).

¢ Identified SRC-3 as a potential biomarker of response to the EGFR inhibitor.

Conclusions

RPPA proteomic profiling and gene expression profiling for a large number of cell lines was
performed and has provided the basis for identifying intracellular signaling pathways and
proteins associated with sensitivity and resistance to chemotherapies and targeted agents in
NSCLC cell lines and tumor samples. These profiles will allow multiple biomarker analyses.
One of the identified markers, SRC-3, was found to be correlated with resistance to EGFR
inhibitors. Inhibition of SRC-3 in a gefitinib-resistant cell line was able to reverse resistance to
the inhibitor. These results show that the model is successful at identifying relevant biological
targets that, when inhibited, are able to reverse resistance to a targeted agent. Our findings will
be further investigated by correlating RPPA of tumor samples with clinical outcomes in samples
from the BATTLE-1 trial and other clinical samples with the goal of developing predictive
markers that can guide treatment selection and identify new targets in NSCLC.

Project 2: Tumor molecular profiles in patients with operable non-small cell lung cancer
(NSCLC): impact on stage, prognosis, and relapse pattern.

(Leaders: Drs. David Stewart, Jack Roth; Co-Leaders: Drs. Roy Herbst, Edward Kim, Katherine
Pisters, Stephen Swisher)

Hypotheses:

We hypothesize that:

1. In tumors from patients with NSCLC, patterns of co-expression of molecules that modulate
cell proliferation, survival, angiogenesis, invasion, metastasis and apoptosis will
substantially influence tumor stage and size at the time of diagnosis, and will largely define
patient prognosis.

2. Impact of adjuvant and neoadjuvant therapies on disease-free, progression-free, and overall
survival will vary across prognostically distinct groups.

3. Specific molecular signatures in primary tumors will predict both metastatic patterns at
relapse and molecular profiles of recurrent tumors, and this could help guide adjuvant
strategies and therapeutic strategies at relapse.
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Specific Aims:

Aim 1. To define characteristic TTF/gene expression profiles of prognostically distinct
subpopulations of patients with resectable NSCLC, and to assess the extent to which
these molecular profiles correlate with tumor stage and/or size.

The main goal of this aim is to use 150 archival NSCLC tumor samples from our tissue bank
(with corresponding clinical data) and to prospectively collect tumor samples, blood samples,
and clinical data from 300 additional patients undergoing surgical resection of NSCLC. The
tissue and blood samples will be used by Project 3 and the Pathology Core to generate
comprehensive TTF/gene expression molecular profiles using methods developed in Project 1.
We will construct Kaplan-Meier estimated survival curves for disease-free survival, progression-
free-survival, and overall survival, and will use Cox proportional hazards models and recursive
partitioning methods to identify important biomarkers and prognostically distinct subpopulations.
We will also correlate TTF/gene expression molecular profiles with initial tumor size and stage.
In addition, we will explore the feasibility of using nonlinear regression analyses of semilog plots
of % disease-free survival, % progression-free survival, and % overall survival vs time to
facilitate identification of prognostically distinct subpopulations with characteristic TTF/gene
expression molecular profiles.

Aim 2: To assess the impact of adjuvant and neoadjuvant chemotherapy on disease-free
survival, progression-free survival, and overall survival in prognostically distinct
subgroups, and to provide tumor, blood and clinical data to Project 3 for an assessment
of factors contributing to resistance to chemotherapy and to Project 5 for assessment of
profiling of EGFR and related molecules by new guantum dot technologies.

Of the 450 patients included in the project, we will assess 100 new prospectively recruited
patients who will receive neoadjuvant therapy, 100 patients who will receive postoperative
adjuvant therapy (including approximately 20 tumor bank patients and 80 new patients), and
250 patients who did not receive adjuvant or neoadjuvant therapy (including approximately 130
tumor bank patients and 120 new patients). We will collect patient clinical data on all 450
patients and will collect blood samples on the 300 new, prospectively recruited patients. Tumor
and blood samples and clinical data will be provided to Project 3 for studies of therapeutic
resistance and to Project 5 for assessment of profiling of epidermal growth factor receptor
(EGFR) and related molecules by new quantum dot technologies, while in Project 2 we will
assess impact of adjuvant and neoadjuvant therapy on outcome in each prognostic group.

Aim 3: To correlate TTF/gene expression molecular profiles in the primary tumor with
metastatic patterns and with tumor molecular profiles at relapse.

For patients who relapse, we will define metastatic sites at relapse, obtain tumor tissues from
selected patients who undergo biopsies to confirm relapse, and define TTF/gene expression
molecular profiles in the patients’ original primary tumor specimens that predict sites of later
relapse (and in particular that predict relapse in brain). We will also assess whether tumor at
relapse is enriched for particular molecular characteristics that may promote metastasis when
compared to the primary tumor, and will assess the extent to which TTF/gene expression
molecular profile at diagnosis may help guide choice of therapies at relapse.

10
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Summary of Research Findings

As presented in further detail in Project 3 and the Pathology Core, we have identified
approximately 736 archival tumor samples from our Tissue Bank that match eligibility criteria for
inclusion in this trial. We are now in the process of assessing in detail the quality of RNA, DNA,
and protein that is available from these specimens prior to making a final selection of the subset
of 150 that will be used for full analysis under PROSPECT. In addition, tissue microarrays have
already been constructed on 327 of these 736 samples and we have completed staining each of
these for the immunohistochemical (IHC) assessment of more than 100 relevant biomarkers.
Initial biostatistical assessments on a subset of markers (cytoplasmic, membrane and/or nuclear
staining for CA IX, COX2, CTR1, DcR2, DNMT1, ERCC1, HIF-1a, Ki67, pl4ARF, pl16 INK4a,
p21 WAF1/CIP1, p53, RB, pRB, SHARP2, SURVIVIN, TGFB, VEGF, GLUT4, RhoA, Folate
Receptor alpha, and RFC1) revealed in univariate analysis that cytoplasmic staining for HIF-1a
and nuclear staining for pRB correlated significantly with overall survival. Factors correlating
with time to relapse include membrane expression of CA IX and pl6. Factors correlating with
relapse with borderline significance (p<0.10) included ERCC1, RB, and TGF.

Several of the markers correlated significantly with the stage and with the lung cancer type.
Higher N stage was associated with significantly decreased expression of cytoplasmic and
nuclear CTR1, cytoplasmic DNMT1, and cytoplasmic RB. Compared to squamous cell
carcinomas, adenocarcinomas had significantly higher expression of TGFp, CTR1, cytoplasmic
DNMT1, cytoplasmic ERCC1, VEGF, pl16, pl4AR, FOLR1, and RhoA and significantly lower
expression of SHARP, CA IX, nuclear DNMT1, nuclear ERCC1, nuclear RB, SURVIVIN,
p21WAF and p53. High expression of FOLR1 in adenocarcinomas is of interest since it might
explain the greater efficacy of the multitargeted, antifolate agent pemetrexed in
adenocarcinomas than in squamous cell carcinomas.

Collection of prospective tumor samples is also going well. Of the 300 blood and tissue
samples proposed over the course of the project, we have collected 291 tissue samples
between August 2007 and May 2009. Blood samples have been collected from 283 patients;
both blood and tissue samples have been collected in 231 patients. We had proposed to collect
tissue samples from 100 patients who received neoadjuvant chemotherapy, and to date we
have collected 74. Tissues from an additional 100 neoadjuvant patients have been accessed
from our preexisting tissue bank specimens. Hence, we are ahead of schedule on specimen
procurement for the project.

In Project 3, expression profiles in tumors from patients in Project 2 who received neoadjuvant
chemotherapy will be compared to those in patients who did not. Tumors surviving neoadjuvant
chemotherapy will be regarded as a model of acquired resistance. In related work, we found
that tumors exposed to chemotherapy or targeted therapies within the previous 3 months had
decreased expression of the copper/platinum transporter CTR1', suggesting a mechanism by
which exposure to a broad range of agents could secondarily lead to resistance to cisplatin and
carboplatin.

In last year's report, we also outlined preliminary work that had been performed using
exponential decay nonlinear regression analysis of patient survival plots, and conclusions that
had been drawn. This previous work defined the process to be used for future correlations of
the biomarker data with patient outcomes.

11
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Key Research Accomplishments

e Collected tumor specimens on 291 lung cancer patients (including 74 who had received
neoadjuvant chemotherapy).

e Collected blood samples on 283 lung cancer patients (including 64 who received
neoadjuvant chemotherapy).

o Performed preliminary assessment of impact of 18 biomarkers on survival, and their
correlation with stage and tumor type.

Conclusions

During this project period, we identified and are currently assessing the quality of RNA, DNA,
and protein that is available from these tumor specimens prior to the full analysis under
PROSPECT. Specimen collection continues at a brisk pace and will further our goal of
predicting future sites of relapse by examining the molecular profiles associated with the patient
tissues. Further analysis is needed to assess the extent to which TTF/gene expression
molecular profile at diagnosis may help guide choice of therapies at relapse.

Project 3: Molecular Profiling of Non-Small Cell Lung Cancer Tissue Specimens and
Serum and Plasma Samples: Correlation with Patient Response and Tumor Resistance
to Chemotherapy.

(Leader: Dr. Ignacio Wistuba; Co-Leaders: Lin Ji and John Minna)

Hypothesis:

In Project 3, we hypothesize that systematic molecular profiling of surgically resected non-small
cell lung cancer (NSCLC) tissue specimens using therapeutic target-focused (TTF) and mRNA
approaches, along with serum phosphopeptide screening and plasma DNA analysis, will lead to
the following results:

1. Validation in patients’ tissue specimens of molecular signatures obtained from NSCLC cell
lines that are associated with in vitro and in vivo (xenograft) resistance of NSCLC cell lines
to chemotherapeutic and targeted agents.

2. ldentification of molecular profiling signatures associated with NSCLC sensitivity or
resistance to chemotherapeutic agents that can identify NSCLC patients most likely to
respond to a given targeted therapeutic agent.

3. Development and validation of serum phosphopeptide profiles and plasma DNA markers
associated with NSCLC patient response and tumor resistance to chemotherapeutic agents.

Objectives:

The greatest obstacle to creating effective treatments for lung cancer is the development of
resistance to both chemotherapeutic and targeted agents. In this highly integrated and
translational program project, we tackle one of the most clinically significant problems in lung
cancer: the prediction of patient response to therapy, especially in the context of tumor
resistance to current standard chemotherapies. The main objectives of this project are as
follows:

a) To profile surgically resected tumor tissue specimens obtained from NSCLC patients to

validate molecular signatures found in the TTF and mRNA profiles developed in Project 1.
These profiles will be compared with molecular signatures obtained from NSCLC cell lines

12
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that are associated with in vitro and in vivo (xenograft) resistance to chemotherapeutic and
targeted agents.

b) By comparing NSCLC tumor specimens (collected in Project 2) from patients who have
received preoperative chemotherapy and from those who have not, to validate TTF and
MRNA signatures that are found in Project 1 to be associated with resistance to therapy and
with the activation of resistance-associated molecular pathways or that are found in Project
1 to be potentially exploitable as new therapeutic targets.

c) To identify serum and plasma biomarkers as surrogate markers to predict the response of
NSCLC patients to neoadjuvant chemotherapy and to predict patient outcome.

d) To provide tissue- and serum-based molecular profile signatures or markers to Project 2 that
can predict the clinical outcome of NSCLC patients who had undergone surgical resection
with curative intent, with or without neoadjuvant therapy.

This interdisciplinary research proposal for profiling cell lines, tumor tissue, and serum samples
from NSCLC patients requires extensive histopathological,  molecular, and
immunohistochemical studies, which will be coordinated and/or performed by the Pathology
Core (see Pathology Core’s report).

Specific Aims:

Aim 1: To validate, in retrospectively collected NSCLC tumor tissue specimens, the TTF
and mRNA profiles predictive of the in vitro and in vivo (xenograft) resistance of NSCLC
cell lines to chemotherapeutic and targeted agents.

Summary of proposal: We will select 150 surgically-resected NSCLC tumor specimens from The
University of Texas Lung SPORE (UT-SPORE) Tissue Bank for TTF and mRNA profiling. Using
those 150 frozen archival NSCLC tumor tissues, we will perform reverse-phase protein array
(RPPA), multiplex bead-based protein analysis (MBA) and Affymetrix U133 Plus 2.0 array to
validate the molecular signatures developed in Project 1. Then, we will compare the profile
signatures obtained from the NSCLC tumor specimens with the signatures obtained from
NSCLC cell lines in Project 1 that predict the in vitro and in vivo resistance to chemotherapeutic
and targeted agents. Finally, using formalin-fixed and paraffin-embedded tissue specimens, we
will validate the expression of proteins abnormally represented in the molecular profiling
analyses of NSCLC tumor specimens by using tissue microarrays (TMAS) and semiquantitative
immunohistochemical (IHC) methods.

Summary of Research Findings

In March 2009, Dr. Li Mao (former Co-Leader) left the institution to accept a position at the
University of Maryland at Baltimore. Dr. Wistuba has accepted the task of taking over Dr. Mao’s
responsibilities on this project and will continue to provide leadership in this capacity.

During the second year of this grant, we have achieved the following: 1) We finalized the
selection and processing of all surgically resected NSCLC tissue specimens needed for
molecular profiling as proposed in Aim 1; 2) We refined the profiling plan of NSCLC tissue
specimens, and we expanded our profiling plans to include miRNA and DNA; 3) We explored
alternative approaches for the molecular profiling of tissue specimens, such as formalin-fixed
and paraffin-embedded (FFPE) samples; 4) In collaboration with Project 4 (Dr. A. Tsao), we
performed a comprehensive molecular profiling of malignant pleural mesothelioma (MPM) tissue
specimens and cell lines. The detailed progress update is as follows:
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1. Selection and processing of all surgically resected NSCLC tissue specimens needed
for molecular profiling as proposed in Aim 1. To develop molecular signatures (from mRNA
and miRNA profiles, and reverse phase protein array, RPPA) in NSCLC specimens, we
extracted RNA and DNA from frozen tumor and normal tissue from over 600 NSCLCs with
annotated clinicopathologic information, including outcomes (recurrence-free and overall
survival). We are currently in the process of selecting 250 stages | to llIA surgically resected
NSCLCs for the profiling experiments. Of these, 125 cases will have received adjuvant
chemotherapy and 125 cases will not.

a) Detailed histopathological analysis of NSCLC frozen tissue specimens. In collaboration with
the Pathology Core, detailed histopathological analysis was performed using a technique
developed in-house called the “shaving method” (please see Pathology Core report for
additional detail). This technique uses 5-pum-thick haematoxylin-eosin (H&E)-stained histology
sections obtained at 4 levels of the tissue specimen that are alternated by two sets of thirty 20-
pm thick sections obtained for DNA, RNA, and protein extractions. For detailed histopathological
analysis, each tumor and normal H&E-stained section was examined by an experienced lung
cancer pathologist to assess the percentage of tumor vs. adjacent normal tissues and, most
importantly, the percentage of malignhant cells vs. tumor non-malignant stromal (inflammatory,
vascular and fibroblasts) cells and normal cells present in the adjacent normal tissue. In
addition, tumor cell viability has been addressed by examining the presence of necrosis and
hemorrhage. Detailed histopathological analysis was performed on 661 NSCLC tumors. These
661 cases represent 90% of 736 NSCLC cases we selected from the UT-Lung SPORE Tissue
Bank. Paired normal and tumor samples were found in 634 (96%) of cases. Among these 661
tumor cases, 353 contain >70% tumor content and >50% tumor cell content. In addition, we are
in the process of digitalization of all slides for future comparisons of these detailed
histopathological analyses.

b) DNA and RNA extraction from NSCLC frozen tissue specimens. DNA was extracted from
1,294 samples, including 773 tumor and 613 normal samples; paired normal and tumor samples
were found in 541 cases (88%). The average DNA concentration among these samples was
267 ng/ul (0.9 -5.631 ng/ul) and total micrograms obtain from extraction was 102.8 pg (0.1-3549
ug). RNA was extracted from 1,302 samples, which include 550 tumors with 76 duplicate
samples. These represent 75% of 736 NSCLCs selected from our UT-Lung SPORE Tissue
Bank. Paired normal and tumor samples were found in 537 cases (98%). In these samples, the
average RNA concentration was 776 ng/ul (3.4-4758 ng/ul) and total micrograms obtained from
extraction was 158 (0.3 — 3214 ug). An overview of the characteristics of the DNA and RNA
extracted is shown in Table 1. The extraction of proteins for RPPA is pending, and will be
completed during the third year of this grant; however, the appropriate laboratory protocols for
this work have been developed.

As we mentioned in our previous report, a large variability in DNA and RNA quantities as
expressed in micrograms is observed in the NSCLC tissue specimens. The quality of RNA
obtained for our mRNA (Affymetrix) profiling analysis seems reasonable and meets our
expectations. The average RNA Integrity Number (RIN; Agilent Bioanalyzer) for our samples is
5.8 (Affymetrix 340 NSCLC samples have recommended RIN>5.0), and thus, these samples
are eligible for mMRNA Affymetrix profiling studies.
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Table 1. Summary of the characteristics of the DNA and RNA extracted from 387 NSCLC
cases.

DNA RNA
Tumor Normal Tumor Normal
Average SD Average SD Average SD Average SD
Quantity (ug) 102.8 408.23 38.5 113.7 57.8 104.2 80.3 151.9
Concentration (ng/ul) 267.29 879.68 227.5 638.4 688.9 1182.4 539.6 616.8
RNA Integrity -- -- -- -- 5.8 3.2 55 2.6

c) Selection of cases for RNA and DNA profiling. More than 300 cases have been selected for
profiling with the following criteria: a) frozen tumor tissue with >70% tumor content per histology
quality control; b) frozen tumor tissue with >30% of malignant cell content; c) mMRNA RIN >4;
and, d) available clinical data (adjuvant therapy status).

2. Profiling plan of NSCLC tissue specimens. We have defined the molecular profiling
analysis to be performed on the 250 NSCLCs selected as follows: a) miRNA profiling using the
Agilent human miRNA microarray Rell12.0 (Agilent Technologies, Inc., Santa Clara, California,
USA); b) mRNA Affymetrix profiling using the U133 Plus 2.0 chips array; ¢) DNA array
comparative genomic hybridization (aCGH) using the 244K Agilent array. We are currently in
the process of aliquotting the RNA and DNA samples for the various profiling platforms. We plan
to complete all these molecular profiling during the third year of the grant.

3. Alternative approaches for the molecular profiling of tissue specimens. Formalin-fixed
paraffin-embedded (FFPE) samples are widely available, and provide valuable sources for
study molecular basis of diseases files of tumors and the association between molecular
changes and clinical outcomes. Due to the degradation and chemical alteration that occurs
when RNAs are extracted from FFPE samples, the use of microarrays for gene expression
analysis in FFPE samples has been largely hampered. New technology and methodologies
have been developed to extract RNA, and new array platforms have been designed to measure
gene expression in FFPE samples. In this study, we have shown that microarray analysis of
FFPE samples, after strict quality control and careful data processing, can be used to build a
robust prognosis signature for NSCLC. We analyzed 75 FFPE tumor samples from NSCLCs.
RNA was isolated from each sample using Response Genetics kit (Response Genetics). The
Affymetrix 133 2+ microarray platform was used to obtain gene expression profiles.

Major findings. A set of 1,400 genes passed the FFPE sample microarray data quality control
criteria, and we refer to this gene set as the “robust genes set” (RGS). On the basis of the
expression of these robust genes, patients could be divided into two groups; notably, the patient
samples in Group 1 were primarily squamous lung cancer (82%), whereas the patient samples
in Group 2 were primarily adenocarcinoma lung cancer (93%; P<0.0001).

To investigate whether the two groups defined by RGS expression profiles have different clinical
prognoses, we drew Kaplan-Meier curves for both overall survival (OS) time and recurrence-
free survival (RFS) time for two groups (Figure 1). Of interest, Group 1 showed significantly
shorter OS time (median survival time = 3 years) compared to Group 2 (median survival time
was not reached; P=0.017 from log-rank test). Group 1 also had shorter RFS time (median
PFS=2.4 year) compared to Group 2 (median RFS= 4.2 year; P=0.09 from log-rank test). The
association between RGS groups and death or disease progression was independent of stage
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(HR=4.38, P=0.012 for OS; HR=2.15, P =0.059 for RFS). After showing the strong associations
between the groups defined by RGS expression profiles and the clinical outcomes, we explored
whether the RGS expression profile can be used to predict the lung cancer patients’ survival.
First, we randomly divided 55 patients into training (25 samples) and testing (30 samples) sets.
We built a prediction model using 1,400 RGS values through a supervised principle component
analysis approach
using the training
data, and then
validated this
prediction model
using the testing
data. We found that
the predicted low-
: risk group has
B. Supervised prediction using Supervised Principle Component significant longer

A. Clustering analysis of 77 NSCLC tissues: 2 groups were identified

Il Adenocarcinoma Group 1

1
|
Histology 1
|
[ Squamous 1

[Training = 33 cases] and [Testing= 34 cases] survival time than
, _ Survival - Frozen 442 Adenocarcinomas the predicted high-
Survival MDACC - Testing FFPE Beer et al. Nat Med 14:822-827

risk group (median
0S=2.78 years for

B aro.up T

> high-risk group, and

\ median OS for low-

Group 2 BN X risk group was not

P =004 1 pesE4 - reached, P=0.013).
o We then

demonstrated that

_ - our RGS can be
Figure 1. mRNA profiling of 77 NSCLC FFPE. Two groups of NSCLC cases were d to train and
identified (Panel A), and they predicted overall survival in the testing set. The FFPE use e
signature also predicted survival in a larger dataset of frozen NSCLCs. test the prediction
models in frozen

samples using one of the largest independent lung cancer microarray data sets, the recently
published NCI Director's Consortium for the study of lung cancer that included 442 resected
NSCLCs. Thus, using the FFPE signature, we predicted that the low-risk group had a
significantly longer survival time than the predicted high-risk group (median OS=2 years for
high-risk group, and median OS for low-risk group = 4.5 years, P=0.000013) (Figure 1). A
manuscript is currently in preparation with these data.

4. Comprehensive molecular profiling of malignant pleural mesothelioma (MPM) tissue
and cell lines specimens. In collaboration with Project 4 (Dr. A. Tsao), we performed a
comprehensive profiling analysis of 53 MPM tissue specimens and 5 MPM cell lines.

a) MPM RNA and DNA Extraction. We extracted total RNA from 89 MPM tissue samples,
representing 53 cases, using the TRI Reagent (Applied Biosystems, Ambion, USA) according to
the manufacturer's instructions. These 53 cases include 36 cases with paired-normal controls
(adjacent and non-tumor tissue) and comprise epitheloid (n=38), biphasic (n=8), and
sarcomatoid (n=7) histotypic distribution of cases. The tumor tissue was “shaved” (see previous
description of method) prior to extraction, which, based on our preliminary studies, allows higher
yield and quality of RNA to be obtained as well as facilitates subsequent analysis of the tissue.
The histological analysis was carried out by a pathologist and showed that about 68% of the
samples had greater than 70% tumor content. The RNA was quantified using the Nanodrop-
1000 spectrophotometer (Nanodrop Technologies, Wilmington, Delaware, USA) and the quality
was determined on the RNA Nano-chip using the Agilent 2100 Bioanalyzer. The
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spectrophotometric analysis showed that more than 35% of the samples had a 260/280 nm
absorbance ratio of equal to or greater than 2.0 with an average yield of 435 ng/ul. The Nano-
chip determined that 67% of the samples had RIN values >5.

b) MPM Messenger RNA profiling. 250 nanograms of total RNA from each of the 89 samples
were sent to the M. D. Anderson Cancer Center MicroArray Core Facility for analysis where
they were labeled via the double in-vitro transcription (IVT) protocol and hybridized onto
Affymetrix U133 Plus 2.0 chips. These chips determine the relative expression level of more
than 47,000 transcripts representing most of the human genes. The Core facility scanned the
chips and has delivered the data to Dr. Kevin Coombes (Bioinformatics Core) for subsequent
analysis. Preliminary analysis of these samples using Principal Component Analysis (PCA) in
GeneSpring GX 10 software (Agilent Technologies, Inc., Santa Clara, California, USA) showed
distinct differences between the normal (red) and tumor tissue (blue) (Figure 2).

Figure 2. Preliminary analysis of these samples using Principal c) MPM MicroRNA profiling.
Component Analysis (PCA) in GeneSpring GX 10 software showed | The same set of 89 samples
distinct differences between the normal (red) and MPM tumor tissue | that were profiled for mRNA
(blue). was also profiled in Dr.
Wistuba’'s lab for microRNA
content using the Agilent
e © human miRNA microarray.

cee, 0%% Human miRNA  Microarray

= °P, 8 o ) Rel12.0 arrays contain

@
® 9 % approximately 866 human and
L]

® 89 human viral miRNAs, which
o e represent the complete content
§° Y, » = sourced from the Sanger
i miRBase v 12.0. Slides were
: scanned on an Agilent
* microarray scanner (model
—3° G2565A) at 100% sensitivity
N and 5 micron settings at the
U.T.M.D.A.C.C Genomics
Core facility. Feature
Extraction software version
10.5.1 was used for image analysis and quality assessment to obtain primary data, which was
further analyzed for data reduction and cluster analysis using the GeneSpring GX version 10.

d) DNA profiling. DNA was isolated from tissue shavings using the DNAzol Reagent (Molecular
Research Center, Inc, Cincinnati, OH, USA). As with the RNA, spectrophotometric analysis was
used to determine the quantity and purity of the samples, while quality was assessed on the
DNA chip using the Agilent 2100 Bioanalyzer. The spectrophotometric analysis showed that
more than 37% of the samples had a 260/280 nm absorbance ratio of equal to or greater than
1.8 with an average yield of 150 ng/ul. The DNA chip determined that 99% of the samples had
molecular weight greater than 10 kilobases. Of the 53 cases, about 47 tumor cases will be
analyzed for SNP and copy number variations using the Human IM-duo platform (llumina, Inc.,
San Diego, CA, USA), which contains more than 1 million SNP’s along with copy number
variation content.

e) Protein Profiling. We are in the process of extracting proteins from these 89 samples for
Reverse Phase Protein Array (RPPA) analysis using the protocol obtained from Dr. John
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Heymach’s lab (Project 1). The protein lysates will be printed with the help of Dr. Heymach's lab
for the RPPA analysis.

f) MPM Cell line Profiling Update. We have acquired from various sources about 17 mesothelial
and mesothelioma cell lines with a good distribution of different histotypes, including at least 4
epitheloid, 2 biphasic, and 2 sarcomatoid morphological types. Of these, six cell lines have
already been profiled for messenger RNA and miRNA content. Other cell lines are awaiting their
characterization as genuine mesothelioma cell lines. DNA from these cell lines has been sent to
the MDACC Microarray Core facility for SNP and copy number analysis on the Affymetrix SNP
6.0 platform. Additionally, we have obtained protein lysates from these cell lines to print RPPAs
in Dr. Heymach’s laboratory (Project 1).

To explore the role of epigenetically mediated up-regulation of miRNAs in MPM, we performed
pharmacological unmasking of miRNA expression in cell lines. miRNAs have emerged as key
players in human carcinogenesis. Recently, studies have shown that some miRNAs can be
epigenetically up-regulated by aberrant hypermethylation in human cancer. Five cell lines,
including one normal mesothelial (Met5A) and five MPMs (epitheliod H2452, biphasic H211 and
unclassified H28 and H2052) were treated in vitro with the demethylating agent 5-aza-cytidine
(5-Aza;1 uM) and SAHA (2.5 uM) for 96 hrs. After RNA extraction (Trizol), miRNA profiling was
performed by Agilent human microRNA kit v2. A total of 299 (51%) miRNA were up-regulated
(two-fold) after the treatment in a normal mesothelial Met5A cell line, but fewer miRNAs were
upregulated in the malignant cell lines: 171 (29%) in H2452, 79 (13.5%) in H211, 55 (9.4%) in
H28, and 56 (9.6%) in H2052. We detected 167 (55.9%) miRNAs that were exclusively up-
regulated in Met5A, 56 (32.7%) in H2452, 21 (26.6%) in H 211, 16 (29.1%), in H28, and 18
(32.1%) in H2052. Among all unique miRNA, only 17 (let-7b, let-7c, let-7f-2, miR-302c, miR-328,
miR-510, miR-125b-1, miR-16-1, miR-223, miR-302b, miR-383, miR-551b, miR-922, miR-148a,
miR-18b, miR-302d, miR-326) have been previously associated with human carcinogenesis.
Interestingly, one miRNA (miR-148a) has been associated with a microRNA tumor metastasis
signature. The number of total and unique miRNA upregulated after 5-Aza and SAHA was lower
in MPM cell lines compared with normal Met5A cell line. Up-regulation of uniqgue miRNAs was
found to be associated with cell lines obtained from some specific subtypes of MPM. The
identification of metastasis-associated miR-148a suggests a potential biomarker for metastasis
in this highly malignant neoplasm.

Aim 2: To develop TTF and mRNA signatures of NSCLC resistance to chemotherapy, and
identify chemoresistance-associated targets/pathways as new therapeutic targets.

Summary of proposal: Whereas Aim 1 focuses on the identification in archived tumor specimens
of TTF and mRNA molecular profiles detected in NSCLC cell lines, the main focus of Aim 2 is to
determine whether the molecular signatures in the tumor specimens correlate with patient
response to neoadjuvant chemotherapy. From the clinical trial in Project 2, we will use
specimens from 100 NSCLC patients who received neoadjuvant therapy and had surgical
resection with curative intent (cases) and from 200 NSCLC patients who had surgical resection
but did not receive neoadjuvant therapy (controls) to perform RPPA, MBA, and Affymetrix U133
Plus 2.0 array analyses. Then, we will compare the TTF and mRNA profile signhatures obtained
from these NSCLC tumor specimens with signatures obtained in Project 1 to predict the in vitro
and in vivo resistance of NSCLC cell lines to therapy. Those data will be provided to Project 2
for correlation with clinical characteristics, including prognosis and metastasis. Finally, using
formalin-fixed and paraffin-embedded tissue specimens, we will validate the expression of
proteins abnormally represented in the molecular profiling analyses in NSCLC tumor specimens
from all patients enrolled in Project 2 by using TMAs and semiquantitative IHC methods.
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Summary of Research Findings

During the second year of this program, in collaboration with the Pathology Core, we have
mainly focused on the identification, characterization, and processing of tissue specimens from
surgically resected NSCLC obtained from patients who have received neoadjuvant
chemotherapy. From the 736 NSCLC cases selected in the first year, we have identified 147
(20%) patients who have received neoadjuvant chemotherapy. Our goal to obtain 100 NSCLC
cases with neoadjuvant therapy has, therefore, been reached.

Selection of prospectively collected cases: Since the activation of the PROSPECT laboratory
protocol on August 2007, the Pathology Core has collected fresh and FFPE tissue specimens
from 79 cases that have received neoadjuvant chemotherapy. Our goal to obtain 100
prospectively collected NSCLC cases with neoadjuvant treated group was also reached this
year.

Processing of the tissues and molecular profiling (MRNA and protein): These experiments will
begin after specimen profiling in Aim 1 is completed. We expect to initiate these experiments by
the end of the third year of the grant.

Additional tissue sets for profiling studies: As reported last year, Dr. Li Mao signed a
collaborative agreement with the Intergroupe Francophone de Cancérologie Thoracique (IFCT)
to obtain up to 250 frozen lung tumor tissues from patients enrolled in IFCT-0002 clinical trial (a
open-labelled, multicentric, randomized phase Il study), which was designed to define the best
timing of neoadjuvant chemotherapies. These samples will be used to identify a gene
expression signature of resistance to platinum-based chemotherapies. Samples of 170 of these
cases were received in Dr. Mao’s laboratory, and are now going through histology quality
control process. As Dr. Mao has recently relocated to another institution, Dr. Wistuba has
assumed responsibility for these analyses.

Pathological analysis of NSCLC response to neoadjuvant therapy. In collaboration with Dr.
Wistuba, Drs. Abujiang Pataer and Stephen G. Swisher from the Departments of Thoracic and
Cardiovascular Surgery at M.D. Anderson Cancer Center have initiated a study on the
assessment of the pathological response to chemotherapy in NSCLC. Our main goal is to
determine whether pathologic and radiological features can predict response after
chemotherapy of lung cancer and identify the potential biomarkers that possible to assist in the
selection of patients for specific therapies in the future. The identification of genes involved in
chemo-resistance may also allow development of novel therapies to enhance the clinical
efficacy of chemotherapy. We plan to accomplish the following three specific goals: (1)
Evaluate surgically resected patients treated with neoadjuvant chemotherapy. (2) Determine
whether pathologic or radiologic criteria of chemotherapy response are associated with long-
term survival. (3) Determine the role of biomarkers with chemotherapy response.

Histological recognition of cases in which neoadjuvant therapy has been given and the
description of the extent of the residual tumor will become increasingly important in
prognostication and in evaluating postoperative therapeutic options. We identified 147 patients
from 2001-2005 in which neoadjuvant therapy was received before surgical resection. The
clinical and pathological information have been obtained in all cases. To refine histological
parameters for tumor regression and describe patterns of tumor reaction to therapy, we
collected 133 formalin-fixed and paraffin-embedded tissues specimens from the Thoracic
Malignancy Tissue Bank and PROSPECT Pathology Core. In those specimens, 129 cases have
frozen tissue. Histological patterns of treatment-induced tumor regression were analyzed
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included viable tumor, necrosis, fibrosis, mixed inflammatory infiltrate, foamy macrophages, and
giant cells. Figures 3A, B, C, and D show typical examples of the histopathology of tumors
associated with no or extensive response to treatment. In most tumors, fibrosis was present; in
some cases fibrosis was the predominant manifestation of treatment response (Figure 3C). In
some response cases, the foamy macrophages were associated with multinucleated giant cells
with cholesterol clefts (Figures 3C and D). We then determined the size reduction by
radiological assessment in 100 cases. Figures 3E, F, G, and H show typical examples of the
radiology of tumors associated with no or extensive response to treatment. In some tumors, the
induction of radiological size was observed (Figures 3E and F). The 56% radiological size
reduction was recorded in different cases (Figures 3G and H). We next will analyze the
correlation of pathological or radiological features with patient outcomes. We will construct
Kaplan-Meier estimated survival curves for disease-free survival, progression-free survival, and
overall survival, and we will use Cox proportional hazards models in our study. We will
determine the correlation between extent of visible cancer cells or fibrosis and radiological
estimate of size reduction. We will identify chemo-resistant and chemo-sensitive groups based
on radiological or pathological features for biomarker discovery.

Chemoresistance Chemosensitive
(~60% Viable tumor) (<30% Viable tumor) Pre-chemotherapy Post-chemotherapy
LD ' i
e b il

11.2x8.1

Figure 3. Typical examples of the histopathology and radiology of tumors associated with no response (A, B, E and F) or
extensive response to treatment (C, D, G and H).

In addition, during the second year of the grant, we have developed 3 additional projects to
investigate in NSCLC novel biomarkers related or potentially related to resistance to
chemotherapy. These studies are the following: a) Expression of Keapl and Nrf2 in NSCLC; b)
Expression of cell membrane receptors in NSCLC; and c) Expression of cancer stem cell
markers in NSCLC. The ultimate goal is to test if the expression of these markers associates
with resistance to chemotherapy in this disease. A brief description of these projects and the
major findings includes the following:

a) Keapl and Nrf2 expression in NSCLC correlates with clinicopathological features. Nuclear
factor erythroid-2 related factor 2 (Nrf2) is a transcription factor associated with in vitro
resistance to chemotherapy. Kelch-like ECH-associated protein 1 (Keapl) is a cytoplasmic
repressor of Nrf2. KEAP1 inactivation is a relatively frequent genetic alteration in NSCLC, and
leads to Nrf2 activation. We investigated the IHC expression of nuclear Nrf2 and cytoplasmic
Keapl proteins in 304 surgically resected NSCLC tissues in tissue microarrays
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(adenocarcinomas, n=190; squamous cell carcinomas, n=114) (Figure 4). We correlated those
findings with patients’ clinicopathological features and, in adenocarcinomas, with EGFR and
KRAS mutations. We also examined the expression of Nrf2 and Keapl using whole tissue
sections in 79 NSCLC tumors (36 chemo-naive and 43 treated with neoadjuvant
chemotherapy). We detected Nrf2 expression in 26% (77/299) of NSCLCs, and expression was
significantly higher in squamous cell carcinoma (43/112, 38%) compared with adenocarcinoma
(34/188, 18%; P=0.0001). In adenocarcinomas, Nrf2 was not expressed in EGFR mutant (0/23)
compared with wild-type tumors (31/145, 21%; P=0.009). Keapl expression score was
significantly higher in squamous cell carcinoma compared with adenocarcinoma (P<0.0001). In
patients with NSCLC stage I/ll, who did not receive adjuvant or neoadjuvant treatment, Nrf2
overexpression significantly correlated with poor overall survival in multivariate analysis
(HR=2.468; 95% CI 1.468,

Figure 4. Representative example of Keapl and Nrf2 protein expression 4-.151; P=0.0007). In pe_ltients
by IHC in a squamous cell carcinoma of the lung harboring a KEAP1 | with squamous cell carcinoma

mutation (Panel A). Kaplan-Meier curve showing overall survival analysis | histology, low Keapl
of NSCLC by IHC nuclear expression of Nrf2 (Panel B)K.EAP1 et expression  correlated  with
utathp

Keapl Low Expression Nrf2 Nuclear Expression
- g 5

_ : - | poor overall survival
JLSELEEIEETY | (HR=0.479; 95% CI 0.260,

0.882; P=0.018). KEAP1
| mutation (exons 2-5) was

Y Rastige, I N |'|l) | detected in 1/20 tumors
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B. Five Year Overall Survival by Nrf2 Nuclear Expression in NSCLCs expression, suggesting that a
2 N field-effect phen(_)menon
Score =0 (E/N=59/175) related to Nrf2 expression was
not present. We conclude that:

5 1) increased expression of
§ 3 o =a1160) Nrf2 and decreased
expression of Keapl are
T evae- 000t relatively frequent
5 . . . . . abnormalities in NSCLC,
’ ' L et ) ) especially in squamous cell

carcinoma histology; and 2)
altered IHC expression of these markers correlates with NSCLC patients’ outcome. The
identification of the subset of patients with abnormal expression of Nrf2 may be important for
better selection of treatment in NSCLC.

b) IHC expression of membrane transporters correlates with histology of NSCLC. Folate
receptor alpha (FOLRL1), reduced folate carrier 1 (RFC1), copper transporter receptor 1 (CTR1),
glucose 4 (GLUT4) and RHOA regulate uptake of molecules and drugs inside the cell. FOLR1
and RFC1 are overexpressed in epithelial tumors and are potential therapeutic targets and
tumor biomarkers. IHC protein expression of FOLR1, RFC1, CTR1, GLUT4 and RHOA was
examined in 320 surgically resected NSCLCs placed in tissue microarrays, including 202
adenocarcinomas and 110 squamous carcinomas, and correlated with patients’ clinico-
pathological characteristics. A semi-quantitative IHC score was obtained assessing the intensity
of immunostaining and percentage of positive tumor cells. The pattern of IHC expression varied
in malignant cells, with FOLR1, RFC1 and GLUT4 expressed in the membrane and cytoplasm,
CTR1 expressed in the cytoplasm and nucleus, and RHOA expressed only in the cytoplasm. In
all cases, expression in tumor cells was higher than in non-malignant lung epithelial cells.
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Tumor stromal IHC expression was frequently detected, especially in endothelial cells,
lymphocytes, macrophages, and fibroblasts. Adenocarcinomas showed significantly higher
expression compared with squamous cell carcinoma for most markers, including membrane
(P<0.001) and cytoplasmic (P<0.001) FOLR1, cytoplasmic (P<0.001) and nuclear (P<0.004)
CTR1, and cytoplasmic RHOA (P<0.001). Female NSCLC patients had significantly higher
expression of membrane and cytoplasmic FOLR1 (P=0.01) compared with male patients.
Smoking patients demonstrated significantly lower expression of membrane (P<0.001) and
cytoplasmic FOLR1 (P<0.002), and higher expression of membrane (P=0.04) and cytoplasmic
(P=0.03) GLUT4, and membrane RFC1 (P=0.01) when compared with never-smokers. In
adenocarcinomas, the presence of EGFR mutations correlated with higher expression of
membrane FOLR1 (P<0.002), and KRAS mutation with higher expression of membrane GLUT4
(P<0.004) and lower expression of nuclear CTR1 (P=0.02). We conclude: 1) membrane
transporters proteins are overexpressed in NSCLC compared to normal lung epithelium; 2)
significant differences were found between adenocarcinomas and squamous lung cancer in
both tumor cells and the tumor microenvironment; and 3) differences were found in tumors of
males and females, between tumors from never- and ever-smokers, and between tumors with
EGFR or KRAS mutations. The different patterns of transporter expression may explain the
superior response of NSCLC patients with adenocarcinoma histology to pemetrexed.

c) Expression of stem cell markers in NSCLC and correlation with clinicopathologic features.
Cancer stem cells (CSCs) represent a minority population of self-renewing tumor cells that are
believed to play an important role in tumor development and metastasis, and in resistance to
therapy. Although some CSC markers have been described in NSCLC, no comprehensive
characterization of multiple CSC markers has been undertaken in this disease. It has been
hypothesized that the CSCs may be responsible for tumor resistance to therapy. Our aim was to
investigate the pattern of protein expression of a panel of CSC-related markers in a large series
of NSCLCs, and to correlate those findings with patients’ clinicopathologic characteristics. We
examined protein expression by IHC of 287 NSCLCs (178 adenocarcinomas, and 109
squamous cell carcinomas, SCC) with a panel of seven CSC markers: EZH2, SOX2, CD24,
CD44, C-kit, BMI-1 and Oct3/4. The pattern of expression of these markers was correlated with
patients’ and tumors’ clinicopathologic characteristics, including outcome of the disease. In
adenocarcinomas, CSC markers expression was correlated with the EGFR and KRAS mutation
status of the tumors. Expression of EZH2, SOX2, CD44, CD24 and C-kit was detected in a
subset of NSCLC tumors, and no expression of BMI-1 and Oct3/4 was detected in any tumor
specimen. The pattern of expression for these markers varied according to NSCLC
clinicopathologic characteristics, including tumor histology and pathological stage, and patients’
smoking history. Both EZH2 and SOX2 nuclear protein expression were significantly higher in
SCC than adenocarcinoma (P<0.001). Conversely, CD44 membrane (P<0.001) and CD24
cytoplasmic (P<0.05) expression were significantly higher in adenocarcinoma than in SCC. We
identified a subset of NSCLCs having membrane CD44 high/CD24 low or negative expression.
In adenocarcinomas, EZH2, CD44, and CD24 expression levels were significantly (P <0.001)
higher in current smokers than never or former smokers. The presence of EGFR mutation in
lung adenocarcinomas correlated significantly with low EZH2 (P=0.03) and high CD44
(P=0.032) membrane expression. Interestingly, in multivariate analysis and examining the
expression scores as continuous variables, high nuclear expression of EZH2 correlated
significantly with worse recurrence-free survival (HR=1.006; P=0.0035) and overall survival
(HR=1.005; P=0.0202) in stages I/ll lung adenocarcinoma. We thus have provided a
characterization of multiple CSC markers in a large series of NSCLCs. Our findings indicate that
a different pattern of CSC markers expression is detected in adenocarcinomas and squamous
cell carcinomas of the lung, and their expression correlates with patients’ clinicopathologic
features, including survival. The understanding of the role of CSC in NSCLC tumor development
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and progression may provide opportunities to design novel strategies to prevent and treat this
disease.

Aim 3: To identify surrogate serum phosphopeptide profiles and plasma DNA markers
associated with NSCLC tumor resistance and patient response to neoadjuvant
chemotherapy.

We will identify serum samples from the UT-SPORE Tissue Bank that match the NSCLC tumor
resection specimens examined in Aim 1. We will use these serum samples for phosphopeptide
profiling and peptide mapping by ProteinChip array-based surface-enhanced laser-desorption-
ionization (SELDI) mass spectrometry (MS) and laser desorption/ionization (LDI) mass
spectrometry (MS)/MS to compare serum phosphopeptides with TTF and mRNA profiles. The
phosphopeptide MS profiles from retrospective specimens will later be used as references and
controls for the prospective serum proteomic analysis. As in Aim 2, we will use serum samples
collected prospectively in Project 2 from 100 NSCLC cases undergoing neoadjuvant
chemotherapy and 200 NSCLC controls undergoing surgery without neoadjuvant
chemotherapy, and, when relevant, at the time of relapse. Using these serum specimens, we
will perform phosphopeptide profiling on ProteinChip arrays by SELDI-MS to measure the
temporal changes in serum phosphopeptides before and after the therapeutic intervention. We
will use LDI-QSTAR-MS/MS and liquid chromatography (LC)-MS/MS to identify specific serum
phosphopeptides that are determined by SELDI-MS to be relevant to targeted therapeutic
response and acquired resistance in lung cancer patients. In addition, we will compare serum
phosphopeptide profiles with TTF (RPPA and MBA) profiles, mRNA profiles, and TMAs and IHC
analysis developed in Project 1 and in Aims 1 and 2 of this project. This comparison will identify
TTF serologic molecular signatures and elucidate the biologic pathways potentially associated
with patient response and tumor resistance to targeted therapeutic agents. Finally, in
collaboration with Project 2 we will perform correlation analysis of these NSCLC serum
phosphopeptide profile signatures with patients’ clinical characteristics to predict lung cancer,
cancer progression, cancer stages, and overall survival rate; to characterize serum
phosphopeptide proteomic patterns and signatures in correlation to tumor recurrence, clinical
response to adjuvant chemotherapeutic and targeted agents, and development of resistance;
and to identify serum phosphopeptide markers as surrogate predictors of patient outcome.

Moreover, in Aim 3 we will quantify total circulating plasma DNA and methylation-specific DNA
in all 300 patients with NSCLC enrolled in the Project 2 clinical trial. The circulating DNA levels
will be correlated with patients’ clinicopathologic characteristics. Any changes in these levels
during chemotherapy and after surgery will be correlated with patient response to neoadjuvant
therapy and patient outcome after surgery. The correlation between circulating methylated DNA
levels and tumor DNA methylation will also be examined in a selected panel of patients.

Summary of Research Findings

Protein phosphorylation is a dynamic, post-translational modification that plays a critical role in
the regulation of a wide spectrum of biological events and cellular functions including signal
transduction, gene expression, cell proliferation, and apoptosis. We have developed a functional
proteomics technique using the ProteinChip array-based SELDI-TOF-MS analysis for high
throughput profiling of phosphoproteins/phosphopeptides in human serum for the early
detection and diagnosis as well as for the molecular staging of human cancer. We have been
able to use this proteomics platform to selectively isolate, profile, and identify phosphopeptides
present in a highly complex mixture prepared from human lung cancer patient serum samples.
We have identified a phosphopeptide with a 1752.3 Da mass as Alpha-1-acid glycoprotein 1
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precursor (A1AG1), a potential target of multiple protein tyrosine kinases including EGFR, and a
novel ligand of nicotinic acetylcholine receptor (nAChR) protein subunits. We found that the
AIAG1 phosphopeptide is significantly upregulated in cancer serum samples (more that 10-fold
increase in mass peak intensity, P = 0.0024) by SELDI-TOF-Spectrometry analysis. The
upregulated phosphorylated AIAG1 has also been detected by phosphor-AIAG1-specific ELISA
analysis in the serum samples of the early stage (Stage I) lung cancer patients and ever
smokers and in human lung cancer cell lines. We also detected the interaction of AIAG1 protein
with nAChR-a4, B2, and o7 subunits by immuno-precipitation and immuno-blotting analysis,
suggesting a role of AIAG1 as a potential ligand of NAChR proteins in regulation of nAChR-
mediated signaling pathway in lung cancer carcinogenesis. Further characterization of AIAG1
expression and biological activity in larger population of lung cancer patient serum samples and
in lung cancer cell lines in vitro and in vivo will provide validation of using the phospho- A1AG1
peptide as a novel serum biomarker for early lung cancer detection and intervention.

We plan to further validate phosphopeptide profiling in large group of lung cancer patient serum
samples, and to analyze AIAG1 and Phospho-AIAGL1 in lung cancer cell lines, serum, and tissue
samples. During the next project period, we will functionally characterize AIAG1/aChR subunits
interaction and signaling in lung cancer cell lines. Investigations into the modulation of serum
and cellular phospho-AIAG1 in response to tyrosine kinase inhibitors (TKIs) or tobacco
carcinogens will begin, and we will elucidate the role of AIAG1 in the EGFR/AKT signaling
pathway in lung cancer carcinogenesis, diagnosis, and prognosis.

Key Research Accomplishments

o Performed extraction of DNA and RNA of over 600 NSCLC and 53 MPM with annotated
clinicopathologic information for profiling analysis.
Developed an mRNA prognostic signature for NSCLC using FFPE tissue specimens.
Performed mRNA and miRNA molecular profiling in 53 MPM tumor and cell line
specimens.

e Collected >200 frozen NSCLC tissue specimens from patients who received neoadjuvant
therapy, and evaluated the pathological response to chemotherapy in 133 cases.

e Characterized NSCLC tissue specimens for novel biomarkers associated to resistance
to chemotherapy in lung cancer, including Nrf2/Keapl, membrane transporters and cancer
stem cell markers.

Conclusions

During the second project period, we reached our collection goal of NSCLC tissues from
patients who received neoadjuvant chemotherapy, and finalized the extraction of DNA and RNA
for molecular profiling of chemo-naive surgically resected NSCLCs. We have initiated the
molecular profiling of lung cancer, and developed an NSCLC prognostic mRNA signature using
FFPE tissues. We are in the process of completing comprehensive (MRNA, miRNA, DNA and
protein) profiling analyses of MPM tissue and cell line specimens.

24



Army Award W81XWH-07-1-0306; Waun Ki Hong, M.D.
Annual Report: Reporting Period 01 June 2008 — 31 May 2009

Project 4: Target Modulation Following Induction Treatment With Dasatinib in Patients
With Malignant Pleural Mesothelioma (MPM) and Identification of New Therapeutic
Targets/Strategies for MPM

(Leaders: Drs. Anne Tsao, Reza Mehran)

Hypothesis:

We hypothesize that dasatinib, a broad spectrum ATP-competitive inhibitor for oncogenic
tyrosine kinases (BCR-ABL, SRC, c-Kit, PDGFR, and ephrin receptor kinases), may be a new
therapeutic agent in malignant pleural mesothelioma (MPM). We also believe that conducting
therapeutic target-focused (TTF) molecular and gene profiling (Affymetrix arrays) will lead to
development of other novel therapies for MPM.

Specific aims:

Aim 1: Conduct a phase I clinical trial with the primary endpoint of biomarker modulation
using dasatinib as induction therapy in patients with resectable MPM.

la. Determine the effects of dasatinib induction therapy on selected tumor biomarkers (activated
Src, PDGFR, VEGFR) pre- and post-induction therapy.

1b. Determine the modulatory effects of dasatinib on selected biomarkers of survival and
apoptosis (PI3K/AKT, bcl-xL, caspases), proliferation (IGFR, Ki-67), angiogenesis (IL-8,
bFGF, TNF-a), epithelial-mesenchymal transition (TNF-B, E-cadherin, c-Kit/Slug) and
invasion/migration (Ephrin, MMP) in tumor specimens pre- and post- induction therapy.

1c. Determine the effects of induction dasatinib therapy on tumor mean vessel density, cell
apoptosis, and the proliferation index.

1d. Determine the modulatory effects of dasatinib on serum, platelet, and pleural effusion
markers of survival (PI3K/AKT, bcl-xL, caspases), proliferation (IGFR, Src), angiogenesis
(soluble VEGFR, VEGF, PDGF, IL-8, bFGF, TNF-a), and invasion/migration (Ephrin, MMP).

le. Determine the drug concentration of dasatinib in tumor and serum.

1f. Assess the effects of dasatinib and cytoreductive surgery on the serum mesothelin-related
peptide (SMRP) level.

1g. Assess the safety and toxicity profile of induction dasatinib in patients with resectable MPM.

Aim 2: Conduct radiographic correlates of tumor response and clinical outcome with
positron-emission technology-computer tomography (PET-CT).

Aim 3: Explore and develop new therapeutic targets and treatment strategies for MPM in
tumor specimens collected from Specific Aim1 and in MPM cell lines.

3a. Determine key signaling pathways involved in tumor resistance or sensitivity to dasatinib
using therapeutic target-focused (TTF) molecular and global gene expression profiling on
MPM tumor specimens pre- and post- induction dasatinib therapy.

3b. Determine the sensitivity of a panel of MPM cell lines to targeted agents tested in Project 1
via TTF profiling and DATSs (drug and therapeutic target SiRNA).

Summary of Research Findings

It should be noted that Dr. Reza Mehran has replaced Dr. David Rice as Co-Leader of this
project, due to Dr. Rice’s increased responsibilities with other programmatic activities. As shown
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in his appended biosketch, Dr. Mehran brings long-standing expertise in the management of
thoracic malignancies, and leadership of large, complex clinical studies.

We designed a biomarker-based neoadjuvant trial from our preclinical studies during the
previous project period. The trial is intended to show that dasatinib, a multi-targeted Src kinase
inhibitor, has activity against MPM and target-specificity to Src Tyr419. Untreated MPM patients
underwent extended surgical staging (ESS) with multiple biopsies along the future surgical
incision line to account for tumor heterogeneity and evaluate for sarcomatoid features. |If
deemed a surgical candidate for either pleurectomy/decortication (P/D) or extrapleural
pneumonectomy (EPP), patients received 4 weeks of oral dasatinib (70 mg BID) followed by
P/D or EPP. If either a radiographic or molecular response (de-phosphorylation of Src Tyr419 in
tumor) was observed, an additional 2 years of dasatinib maintenance after adjuvant
radiotherapy and systemic chemotherapy was scheduled for the affected patients.
Serum/blood/platelets and pleural effusion were collected for exploratory analysis of peripheral
surrogate biomarkers. The primary endpoint of this trial is biomarker modulation of Src Tyr419;
secondary endpoints include response, survival, safety/toxicity, and biomarker modulation in
tumor/serum/platelets/pleural effusion.

Fourteen patients have been accrued to this trial from April 2008 to April 2009; ten have
successfully completed the ESS, neoadjuvant dasatinib, and P/D (n=6) or EPP (n=4). Two
patients are currently receiving neoadjuvant dasatinib, 2 patients were deemed to not be
surgical candidates due to a rapid decline in PS, and one patient was found to have bilateral
mesothelioma. The main side effects recorded for dasatinib were grade 1-2 anemia, nausea,
vomiting, anorexia, electrolyte abnormalities, fatigue, and anxiety. Grade 3 toxicities included
hyperkalemia (1), infection - pneumonia (1), and hypoxia (1). There were no grade 4-5 toxicities
recorded for these patients. Post-surgical grade 3 toxicity included anemia, electrolyte
abnormalities, arrhythmia, HTN, and pleural effusion; one grade 4 episode of hyperglycemia
was seen. After 4 weeks of neoadjuvant dasatinib therapy, there was one non-evaluable
patient, one recorded PD, eight SD, and two minor responses. In the two patients with a
radiographic response by PET-CT, their anatomic response correlated with a molecular
response, with dephosphorylation of SrcTyr419 observed in their tumor tissue. Based on these
clinical results, we found that conducting biomarker-based clinical trials with novel agents in
MPM is feasible and necessary to further our understanding of this deadly disease. There is
preliminary evidence that a subgroup of MPM patients may gain clinical benefit from dasatinib
therapy, and that modulation of p-Src Tyr419 in MPM tumor tissue is a reasonable
pharmacodynamic marker for dasatinib treatment. Future translational studies will correlate the
outcome and tumor p-Src Tyr419 with peripheral surrogate markers for response and evaluate
potential pathways of resistance to dasatinib therapy in tumor tissue. The optimal multi-modality
treatment for resectable malignant pleural mesothelioma (MPM) still remains unknown. No prior
neoadjuvant trials with targeted agents have been published due to limited funding and eligible
patients.

In other related efforts, in collaboration with this project and Project 3, the Pathology Core has
constructed a MPM tissue microarray containing 76 surgically resected tumor cases, including
epitheloid, sarcomatoid, and biphasic histology types, with well-annotated clinicopathologic
information. This TMA has been used to characterize the expression of several IHC markers
(please see Pathology Core report for further detail). The Pathology Core has also collected,
banked, and characterized MPM tumor tissue from 10 patients enrolled in the MPM dasatinib
clinical trial who underwent video-assisted thoracoscopy (VAT) and extrapeural
pneumonectomy (EPP). A total of 172 (91 baseline [VAT] and 81 at surgery [EPP]) fresh frozen
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and formalin-fixed tumor tissue specimens have been obtained, processed, and characterized
by the Pathology Core.

Key Research Accomplishments

e Demonstrated that the Src Tyr419 biomarker is accurately predicting for radiographic
response in patients receiving dasatinib therapy.

e Enrolled 14 patients on the clinical trial.
Contributed specimens used in construction of an MPM tissue microarray and 172 MPM
tumor tissue specimens from the clinical trial to the MPM tissue bank.

Conclusions

We have demonstrated that this novel trial design is feasible and preliminary evidence suggests
that our Src Tyr419 biomarker is accurately predicting for radiographic response in patients
receiving dasatinib therapy. There is a subpopulation of MPM patients that may derive clinical
benefit from oral dasatinib therapy. MPM is a very heterogeneic tumor, and molecular profiling
will be necessary in future studies to ultimately optimize targeted therapy in this disease.
Preliminary evidence suggests that modulation of p=Src Ty** is a feasible, reasonable
pharmacodynamic biomarker for dasatinib. Future plans include correlating outcome and tumor
p-Src tyr**® to peripheral surrogate markers in blood/serum/platelets and pleural effusion, and to
analyze pathways of resistance in MPM tumors.

Project 5: Development of a Novel Multi-Biomarker System Using Quantum Dot
Technology for Assessments of Prognosis of NSCLC and Prediction of Outcome of
EGFR-Targeted Therapy

(Leader: Dr. Zhuo (Georgia) Chen; Co-Leaders: Drs. Fadlo Khuri, Dong Shin, Ruth O’Regan,
Shi-Yong Sun)

Quantum dots (QDs) provide sharper fluorescent signals than organic dyes and can detect
multi-biomarkers simultaneously in the same material, allowing quantification and correlation of
molecular signature with cellular response to targeted therapies.

Hypothesis:

A multi-biomarker system using quantum dot (QD) technology will enhance accuracy in
assessment of prognosis of non-small cell lung cancer (NSCLC) and prediction of outcome of
epidermal growth factor receptor (EGFR)-targeted therapy.

Specific Aims:

Specific Aim 1. Development of QD-Abs and imaging systems for detection and
guantification of multi-biomarkers (MBM) using lung cancer cell lines.

Summary of Research Findings

Specific Aim 1 was completed in 2008. Major findings were reported last year and were
published in Nanotechnology. Our results illustrated that QD-immunocytochemistry (ICC)-
based technology can not only quantify basal level of multiplex biomarkers but can also track
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the localization of biomarkers upon biostimulus. With this new technology, we found that EGFR
and E-cad were located mainly in the cytoplasm in EGFR-TKI-insensitive cells; however, in
EGFR-TKI-sensitive cells, they were found mainly on the cell membrane. After induction with
EGF, both EGFR and E-cad internalized to the cytoplasm, but the internalization capability in
EGFR-TKI-sensitive cells was greater than that in EGFR-TKI-insensitive cells. The
guantification also showed that the inhibition of EGF-induced EGFR and E-cad internalization by
erlotinib in the sensitive cells was stronger than that measured in the insensitive cells. These
studies demonstrate that there are substantial differences between EGFR-TKI-insensitive and
EGFR-TKI-sensitive cancer cells in EGFR and E-cad expression and localization, both at the
basal level and in response to EGF and erlotinib. QD-based analysis facilitates the
understanding of the features of EGFR-TKI-insensitive vs. EGFR-TKI-sensitive cancer cells and
may ultimately be useful for the prediction of patients’ response to EGFR-targeted therapy.

Specific Aim 2: Verification of QD-Abs for detection and quantification of MBM by
comparison with conventional IHC using paraffin-embedded tissues and evaluation of
their prognostic value in NSCLC.

Summary of Research Findings

Nanoparticle QDs are ideal materials for multiplexed biomarker detection, localization, and
guantification; however, working conditions for the application of QD in staining of formalin-fixed
and paraffin-embedded (FFPE) specimens need to be optimized. Both direct and indirect
methods are available for QD-based immunohistofluorescence (QD-IHF) staining, but the direct
method has been considered laborious and costly. In this study, we optimized and compared
the indirect QD-IHF single-staining procedure using QD-secondary antibody conjugates and
QD-streptavidin conjugates. Problems associated with sequential multiplex staining were
identified quantitatively. A method using a QD cocktail solution was developed allowing
simultaneous staining with three antibodies against E-cadherin, EGFR, and B-catenin in FFPE
tissues. The expression of each biomarker was quantified and compared using the cocktail and
the sequential method. Our results demonstrated that the QD signal for each multiplexed
biomarker was more consistent and stable using the cocktail method than the sequential
method, providing a unique tool for potential research and clinical applications (Figure 1). A
quantification method for multiplexing three biomarkers (EGFR, E-cadherin, and p-catenin plus
DAPI in FFPE tissues) was developed using the CRi Nuance spectral system (Figure 2).

We also validated the QD-IHF procedures. The validation included: 1) the comparison of single
biomarker detection
using conventional
immunohistochemis
try (IHC) with QD-
based

immunohistofluores
cence (IHF); and 2)
the comparison of
biomarker  signals
from samples
stained with single
QD IHF in serial
sections to
biomarker  signals
from the same

E-cad (QD705) EGFR (QD&05)

Membrane mask Nucieus mask
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proteins but from samples stained simultaneously with multiple QD IHF. FFPE tissue sections
from 30 FFPE tissue samples were used for the validation. Both Pearson’s and Spearman’s
tests show significant correlation between IHC and QD-IHF for the single-marker staining tests
(EGFR: correlation coefficient R = 0.8-0.9, p< 0.00001; E-cadherin: R = 0.9, p<0.00001; B-
catenin: R = 0.7-0.8, p<0.00001) and for the singleplex versus multiplex tests (EGFR: R = 0.8-
0.9, p<0.00001; E-cadherin: R = 0.8, p<0.00001; B-catenin: R = 0.7-0.8, p<0.00001) (Figure 3).

IR
1 i1
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Fig. 3 Validation of EGFR expression detected by different staining methods as an example.
Comparison of biomarker signals from IHC with those from QD-IHF (p < 0.0001) (A) and between
the single QD-IHF staining and the simultaneous staining with multiple QD- IHF (p < 0.0001) (B).

To complete this specific aim, tissue samples (including tumor specimens and adjacent normal
tissues) from 94 cases of NSCLC with relevant clinical information were collected for IHC and
QD-IHF staining (Figure 4). Quantification of QD-IHF is still ongoing. For quantification of IHC
results, Weighted Index {WI = [percentage of positive stain x intensity score (0, 1+, 2+, and 3+)]
x100} and ratio of membrane to total staining (RMT = signal of membrane stain/signal of total
stain) were recorded. Preliminary statistical analysis of IHC showed that both expression and
membrane localization of all three biomarkers in tumor tissue are significantly different from
those in the adjacent normal tissue (Table 1). Development and validation of QD-IHF for the
second set of biomarkers relevant to mTor pathway is ongoing.

Table 1. Summary of the Semi-quantification of IHC

EGFR % E-cadherin % B-catenin %
(Whn Membrane (Wi Membrane (Wi Membrane
Normal 36.0 40.7 179.2 89.7 158.4 82.7
Tumor 97.4 31.1 136 50 130.2 50.4
p-Value* | 1.34E-16 | 2.12E-04 2.44E-11 1.28E-28 | 7.47E-09 1.49E-29

* Paired t-test
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tissues. Expression of EGFR is significantly higher in tumor tissues than that in the adjacent normal tissue, while
expressions of E-cadherin and B-catenin are less and more internalized in the tumor tissues than those in the
adjacent normal epithelia. We expect that simultaneously characterizing these features in the same tissue using
QD-IHF will correlate more precisely the biology with progression of these tumor cells. (Magnification 400X)

Specific Aim 3: Correlation of the MBM detected by QD-Abs with outcomes of
chemotherapies and EGFR- targeted therapy using resectable NSCLC tissues.

Summary of Research Findings

This study was proposed for years 3 and 4 of this grant; thus, are no updates for this Specific
Aim.
Key Research Accomplishments

e Optimized and validated QD-staining conditions for multiplexing three biomarkers (EGFR, E-
cadherin, and p-catenin) in both cell lines and FFPE tissues.

e Developed a quantification method for QD signals using the CRi Nuance spectral system.

e Collected training set materials including 94 cases of NSCLC and their adjacent normal
tissues, and entered clinical information into a database for further analysis.

o Completed staining of the three biomarkers in the 94 pairs of the NSCLC tissues by both
IHC and QD-IHF methods. The imaging and statistical analyses are ongoing.
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Conclusions

In the past year, we completed the proposed cell line studies in Specific Aim 1 and published
the results in Nanotechnology. Our findings provide new biomarkers and QD methodology in
predicting sensitivity to EGFR-targeting therapy which can be applied to tumor tissue specimens
for clinical application. Furthermore, clarifying substantial differences between EGFR-TKI
sensitive and insensitive cancer cells will help to understand the mechanism of EGFR-targeted
resistance and facilitate the development of new targeted therapies. During the project period,
we focused on optimization and validation of a quantification strategy for using QD-based IHF.
These studies provided a solid foundation for analyzing biomarker expressions in NSCLC
tissues. Using this strategy, we have completed the immunostaining of three biomarkers -
EGFR, E-cadherin, and B-catenin - in 94 pairs of the patients’ tissue samples. Further imaging
and statistical analyses of these stains will answer and important question of whether
guantification of multiplex biomarkers by QD-IHF can provide more accurate correlation to
patient’s prognosis and the other relevant clinical information than a signal biomarker analysis.

Pathology Core
(Director: Dr. Ignacio Wistuba)

The Pathology Core is an essential component of the PROSPECT program. The Pathology
Core plays an important role by collecting, processing and distributing tissue and serum
specimens obtained from Clinical Trials on NSCLC (Project 2) and malignant pleural
mesothelioma (MPM; Project 4) for molecular profiles and biomarker analysis. Our objectives
(functions) are as follows:

1. Develop and maintain a repository of tissue and serum specimens from patients with non-
small cell lung carcinoma (NSCLC) and malignant pleural mesothelioma (MPM).

2. Process NSCLC cell lines and tissue specimens for histopathologic and molecular analyses.

3. Perform and evaluate immunohistochemical (IHC) analysis in human tumor tissue
specimens and mouse xenograft tissues.

Objective 1. Develop and maintain repository of tissue and serum specimens from
patients with lung cancer and malignant pleural mesothelioma (MPM).

Summary of Research Findings

Selection of lung cancer and mesothelioma specimens available in Thoracic Malignancy Tissue
Bank. As reported last year, we identified 1,385 non-small cell lung cancer (NSCLC) tumor
specimens as potential cases for PROSPECT Projects 2 and 3, including the major histology
types adenocarcinoma (n=729) and squamous cell carcinoma (n=414). Of those specimens, we
stored frozen tumor tissue available from patients who have consented to their tissue to be
banked and used for research purposes. We selected 736 NSCLC cases for Project 3 and 4;
147 of the 736 (20%) NSCLC cases have received neoadjuvant chemotherapy. In addition,
more than 4,011 NSCLC cases with formalin-fixed and paraffin-embedded (FFPE) tissues
available have been identified and specimens banked. All the cases retrieved are under
histopathological review and classified according to the 2004 WHO Pathology Classification for
lung cancer. Peripheral mononuclear blood cells (PMBC) and serum samples collected during
the surgical resection from 464 NSCLC and 36 MPM patients are also available. As reported
last year, we have identified 108 MPMs with frozen tumor tissue available for PROSPECT
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Project 4. FFPE tissues from 91 MPMs have been collected, and clinical and pathological
information have been obtained in all cases.

Prospective collection and banking of lung cancer and mesothelioma specimens for
PROSPECT projects. Since the activation of the PROSPECT laboratory project on August
2007, the Pathology Core has collected fresh and formalin-fixed tissue specimens from 272
NSCLC and 19 MPM surgically resected cases (Table 1). During this period of time, 347
surgeries for lung cancer and mesothelioma have been performed, and we have collected
tissue specimens in 84% of them. From those, snap-frozen normal and tumor tissue have been
collected in all cases. In addition, we have obtained and banked tumor specimens in RNAlater®
(Ambion, Austin, TX) (n=115 samples), 12% dimethy! sulfoxide (DMSO)-preserved samples
(n=122 samples), and OCT-embedded for frozen sectioning (n=96 samples). From the 272
NSCLC cases, 79 patients have received neoadjuvant chemotherapy. Blood specimens (serum
and PMBC) have collected, processed, and banked in 283 out of 347 surgeries (69%). Of
interest, tissue and blood specimens have been obtained in 231 cases (67%).

Table 1. Summary of prospectively collected tumor tissue specimens from NSCLC and MPM cases.

Histology | Number of Cases
Adenocarcinoma 160
Squamous cell carcinoma 63
Large cell carcinoma 4
Other NSCLC 41
No tumor present 4
Total Lung Tumors 272
Malignant Mesothelioma 19

Thoracic_Malignancy Tissue Bank Database. To improve the handling of tissue and blood
specimens, our instituton developed a Web-based tissue banking system, named
TissueStation. We also have a Microstrategy Report Services system (Oracle-based), which
allows us to run reports and retrieve data from the TissueStation database. Both applications
(TissueStation and Microstrategy) have been instrumental to the success of the Pathology Core
in obtaining and banking tissue and blood specimens from NSCLC and MPM patients.

Objective 2. Process NSCLC cell lines and tissue specimens for histopathological and
molecular analyses.

Summary of Research Findings

Cell Lines. a) Lung Cancer. In collaboration with Project 1 (Drs. J. Heymach and J. Minna), we
have developed a repository of 48 NSCLC cell lines and 2 normal bronchial epithelial cells; b)
Mesothelioma. In collaboration with Projects 3 and 4 (Drs. |. Wistuba and A. Tsao,
respectively), we have acquired 17 mesothelial and mesothelioma cell lines (Table 2) with a
good distribution of different histotypes including 4 epitheloid, 2 biphasic and 2 sarcomatoid
MPMs. Some of these are currently being characterized by immunohistochemistry (IHC) using 7
different markers to distinguish them as authentic mesothelioma cell lines. Three of these IHC
markers, Cytoketarin 5/6, calretinin and mesothelin, are seen frequently in MPM tumors,
whereas CEA (carcinoembryonic antigen), B72.3, CD15 (LeuM1) and TTF-1 (thyroid
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transcription factor-1) are rarely seen in these tumor cells and, therefore, represent negative
controls. For all these cell lines, several frozen vials have been obtained and stored for future
work. In addition, RNA, DNA, and protein have been extracted and stored. Importantly, FFPE
pellets have been prepared in all cell lines to be used as control for IHC and fluorescent in situ
hybridization (FISH) experiments. Both NSCLC and MPM cell lines are being STR DNA
fingerprinted in the DNA core for their authentication in the M. D. Anderson Molecular
Cytogenetics Core facility.

Table 2. List of MPM and normal mesothelial cells stored in the Pathology Core

Cell line Type Source

HMeso MPM Dr. Harvey Pass
HP-3 MPM Dr. Harvey Pass
HP-4 MPM Dr. Harvey Pass
HP-5 MPM Dr. Harvey Pass
HP-6 MPM Dr. Harvey Pass
HP-7 MPM Dr. Harvey Pass
HP-9 MPM Dr. Harvey Pass
HP-10 MPM Dr. Harvey Pass
HCT-4012 Pleural Mesothelial (Telomerase- transformed) Dr. Adi Gazdar
Met-5A Pleural Mesothelial (SV40- transformed) ATCC

MSTO-

211H MPM, Biphasic ATCC

H28 MPM, Epitheloid ATCC

H2052 MPM, Epitheloid ATCC

H2452 MPM, Epitheloid ATCC

JL-1 MPM, Epitheloid DSMZ

DM-3 MPM, Sarcomatoid DSMZ

RS-5 MPM, Sarcomatoid DSMZ

Figure 1. Schematic diagram of the shaving
method. In this method, tissue processing for
histology quality control and nucleic acids and
protein extraction are combined.
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Tissue Processing for RNA, DNA and Protein
Extractions. In collaboration with Project 3 (Drs. I.
Wistuba, A. Corvalan and S. Suraokar), frozen
tumor and normal tissue from 613 NSCLCs and
53 MPMs obtained from the Thoracic Tissue
Bank (see Objective 1) have been processed for
the extraction of nucleic acids and proteins. For
extractions, a detailed histopathological analysis
was performed using a technique developed in-
house called the “shaving method” (Figure 1).
This technique uses 5-pum-thick haematoxylin-
eosin (H&E)-stained histology sections obtained
at four levels of the tissue specimen that are
alternated by two sets of thirty 20-um thick
sections obtained for DNA, RNA, and protein
extractions. All the shaving processing has been
performed using RNase-free conditions. The
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microtome and blades were routinely cleaned with ethanol (70%) to avoid any risk of
degradation of RNA by RNase. After cutting, all samples have been stored in an -30°C freezer
until the extractions are ready to be performed.

Histology Quality Control of Tissue Specimens.
Figure 2. Microphotographs ~ showing a | For detailed histopathological analysis, each
representative example of MPM frozen tissue tumor H&E-stained section was examined by
H&E-stained section for histology quality control. . .
SRRy I T I (- an experienced lung cancer pathologist to

- " 2 assess the percentage of tumor versus
adjacent normal tissues, the percentage of

malignant cells versus tumor non-malignant

| PR

\"_I \
\';;433\‘3{_‘; - stromal (inflammatory, vascular and fibroblasts)
8 ;\.w'i‘.‘\_l W N cells, and normal cells present in the adjacent
3 AN Y e . . N o
Sarcomatoid Epitheloid normal tissue. In addition, tumor cell viability

has been addressed by examining the
presence of necrosis and hemorrhage in the
tissues. For NSCLC, a detailed
histopathological analysis was performed on 1,543 slides, 797 of which were tumor slides, and
661 corresponded to unique tumors. These 661 cases represent 90% of the 736 NSCLC
available in UT-Lung SPORE Tissue Bank. Paired normal and tumor samples were found in 634
(96%) of cases. Among these 661 tumor cases, 353 contain >70% tumor content and >50%
tumor cell content. In addition, we are in the process of digitalization of all slides for future
comparisons of detailed histopathological analyses. For MPM, the histology quality control was
performed in 159 slides of tumor tissue and 108 of corresponding normal tissue (Figure 2). All
these H&E-stained sections are being scanned and digital images stored in an Aperio slide
scanner (Aperio Technology) for future analysis.

MPM Tissue Microarray. In collaboration with Projects 3 and 4, we have constructed a MPM
tissue microarray containing 76 surgically resected tumor cases, including epitheloid,
sarcomatoid, and biphasic histology types, with well-annotated clinicopathologic information.
This TMA has been used to characterize the expression of several IHC markers (see Objective
3).

MPM Clinical Trial Tissue Collection and Processing. In collaboration with Project 4, the
Pathology Core has collected, banked, and characterized MPM tumor tissue from 10 patients
enrolled in the MPM dasatinib clinical trial who underwent video-assisted thoracoscopy (VAT)
and extrapeural pneumonectomy (EPP). A total of 172 (91 baseline [VAT] and 81 at surgery
[EPP]) fresh frozen and formalin-fixed tumor tissue specimens have been obtained, processed,
and characterized by the Pathology Core.

Objective 3. Perform and evaluate immunohistochemical (IHC) analysis in human tumor
tissue specimens and mouse xenograft tumor specimens.

Summary of Research Findings

The Pathology Core has assisted and performed IHC analysis for a number of markers using
TMAs and whole sections in tumor tissue specimens of NSCLC and MPM in collaboration with
Projects 2 (Dr. D. Stewart), 3 (Dr. |. Wistuba), and 4 (Dr. A. Tsao).

Project 2. Using IHC, 18 proteins associated with senescence, proliferation, apoptosis and other
tumor-related phenomena (Table 3) have been examined in a set of NSCLC TMAs containing
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330 tumors, including 220 adenocarcinomas and 110 squamous cell carcinomas. Annotated
clinicopathologic information, including overall and recurrence-free survival with a median
follow-up of 7.2 years, is available in all these cases. The IHC data obtained are being analyzed
by the Biostatistics and Bioinformatics Core (Dr. K. Coombes) (Figure 3). From the preliminary
analysis, at least 3 groups of patients have been identified by the expression of the IHC markers
examined. The clinicopathologic characteristics of these cases, including their outcome is
currently under evaluation.

Table 3. List of IHC markers examined in NSCLC TMAs in collaboration with Project 2.

pS3 CTR1 ERCC1 SHARP2
p21 RB SURVIVIN DcR2
Ki67 p16 INK4a HIF1lo TUNEL
COX2 pl4 ARF CAIX

DNMT1 TGFpB VEGF

In addition, in collaboration with Project 2, we

have examined IHC expression of cell membrane

: : : : transporters, including copper transporter
Figure 3. .Hlerarchllcal clgsterlng for IHC markers receptor 1(CTR1), glucose 4 (GLUT4) and
and patients in with  tumor  histology: RHOA d folat ¢ Ibha (FOLR1 d
adenocarcinoma green and squamous cell » and lolate r_ecep or ap a_( ) an
carcinoma red. reduced folate carrier 1 (RFC1) in TMAs from

) NSCLC and MPM. The data on NSCLC have
DT been presented in the 2009 AACR Meeting
| _ (Poster, April 2009, Denver, CO) and will be

Groups ,“‘;ﬂ{’ﬂ*-mi. T—'?{g’;.mm presented in the IASLC World Lung Cancer

41—l Y :'.".*‘“. ﬂ]u_.'ﬂ meeting (oral presentation, July 2009, San
I_l;, Ml J "" ) ) 1y = Francisco, CA). A manuscript is in preparation.

#2 = | £ ."'I" ! l, Ny ..'. e Project 3. In collaboration with this Project, a
e ,,ulur Li 'i"n;'l iﬂ‘t' ”HII lli.q'-_--- series of cancer stem cell (CSC) markers have
|‘_ AL il .l" SRl been examined by IHC using NSCLC TMAs
..:._' *1 s J.d |f M e.r. (n=330 cases), including EZH2, SOX2, CD24,

— f WL Lol CD44, C-kit, BMI-1, HEY1, HEY2, and Oct3/4.

These data will be presented as an oral
presentation in the IASLC World Lung Cancer
meeting (oral presentation, July 2009, San
Francisco, CA), and a manuscript is in preparation. In addition, the Pathology Core has
contributed to the analysis of Keapl/Nrf2 proteins and genes expression in NSCLC TMAs and
frozen tissue specimens.

{ 1

Project 4. The MPM TMASs have been utilized to characterize the expression of several markers,
including markers related to epithelial-to-mesenchymal transition (EMT; 5 IHC markers),
angiogenesis (PFGFRB; 2 IHC markers and FISH for the gene), and cell membrane
transporters (5 IHC markers). In addition, the recently acquired MPM cell lines from Dr. Harvey
Pass are currently being characterized by IHC using 7 different markers to distinguish them as
authenticate mesothelioma cell lines, including cytoketarin 5/6, calretinin, mesothelin, CEA,
B72.3, CD15, and TTF-1. Finally, the Pathology Core has optimized and examined by IHC the
expression of total Src and p-Src (Tyr 416), as well as Ki67 in nearly 100 MPM tissue samples
obtained from patients enrolled in the dasatinib clinical trial.
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Key Research Accomplishments

e Collected prospective frozen tissue specimens from 272 NSCLC and 19 MPM cases,
including 79 NSCLC cases treated with neo-adjuvant chemotherapy.

o Established a NSCLC and MPM cell line repository at the M. D. Anderson Cancer Center in
collaboration with Projects 1 and 4.

¢ Performed extraction with detailed histology quality control of 613 NSCLCs and 53 MPMs
tumor and corresponding normal tissues, which will be used for profiling analysis (Project 3).

e Collected, processed, and analyzed 172 MPM tumor tissue specimens from patients
enrolled in the dasatinib clinical trial (Project 4).

Conclusions

During the second year, the PROSPECT Pathology Core has achieved and exceeded its goals
for the second year by prospectively collecting frozen tissue specimens from 272 NSCLC and
19 MPM cases, including 79 NSCLC cases treated with neo-adjuvant chemotherapy. We have
expanded the MPM cell line repository to 17 cell lines. The Pathology Core has played an
important role in the processing of NSCLC and MPM tissue specimens for profiling, and in the
characterization of tissue specimens on the expression of protein expression by
immunohistochemistry.

Biostatistics/Bioinformatics Core

(Director: Dr. J. Jack Lee; Co-Director: Kevin Coombes)

In close collaboration with the Pathology Core and each of the five main projects, the
Biostatistics and Data Management Core (BDMC) for the Department of Defense (DoD)
PROSPECT lung cancer research program is a comprehensive, multi-lateral resource for
designing clinical and basic science experiments; developing and applying innovative statistical
methodology, data acquisition and management, and statistical analysis; and publishing
translational research generated by this research proposal. We deliver planned and tailored
statistical analyses for rapid communication of project results among project investigators, and
by collaborating with all project investigators to facilitate the timely publication of scientific
results.

The main objectives of the Biostatistics and Data Management Core are to:

1. Provide the statistical design, sample size, and power calculations for each project.

2. Develop a secure, internet-driven, Web-based database application to integrate data
generated by the five proposed projects and the Pathology Core of the PROSPECT
research project.

3. Develop a comprehensive, Web-based database management system for tissue specimen
tracking and distribution and for a central repository of all biomarker data.

4. Provide all statistical data analyses, including descriptive analysis, hypothesis testing,
estimation, and modeling of prospectively generated data.

5. Provide prospective collection, entry, quality control, and integration of data for the basic
science, pre-clinical, and clinical studies in the PROSPECT grant.

6. Provide study monitoring and conduct of the neoadjuvant clinical trial that ensures patient
safety by timely reporting of toxicity and interim analysis results to various institutional
review boards (IRBs), the UTMDACC data monitoring committee, the DoD, and other
regulatory agencies.
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7. Generate statistical reports for all projects.

8. Collaborate with all project investigators and assist them in publishing scientific results.

9. Develop and adapt innovative statistical and genomic methods pertinent to biomarker-
integrated translational lung cancer studies.

Summary of Research Findings

In the second funding year, the BDMC continued to work with all project investigators in
providing biostatistics and data management support. The accomplishments are summarized
below.

Biostatistics. We worked with clinical investigators to provide the biostatistical support in the
development and revision of PROSPECT protocols. We provided statistical reports on a
monthly basis to update the accrual, randomization, and demographic data for all projects
involved.

We have developed and evaluated the statistical methodology used for comparing various test
statistics for response adaptive randomization (BMC Medical Research Methodology). We have
also placed emphasis on applying the Emax model, the interaction index, and the bivariate thin
plate splines for drug interaction assessment in combination studies (Frontiers of Biosciences).

In collaboration with the University of Texas Lung SPORE, we continued to work on developing
semantic database models for the assay data being generated by both the PROSPECT projects
and the Lung SPORE projects (PLoS ONE, AMIA Annu Symp Proc).

We continue to work on developing statistical methods for processing and analyzing the
reverse-phase protein array (RPPA) data that continue to be generated as part of the
PROSPECT study of lung cancer (BMC Bioinformatics, Bioinformatics).

We have performed (and continue to perform) analyses of PROSPECT data. Although these
analyses have not yet resulted in publications, they are expected to do so in future project
periods. These analyses include:

1. Analysis of an initial set of immunohistochemically stained tissue microarray data looking at
markers of prognosis in lung cancer samples. Univariate analysis identified a number of
markers that appear to be related either to important clinical covariates or to clinically
relevant outcomes (overall survival, disease-free survival, or recurrence-free survival). We
are in the process of performing multivariate analyses to identify robust signatures of these
outcomes using the same kinds of methods have been developed in the field of gene
expression microarrays.

2. We have developed a novel method to find comparative signatures of drug response by
simultaneously modeling the differential response of cell lines to two different drugs. This
method was developed using RPPA data and dose response data from both lung cancer
and head and neck cancer cell lines; the lung cancer data was collected as part of the
PROSPECT grant.

3. We are preparing a statistical methods manuscript that uses models to evaluate methods
that simultaneously discover markers and identify subsets of patients who receive greater
benefit from certain drugs in a multi-arm clinical trial.

4. We have recently received a full set of combined Affymetrix gene expression data and
Agilent microarray measurements of miRNA expression. Analysis is underway, with the first
step being to analyze each technology separately to discover new prognostic markers. At a
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later stage, we will integrate the data by accounting for known or predicted interactions
between miRNA and mRNA molecules.

Data Management. The PROSPECT database development takes advantage of the
ReVITALization effort from the DoD-sponsored VITAL program due to the similarity between the
two databases developed for these projects. To tailor the database for the PROSPECT-specific
needs, database extensions were made to allow the collection and management of data from
multiple studies including the neoadjuvant studies, adjuvant studies, and regular chemotherapy
studies. In addition, the PROSPECT database was developed to extend the ReVITALization
database in VITAL to provide additional clinical, pathological, and biomarker data repositories
and tissue tracking. In this funding period, we continue our database development effort and
make updates to improve the function and usability of the database.

The SQL Server 2005 database and ASP.NET web application is implemented with VB.net
language. Queries and SQL 2005 reports are provided. Secure Socket Layer (SSL) and
secured database passwords are used to keep data transaction protected and confidential. The
tissue data include clinical and pathological data.

1) The database’s clinical module contains the following Web forms:

- Patient Information

Social History (Alcohol and Smoking history)

- Medical History

- Other Malignancy

- Treatments (Surgery, Chemotherapy, Radiotherapy and Other Treatments)
- Clinical Staging

- Follow up

2) The pathological module contains the following Web forms:

- Primary and Metastasis data (Diagnosis and Surgery Specimens)

- Histology

- Staging and Tumor Information: Cancer staging (TNM classification) is automatically
determined by the system based on the tumor information provided.

- Tissue Bank (Frozen Tissue and Paraffin)

3) Reports: Several Excel reports are provided for clinical and pathological modules.
- Clinical Report

- Pathological Report

- Patient Report

- Accession Report

- General Information Report
- Other Malignancy Report

- Surgery Report

- Chemotherapy Report

- Radiotherapy Report

- Other Treatment Report

- Staging Report

- Follow up Report

- Histology Diagnosis Report

4) Dictionaries: The database gives control for the users to update dictionaries; however,
dictionary deletion is prohibited.
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Key Research Accomplishments

Developed a secured, Web-based database application to assist the study conduct.
Performed database maintenance, training, and support.

Provided data integrity and data correction.

Updated dictionaries and added data fields.

Updated project reports.

Provided more links to make data navigation easier.

Reportable Outcomes
A web-based database application is developed and deployed at:
https://insidebiostat/DMI_PROSPECT/Common/Login.aspx

Conclusions

In collaboration with clinical investigators, research nurses, the Biomarker Core, and basic
scientists, the Biostatistics and Data Management Core has continued to deliver biostatistics
and data management support as proposed. Further support and analysis will be provided in
the future project period.
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KEY RESEARCH ACCOMPLISHMENTS

PROJECT 1

Completed protein profiling and gene expression profiling for 50 NSCLC cell lines.

Derived baseline gene expression signatures predictive of response by correlating mRNA
expression with drug response.

Derived proteomic drug response signatures by correlating proteomic profiles with drug
response data for a variety of drugs.

Using baseline proteomic profiles, markers of radiation sensitivity and resistance were
identified in lung cancer cell lines (Yordy et al.,, ASTRO 2008; Yordy et al., ASCO 2008).
Identified factors associated with age and sex differences in NSCLC (Herynk et al.,
Proceeding of the Flight Attendants Medical Research Institute,2009) (Herynk et al.,
Proceedings of the International Association for the Study of Lung Cancer, 2009).

Identified SRC as a potential biomarker of response to the EGFR inhibitor.

PROJECT 2

Collected tumor specimens on 291 lung cancer patients (including 74 who had received
neoadjuvant chemotherapy).

Collected blood samples on 283 lung cancer patients (including 64 who received
neoadjuvant chemotherapy).

Performed preliminary assessment of impact of 18 biomarkers on survival, and their
correlation with stage and tumor type.

PROJECT 3

Performed extraction of DNA and RNA of over 600 NSCLC and 53 MPM with annotated
clinicopathologic information for profiling analysis.

e Developed an mRNA prognostic signature for NSCLC using FFPE tissue specimens.

e Performed mRNA and miRNA molecular profiling in 53 MPM tumor and cell line
specimens.

e Collected >200 frozen NSCLC tissue specimens from patients who received neoadjuvant
therapy, and evaluated the pathological response to chemotherapy in 133 cases.

e Characterized NSCLC tissue specimens for novel biomarkers associated to resistance
to chemotherapy in lung cancer, including Nrf2/Keapl, membrane transporters and cancer
stem cell markers.

PROJECT 4

e Demonstrated that the Src Tyr419 biomarker is accurately predicting for radiographic
response in patients receiving dasatinib therapy.

e Enrolled 14 patients on the clinical trial.

o Contributed specimens used in construction of an MPM tissue microarray and 172 MPM

tumor tissue specimens from the clinical trial to the MPM tissue bank.
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PROJECT 5

Optimized and validated QD-staining conditions for multiplexing three biomarkers (EGFR, E-
cadherin, and p-catenin) in both cell lines and FFPE tissues.

Developed a quantification method for QD signals using the CRi Nuance spectral system.
Collected training set materials including 94 cases of NSCLC and their adjacent normal
tissues, and entered clinical information into a database for further analysis.

Completed staining of the three biomarkers in the 94 pairs of the NSCLC tissues by both
IHC and QD-IHF methods. The imaging and statistical analyses are ongoing.

PATHOLOGY CORE

Collected prospective frozen tissue specimens from 272 NSCLC and 19 MPM cases,
including 79 NSCLC cases treated with neo-adjuvant chemotherapy.

Established a NSCLC and MPM cell line repository at the M. D. Anderson Cancer Center in
collaboration with Projects 1 and 4.

Performed extraction with detailed histology quality control of 613 NSCLCs and 53 MPMs
tumor and corresponding normal tissues, which will be used for profiling analysis (Project 3).
Collected, processed, and analyzed 172 MPM tumor tissue specimens from patients
enrolled in the dasatinib clinical trial (Project 4).

BIOSTATISTICS AND DATA MANAGEMENT CORE

Developed a secured, Web-based database application to assist the study conduct.
Performed database maintenance, training, and support.

Provided data integrity and data correction.

Updated dictionaries and added data fields.

Updated project reports.

Provided more links to make data navigation easier.
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CONCLUSIONS

PROJECT 1: RPPA proteomic profiling and gene expression profiling for a large number of cell
lines was performed and has provided the bases for identifying intracellular signaling pathways
and proteins associated with sensitivity and resistance to chemotherapies and targeted agents
in NSCLC cell lines and tumor samples. These profiles will allow for multiple biomarker
analyses. One of the identified markers, SRC-3, was found to be correlated with resistance to
EGFR inhibitors. Inhibition of SRC-3 in a gefitinib-resistant cell line was able to reverse
resistance to the inhibitor. These results show that the model is successful at identifying
relevant biological targets that, when inhibited, are able to reverse resistance to a targeted
agent. Our findings will be further investigated by correlating RPPA of tumor samples with
clinical outcomes in samples from the BATTLE-1 trial and other clinical samples with the goal of
developing predictive markers that can guide treatment selection and identify new targets in
NSCLC.

PROJECT 2: During this project period, we identified and are currently assessing the quality of
RNA, DNA, and protein that is available from these tumor specimens prior to the full analysis
under PROSPECT. Specimen collection continues at a brisk pace and will further our goal of
predicting future sites of relapse by examining the molecular profiles associated with the patient
tissues. Further analysis is needed to assess the extent to which TTF/gene expression
molecular profile at diagnosis may help guide choice of therapies at relapse.

PROJECT 3: During the second project period, we reached our collection goal of NSCLC
tissues from patients who received neoadjuvant chemotherapy, and finalized the extraction of
DNA and RNA for molecular profiling of chemo-naive surgically resected NSCLCs. We have
initiated the molecular profiling of lung cancer, and developed an NSCLC prognostic mMRNA
signature using FFPE tissues. We are in the process of completing comprehensive (MRNA,
miRNA, DNA and protein) profiling analyses of MPM tissue and cell line specimens.

PROJECT 4. We have demonstrated that this novel trial design is feasible and preliminary
evidence suggests that our Src Tyr419 biomarker is accurately predicting for radiographic
response in patients receiving dasatinib therapy. There is a subpopulation of MPM patients that
may derive clinical benefit from oral dasatinib therapy. MPM is a very heterogeneic tumor, and
molecular profiling will be necessary in future studies to ultimately optimize targeted therapy in
this disease.

Preliminary evidence suggests that modulation of p=Src Ty*® is a feasible, reasonable
pharmacodynamic biomarker for dasatinib. Future plans include correlating outcome and tumor
p-Src tyr*'? to peripheral surrogate markers in blood/serum/platelets and pleural effusion, and to
analyze pathways of resistance in MPM tumors.

PROJECT 5: In the past year, we completed the proposed cell line studies in Specific Aim 1
and published the results in Nanotechnology. Our findings provide new biomarkers and QD
methodology in predicting sensitivity to EGFR-targeting therapy which can be applied to tumor
tissue specimens for clinical application. Furthermore, clarifying substantial differences
between EGFR-TKI sensitive and insensitive cancer cells will help to understand the
mechanism of EGFR-targeted resistance and facilitate the development of new targeted
therapies. During the project period, we focused on optimization and validation of a
guantification strategy for using QD-based IHF. These studies provided a solid foundation for
analyzing biomarker expressions in NSCLC tissues. Using this strategy, we have completed the
immunostaining of three biomarkers - EGFR, E-cadherin, and p-catenin - in 94 pairs of the
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patients’ tissue samples. Further imaging and statistical analyses of these stains will answer
and important question of whether quantification of multiplex biomarkers by QD-IHF can provide
more accurate correlation to patient’s prognosis and the other relevant clinical information than
a signal biomarker analysis.

PATHOLOGY CORE: During the second year, the PROSPECT Pathology Core has achieved
and exceeded its goals for the second year by prospectively collecting frozen tissue specimens
from 272 NSCLC and 19 MPM cases, including 79 NSCLC cases treated with neo-adjuvant
chemotherapy. We have expanded the MPM cell line repository to 17 cell lines. The Pathology
Core has played an important role in the processing of NSCLC and MPM tissue specimens for
profiling, and in the characterization of tissue specimens on the expression of protein
expression by immunohistochemistry.

BIOSTATISTICS AND DATA MANAGEMENT CORE: In collaboration with clinical
investigators, research nurses, the Biomarker Core, and basic scientists, the Biostatistics and
Data Management Core has continued to deliver biostatistics and data management support as
proposed. Further support and analysis will be provided in the future project period.
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ABSTRACT: Aberrant proteins encoded from genes altered
in tumors drive cancer development and may also be
therapeutic targets. Here we derived a comprehensive
gene-alteration profile of lung cancer cell lines. We tested
17 genes in a panel of 88 lung cancer cell lines and found
the rates of alteration to be higher than previously thought.
Nearly all cells feature inactivation at TP53 and CDKN2A
or RB1, whereas BRAE MET, ERBB2, and NRAS
alterations were infrequent. A preferential accumulation
of alterations among histopathological types and a mutually
exclusive occurrence of alterations of CDKIN2A and RB1
as well as of KRAS, epidermal growth factor receptor
(EGFR), NRAS, and ERBB2 were seen. Moreover, in non-
small-cell lung cancer (NSCLC), concomitant activation of
signal transduction pathways known to converge in
mammalian target of rapamycin (mTOR) was common.
Cells with single activation of ERBB2, PTEN, or MET
signaling showed greater sensitivity to cell-growth inhibi-
tion induced by erlotinib, LY294002, and PHA665752,
respectively, than did cells featuring simultaneous activa-
tion of these pathways, underlining the need for combined
therapeutic strategies in targeted cancer treatments. In
conclusion, our gene-alteration landscape of lung cancer
cell lines provides insights into how gene alterations
accumulate and biological pathways interact in cancer.

Hum Mutat 30,1-8, 2009. © 2009 Wiley-Liss, Inc.

KEY WORDS: lung cancer; oncogenes; tumor suppres-
sors; tyrosine kinase inhibitors

Introduction

Characterization of accumulated genetic alterations in cancer
cells is important not only to understand tumor biology, but also
to guide drug design and select patients who might benefit from a
given targeted cancer therapy. The promise of using proteins

Additional Supporting Information may be found in the online version of this article.

Raquel Blanco and Reika Iwakawa contributed equally to the present work.

*Correspondence to: Montse Sanchez-Cespedes, Cancer Epigenetics and Biology
Program-PEBC, Catalan Institute of Oncology (ICO), Bellvitge Biomedical Research
Institute (IDIBELL), Hospital Duran i Reynals, Av. Gran Via s/n km 2.7, 08907 -
L'Hospitalet de Llobregat-Barcelona, Spain. E-mail: mscespedes@iconcologia.net

encoded by mutated cancer genes, mainly kinases encoded by
oncogenes, as molecular targets for the development of novel
therapies, drives endeavors to identify novel mutated cancer genes
and to create catalogues of somatic mutations in cancer [Wang
et al., 2004; Sjoblom et al., 2006; Greenman et al., 2007; Thomas
et al, 2007]. The paradigm of the latter is the Catalogue of
Somatic Mutations in Cancer (COSMIC) database of the Well-
come Trust Sanger Institute (www.sanger.ac.uk/cosmic) [Forbes
et al., 2006], which brings together data on the mutation status of
hundreds of cancer-related genes in primary tumors and cancer
cell lines from a wide variety of tumor types.

In the particular case of lung cancer, several gene alterations are
known to contribute to its development, including activating
mutations and gene amplification at the oncogenes BRAF (MIM#
164757), epidermal growth factor receptor (EGFR) (MIM#
131550), ERBB2 (MIM# 164870), KRAS (MIM# 190070), NRAS
(MIM# 164790), PIK3CA (MIM# 1171834), MYC (MIM# 190080),
MYCLI (MIM# 164850), and MYCN (MIM# 164840), as well as
inactivating intragenic mutations, homozygous deletions, and
promoter hypermethylation at the tumor suppressor genes BRG1/
SMARCA4 (MIM# 603254), LKB1/STK11 (MIM# 602216), PTEN
(MIM# 601728), CDKN2A (MIM# 600160),
RB1 (MIM# 180200), and TP53 (MIM# 191170) [Sanchez-
Cespedes 2007; Medina et al., 2008]. Some of these gene alterations
are known to be specific to lung tumor histologies [Westra et al.,
1993; Otterson et al., 1994; Kelley et al., 1995; Sanchez-Cespedes,
2007; Medina et al., 2008]. In addition, it is also well established
that some gene alterations are mutually exclusive, as is the case for
pairs of genes, such as KRAS and EGFR, or CDKN2A and RBI
[Otterson et al.,, 1994; Lynch et al., 2004; Paez et al., 2004], that
encode proteins acting in the same signaling pathway. However, a
profile of alterations at multiple well-known cancer genes in a large
panel of lung cancers has never been reported. This limits our
understanding of how gene alterations are distributed among lung
tumors and how they interact with one another.

Here, we attempt to delineate the gene-alteration profile of lung
cancer cell lines by screening for alterations of seventeen well-
known cancer genes, including point mutations at AKT! (MIM#
164730) and EML4-ALK (MIM# 607442 for EML4 and MIM#
105590 for ALK) fusions, a small inversion within chromosome 2p
recently reported in a small subset of non-small-cell lung cancers
(NSCLCs) [Carpten et al., 2007; Soda et al., 2007]. We examined
the association between the genetic alteration profile and the
response to specific small molecule inhibitors.

© 2009 WILEY-LISS, INC.



Material and Methods

Cell Lines

Cells were maintained in culture flasks in either DMEM (A549,
NCI-H1299, NCI-H23, Calu-3, NCI-H522, and EBC1) or RPMI
1640 (NCI-H446, NCI-H1650, NCI-H460, and NCI-N417)
(Invitrogen, Carlsbad, CA) supplemented with 10% (v/v) fetal
bovine serum, 2mM L-glutamine, 50 mg/ml penicillin/strepto-
mycin, and 2.5 pg/ml fungizone. Cultures were kept at 37°C in a
humidified atmosphere of 5% CO,/95% air. DNA, RNA, and
protein were extracted using standard protocols.

Screening for Gene Mutations and Deletions

Screening for mutations in AKTI (exon 3), BRAF (exons 11 and
15), MET (MIM# 164860) (exons 16-20), ERBB2 (exon 20), EGFR
(exons 18-21), NRAS (codons 12, 13, and 61), PIK3CA (exons 1,
9, and 20), PTEN (exons 2-9), and CDKN2A (exons 1-3) was
performed by directly sequencing PCR products using primers
and conditions that have been previously described [Matsumoto
et al., 2007; Angulo et al., 2008; Medina et al., 2008], or that are
available upon request. Nucleotide numbering reflects cDNA
numbering with +1 corresponding to the A of the ATG transition
initiation codon in the reference sequence. We considered the
presence of homozygous deletions when there was a reproducible
absence of PCR product of one or more consecutive exons. The
mutational status of STK11, SMARCA4, KRAS, and TP53 was
either determined for those cases with incomplete/conflicting
information or gathered from previous publications [Harbors
et al., 1988; Yokota et al., 1988; Otterson et al., 1994; Shimizu
et al., 1994; Matsumoto et al., 2007; Angulo et al., 2008] (Supp.
Table S1) or from the Wellcome Trust Sanger Institute’s Cancer
Cell Line Project website (www.sanger.ac.uk/cosmic). In those
cases where mutation/deletion data were not available, cells with a
reported absence of RB protein expression were classified as RBI-
mutant. The presence of the EML4-ALK fusion gene was tested
according to previously published conditions [Soda et al., 2007].

Promoter Hypermethylation

The determination of promoter hypermethylation at CDKN2A
was evaluated by bisulfite treatment of the genomic DNA and
subsequent methylation-specific PCR, using previously published
protocols [Esteller et al., 2001].

Real-Time Quantitative Genomic PCR for Determining
Gene Amplification

To determine MET, ERBB2, MYC, MYCL, and MYCN amplification
we used quantitative real-time genomic PCR. The conditions and
primers used for MYC, MYCN and MYCL have been previously
described [Medina et al., 2008]. ERBB2 and MET primers and PCR
conditions are available upon request. The copy number of genomic
DNA was measured by SYBR green using an ABI Prism 7900 Sequence
Detector (Applied Biosystems, Foster City, CA).

Inhibitors and Viability Assay

Rapamycin (mammalian target of rapamycin [mTOR] inhibi-
tor) and LY-294002 (PI3K inhibitor) were obtained from
Calbiochem (La Jolla, CA) and PHA665752 (MET inhibitor)
from Tocris Bioscience (Ellisville, MI). Erlotinib (N-(3-ethynyl-
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phenyl)-6,7-bis(2-methoxyethoxy)-4-quinazolinamine) (EGFR in-
hibitor) was a gift from Roche Pharmaceuticals (Mannheim,
Germany). Erlotinib tablets were ground to powder and dissolved
in pure dimethyl sulfoxide (DMSO) to the desired concentration.
For the cell-survival assays, cells were seeded at a density of 5,000
cells/well (15,000 cells/well for N417) on 96-well plates. They were
allowed to recover for 12 hr before adding the drugs. Cells were
exposed to various concentrations of each drug for 48 or 72 hr,
and then the viable cell number was measured by the 3-(4,5-
dimethylthiazol-2)-2,5-diphenyltetrazolium bromide (MTT) as-
say. Briefly, 10 pl of a solution of 5 mg/ml MTT (Sigma Chemical,
Zwijndrecht, The Netherlands) was added to each well. After
incubation for 3 hr at 37°C, the medium was discarded, the
formed formazan crystals were dissolved in 100 ul DMSO and
absorbance was determined at 596 nm by means of a microplate
reader (Bio-Rad, Hercules, CA). Viabilities were expressed as a
percentage of the untreated controls. The 50% growth inhibition
(ICsp) was determined from the dose-response curve. Results are
presented as the median of at least two independent experiments
performed in triplicate for each cell line and each compound.

Antibodies and Western Blot Analysis

Anti-phospho-AKT (S473), anti-AKT, anti-S6, anti-phospho-S6
(§235/236), anti-phospho-MET (Y1234/Y1235), and anti-MET
were obtained from Cell Signaling Technology (Beverly, MA). For
western blotting, cells were seeded in 12-well culture plates and,
after incubating for 24 hr with the designated drug, were scraped
from the dishes into lysis buffer. Forty micrograms (pug) of total
protein were separated by SDS-PAGE, transferred to a PVDF
membrane, and blotted with the appropriate antibody according to
the manufacturer’s instructions.

Results

Gene Alteration Profiles of a Lung Cancer Cell Line Panel

To accurately determine the frequency of point mutations and
homozygous/intragenic deletions of known cancer genes in lung
cancer, avoiding the masking effect of the admixture with
nonmalignant cells, we chose to screen cancer cell lines, including
small-cell lung cancer (SCLC), squamous cell carcinomas (SCC),
adenocarcinomas (AC), large-cell carcinomas (LCC), and carci-
noids. Eighty-eight lung cancer cell lines were tested for alterations
at 17 genes: AKT1, BRAF, MET, EGFR, ERBB2, KRAS, STK11,
MYC, MYCL, MYCN, NRAS, PIK3CA, PTEN, CDKN2A, RBI, and
TP53, as well as the EML4-ALK fusion. Alterations were present in
all genes except AKT1. The EML4-ALK fusion was never detected.
A total of 98% (86/88) of the cell lines had alterations of at least at
one of the genes tested (Supp. Table S1 and Supp. Fig. S1). As
expected, alterations in tumor-suppressor genes were homozygous
whereas they were often heterozygous in oncogenes. Although two
different heterozygous TP53 mutations were detected in three cell
lines, these mutations are likely to have occurred in each of both
alleles resulting in the complete and biallelic inactivation of the
TP53 gene. The frequency of alterations when considering all
histological types, from the highest to the lowest, were ranked as
follows: TP53 (79%), CDKN2A (59%), RB1 (35%), STK11 (27%),
MYC-family (20%), KRAS (17%), PTEN (11%), PIK3CA (8%),
EGER (7%), NRAS (6%), MET (5%), BRAF (2%), and ERBB2
(2%). The present study does not extend to mutation analysis at
another key tumor-suppressor gene, SMARCA4, which has
recently been found to be frequently altered in NSCLC [Medina



et al., 2008]. Data on the mutation status of SMARCA4 for some
cell lines is also provided in Supp. Table S1.

To determine possible cell culture artifacts we compared the
mutational profile of lung cancer cell lines and lung primary tumors.
The mutational status of the TP53, STK11, KRAS, PIK3CA, EGFR,
and BRAF genes was available for non-small-cell lung primary
tumors [Angulo et al., 2008]. The ranking of the most commonly
mutated genes in lung primary tumors (TP53>KRAS>ST-
K11>EGFR>PIK3CA>BRAF) was very similar to that in cell
lines. However, the frequency of mutations at any gene in primary
tumors was about half that in lung cancer cell lines (Supp. Fig. S2),
suggesting a reduced effectiveness in the detection of gene alterations
in primary tumors, probably due to contamination by normal cells.
Alternatively, it is also possible that primary tumors are more
heterogeneous than cell lines with respect to the accumulated genetic
alterations. Since there are models for stepwise accumulation of
genetic alterations both for lung AC and SCC, we can not
completely discard that these differences arise as a consequence of
different progression stages between the tumors and cell lines
analyzed.

Gene Alterations and Histopathological Correlations

The distribution of gene alterations among patient character-
istics and tumor histopathologies are summarized in Table 1. As
previously described, alterations in CDKN2A and STKII were
preferentially found in NSCLC, whereas alterations in PTEN, RBI,
and in the MYC family of genes, especially MYCL and MYCN,
were more common in SCLC. It is also interesting to note that
mutations at other components of the EGFR/KRAS signal
transduction pathway, i.e., EGFR, ERBB2, BRAF, and NRAS,
predominate in lung AC. The differences did not reach statistical
significance probably due to the few number of cell lines with
mutations at those genes. However, when combined together,
mutations at any of the different components of the KRAS pathway
(EGFR, ERBB2, KRAS, NRAS, and BRAF) were significantly more
frequent in lung AC as compared to SCCs (P <0.05; Fisher’s exact
test) and in NSCLC as compared to SCLC (P<0.00005; Fisher’s
exact test). Alterations at TP53 were present in a similar frequency
in both SCLC and NSCLC, indicating that its inactivation is
required for the development of all histopathological types of lung
cancer. Although very low frequency, mutations at PIK3CA were
also found in NSCLC and SCLC. The mutations found in the later
correspond to novel variants that need verification.

As previously reported, mutations at KRAS and EGFR
predominate in tumors from Caucasian and Asian patients,
respectively. However, a new observation that arises from our
study is the accumulation of alterations at the MYC-family of gene
in tumors from patients of Caucasian origin (P<0.05; Fisher’s
exact test). No associations were detected between alterations at
any gene and gender, or age, nor were gene alterations seen to have
accumulated in tumors of older patients. Rather than a definitive
observation, the lack of association between the presence of
mutations at EGFR and KRAS with tumors from nonsmokers and
smokers, respectively, is likely due to the lack of information on
the smoking habit of many the individuals.

Identification of Novel Variants

In addition to well-known somatic mutations with an
oncogenic effect within the helical and kinase domains of PIK3CA
[Samuels et al., 2004; Gymnopoulos et al., 2007; Angulo et al,
2008], we identified two novel variants, both located near well-

characterized mutation hotspots. One of these is an insertion of
387nt after the termination codon TGA that results in the
duplication of amino acids 1,051 to 1,068 (Fig. 1B) and the other
is a p.D1029Y substitution. Since no matched normal DNA was
available for these cell lines, we could not test whether these
mutations are germline polymorphisms or tumor-specific muta-
tions. Four cell lines carried MET alterations, including gene
amplification and two novel variants, p.L1158F (in the HCCI5
cells) and p.T1259K (in the H1963 cells) (Fig. 1B and C). Again,
due to the lack of normal matched DNA for these cell lines we
could not verify the somatic nature of the amino acid
substitutions. However, the absence of constitutive MET activation
indicated by the lack of pMETY'#**¥123% in these cell lines strongly
argues against an oncogenic role for the variants (Fig. 1D). The
H441, Calu3, HCC366, and HCC78 cells that were reported to
have high levels of pMETY1234/Y1235 [Rikova et al., 2007] did not
feature gene amplification or point mutations within the hotspots
tested here.

Cooperation of Several Biological Pathways in Lung
Carcinogenesis

It is widely accepted that alterations of genes in the same
biological pathways are not redundant in cancer cells. Accordingly,
genes that are altered in a mutually exclusive manner are likely to
encode proteins that act in the same biological pathway. This
hypothesis has been extensively borne out in lung cancer cells by
the lack of concomitant alterations at RBI and CDKN2A, and at
EGFR and KRAS. Our data also confirm the mutually exclusive
nature of these pairs of alterations (Fig. 1A). Likewise, alterations
at ERBB2 and NRAS did not occur in the same cell lines or in cells
carrying EGFR and KRAS mutations, consistent with their
participation in the same signal transduction pathway. PTEN
and PIK3CA, which are both encoding proteins that modulate the
intracellular levels of the phosphoinositide-3,4,5-trisphosphate
(PIP3), were also found to be mutated in a mutually exclusive
manner. Only one cell line, Lul34, with a homozygous deletion at
PTEN, had a concomitant change at PIK3CA. The PIK3CA variant
is a p.D1029Y substitution, which has not been described before
and for which there is no evidence of its somatic nature. On the
other hand, there were concomitant BRAF- and NRAS-activating
mutations in the H2087 lung adenocarcinoma cells. The somatic
nature of the p.L597V mutation in BRAF was confirmed after
sequencing the DNA of the corresponding lymphoblastoid line
(BL-H2087). On the other hand, simultaneous mutations in signal
transduction pathways that are known to converge in the
modulation of mTOR activity, such as MET, PIK3CA/PTEN,
STK11, and KRAS/EGFR/NRAS/ERBB2, were present in some cell
lines, implying cooperation in cancer development. Namely, 17
(28%) of the 61 NSCLC cell lines carried single mutations,
whereas 16 (26%) and two (3%) of them carried double and triple
mutations, respectively, in any of this group of genes.

Correlation of Acquired Genetic Alterations With
Sensitivity to Small Molecule Inhibitors

To understand a possible effect of these genetic alterations on
the primary resistance to tyrosine kinase inhibitors (TKIs) and
other small molecule inhibitors, we selected a panel of 10 lung
cancer cell lines with a known genetic background for KRAS,
STK11, EGER, PTEN, PIK3CA, and MET, and tested the sensitivity
to treatment with inhibitors of PI3K (LY294002), mTOR
(rapamycin), MET (PHA665752), and EGFR (erlotinib). As
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Gene alterations in lung cancer cell lines. A: Profile of genes altered in human lung cancer cell lines. The presence of alterations is

indicated by gray bars. Black squares indicate no data. The black lines in the PIK3CA oncogene refer to the two variants of unknown oncogenic
potential. The histopathology is also shown. B: PIK3CA and MET variants in the RERF-LC-0K and HCC15 cell lines. Nucleotide numbering reflects
cDNA numbering with +1 corresponding to the A of the ATG transition initiation codon in the reference sequence C: MET gene amplification in
lung cancer cell lines revealed by quantitative PCR. The relative MET copy number was determined by comparison with an unrelated
control locus, MDH2, on chromosome 7q11. Cells with MET amplification are indicated with an arrow. D: Western blot anti-phospho-MET
(pPMETY'Z¥Y1235) and anti-MET (MET) in the indicated cell lines. Constitutive MET activation is present in the EBC-1 and Calu-3 cells, but not in
the HCC15 and H1963 cells, which carry gene variants of unknown biological significance.

subrogate markers to test the ability of the drug to inhibit its
target molecule we measured the levels of pAKTS™”® (for PI3K
and EGFR inhibitors), pS6S‘3r235/23 S (for mTOR inhibitor), and
pMETY!##Y123% (for MET inhibitor). The calculated ICs, for the
different compounds is summarized in Figure 2A. A marked
genotype—drug sensitivity association was observed for the Calu-3
and EBC-1 cells, which were highly responsive to growth
inhibition triggered by erlotinib and PHA665752 compounds,
respectively. The effectiveness of these treatments was also
measured by their ability to decrease phosphorylation at their
target molecules or at downstream effectors (Fig. 2B). We did not
observe a low ICs, in response to treatment with PHA665752, in
the H1963 or HCC15 cell lines (data not shown). These carry
amino acid substitutions at the tyrosine kinase domain of MET,
which is further indication that these variants are not functionally
significant. Similarly, the Calu-3 cells that carry high levels of MET
phosphorylation (Fig. 1D) but do not exhibit gene amplification
or mutations were insensitive to PHA665752. Interestingly, the
H522 cells evidenced a strong sensitivity to PHA665752. These
cells neither carry amplification/point mutations at MET nor
MET phosphorylation. Thus, the characterization of the gene
alterations underlying the sensitivity of these cells to MET
inhibitors will be of interest. Although the differences were not
as marked, we also noted that sensitivity to LY294002, as indicated
by the lower IC5, was increased in the H446 and N417 cell lines,
both of which are PTEN-deficient. Similarly, the lowest ICs;, to
rapamycin was observed for the N417, H446, EBC-1, and Calu-3
cells (Fig. 2A and B). Some of these cells carry constitutive
activation of AKT due to the presence of PTEN inactivation (the
N417 and H446), or to ERBB2 gene amplification (Calu-3).
Intriguingly, the triple mutant KRAS-STK11-PIK3CA (H460) and
EGFR-PTEN (H1650) cells were extremely resistant to rapamycin,
LY294002, and erlotinib. Thus, we investigated the effect of the

combined treatment with erlotinib and LY294002 on cell growth,
and found that the addition of erlotinib significantly increased the
efficiency of cell-growth inhibition of the LY294002 compound in
H1650 cells, but not in H460 cells (Fig. 3A and B).

Discussion

We provide a detailed gene-alteration profile of lung cancer cells
of distinct histologies. In full compliance with Knudson’s two-hit
hypothesis [Knudson, 1971], mutations in tumor suppressors, but
not in oncogenes, were always homozygous. We also confirmed
the disproportionately high frequency of occurrence of some gene
alterations in specific histological types, which probably reflects
differences in the cell type of origin. The overall profile of genes
mutated in lung cancer was comparable between lung primary
tumors and lung cancer cell lines. However, the frequency of
mutations at any gene was higher in cell lines, which strongly
implies a masking effect due to the admixture of nonmalignant
cells that hinders the detection of point mutations and insertions/
deletions in the primary tumors. This obstacle has been noted
before [Sanchez-Cespedes, 2007; Thomas et al., 2006] and is a
significant problem that may be solved by the use of a novel
generation of sequencers [Thomas et al, 2006], or by other
technical approaches like careful microdissection of tumor cells.

TP53 was the most frequently altered gene in the lung cancer
cell lines. Nearly 80% of the cell lines carry alterations of this
tumor suppressor. Similarly, alterations at the cell cycle compo-
nents, either RB or CDKN2A, were also extremely common. The
high frequency of TP53 and CDKN2A/RBI alterations in all
histopathologies is a demonstration of their important role in
lung cancer development. It is tempting to speculate that TP53
and CDKN2A/RBI inactivation in lung cancer may be universal
and are thus a requisite for the evolution of lung tumors.
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Conversely, alterations at some oncogenes, such as BRAF, ERBB2,
and MET, were infrequent.

It was remarkable the differences in the activation of
components of the KRAS pathway among the lung cancer
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histopathologies. While alterations at any of the BRAF, EGFR,
ERBB2, KRAS, or NRAS was significantly more common in AC as
compared to SCC, virtually none of the SCLC carry alterations at
any of those genes. This strongly points out towards completely
different mechanisms of carcinogenesis for NSCLC and SCLC and
likely accounts for the distinct clinical behavior of both types of
lung cancer.

Although mutations outside the hotspots may increase the
frequency of alterations at these genes to some extent, it seems
certain that their contribution will be confined to a small subset of
lung tumors. However, given that the encoded proteins are targets
for small molecule inhibitors, the context in which these
mutations arise (e.g., histological type, concomitant mutations
at other genes) needs to be better understood. We confirmed the
lack of concomitant mutations in those genes encoding proteins
acting in the same biological pathway, such as CDKN2A/RBI,
KRAS/EGFR/ERBB2, and PIK3CA/PTEN. Apart from these,
simultaneous alterations were found in most of the other genes.
Intriguingly, we also found that BRAF-NRAS, were genetically
altered in the same cells, suggesting that the collaboration of the
encoded proteins affects the development of the cancer. Similarly,
it was previously reported that BRAF mutations involving codons
other than 600 or 601 were highly likely to co-occur with a RAS
family mutation [Thomas et al., 2007]. It is interesting to note the
frequent concomitant activation of signal transduction pathways



that converge in the modulation of mTOR activity upon different
stimuli, such as KRAS/EGFR/ERBB2, PIK3CA/PTEN, and STK11
[Corradetti and Guan, 2006].

Selective small inhibitors against molecules that participate in
different signaling pathways have been approved or are at various
stages of development for clinical use in cancer patients. In this
new scenario of targeted therapies, the response to a given
therapeutic drug is likely to depend on the genetic background of
the tumor. Similarly to previous observations [McDermott et al.,
2007], our present results show how lung cancer cells with single
alterations at MET, PTEN, or ERBB2/EGFR are sensitive to MET
(PHA665752), PI3K (LY294002), and EGFR (erlotinib) inhibitors,
respectively. However, this does not hold true in cells with
activation of multiple signaling pathways, suggesting that there are
interconnections among pathways that enable cells to bypass the
negative effects on cell growth triggered by the small inhibitor. We
found that in the originally resistant EGFR/PTEN double-mutant
cells, erlotinib sensitized the cells to the effect of the LY294002
compound, which suggests that the use of drug combination
strategies could improve sensitivity to specific therapies. Current
efforts to understand the mechanisms of tumor resistance,
especially to TKIs in lung cancer, further support this hypothesis
[Rikova et al., 2007; Engelman et al., 2007]. Guo et al. [2008]
reported that in EGFR-mutant cells which are sensitive to EGFR
inhibitors, EGFR drives other receptors tyrosine kinases (RTKs)
and a network of downstream signaling that collapse with drug
treatment. In these cells, secondary drug resistance appears
through the generation of novel gene alterations at another
RTK, MET, preventing such collapse and thus bypassing the
inhibitory effect of the drug. Taken together these observations are
strong evidence that different signal transduction pathways
assemble in networks, through the use of some common
components. Beyond the contribution to the understanding of
cell biology, our observations draw attention to the need to stratify
tumors according to their genotype and histology and suggest that
the combination of pathway-selective therapies will eventually be
required for the treatment of many solid tumors.
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The Challenge

The Lung Cancer SPORE at The University Texas MD
Anderson Cancer Center and Southwestern Medical
School requires the integration of heterogeneous
multi-institutional sources comprising both
molecular and clinical data.

The Technology

We describe a novel method for converging domain
specific experimental ontologies that relies on
propagating permissions in Resource Description
Framework (RDF) triplets rather than the single
access point of conventional relational databases.

The challenge is addressed by combining Semantic
Web data reposition with code distribution. The
S3DB Core Model [1,2] was used to represent each
data element on the Lung Cancer Dataset as RDF
triples.

The use of the traditional web 1.0 tools to
manage translational datasets is not appropriate
as they typically include not only clinical but
molecular data as well.

Using a Semantic Web management model for
integration such as S3DB, experimental data may
be queried using Semantic Web Technologies
such as, for example, SPARQL, the query
language for RDF.
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1 - SEMANTIC CORE MODEL
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Unique Identifiers of entities:
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Pid rd:type s3db:Project
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Core data model developed for S3DB (supported by version 3.0
onwards). This diagram can be read starting from the most
fundamental data unit, the Attribute-Value pair (filled hexagonal
and square symbols). Each element of the pair is object of two
distinct triples, one describing the domain of discourse, the
Rules, and the other made of Statements where that domain is
populated to instantiate relationships between entities. The latter
includes the actual Values. Surrounding these two nuclear
collection of triples, is the resolution of Collection and its
instantiation as Item that define the relationship between the
individual elements of Rules and Statements. The resulting
structure is then organized in Projects in such a way that the
domain of discourse can nevertheless be shared with other
Projects, in the same or in a distinct deployment of S3DB.
Finally, a propagation of User permissions (dashed line) is
defined such that the distribution of the data structures can be

traced. Generic interfaces

2 — PERMISSION MIGRATION
AND DATA ACCESS

Distinct users, with identities (solid icon) managed in
distinct S3DB deployments (circular compartments),
which they control separately, share a distributed
and overlapping data structure (arrows between
symbols) that they also manage independently:
some data elements are shared (mixed color
symbols) others are not. This will require the identity
verification to propagate between deployments peer-
to-peer (P2P, dotted lines), including to deployments
where neither user maintains an identity (dotted
circular compartment). This is in contrast with the
conventional approach of having distinct users
manage insular deployments with permissions
managed at the access point level.

What S3DB provides is a web service for data
discovery that can be accessed through a RESTfull
API. Generic interfaces and stand alone analytic
applications query the data elements using a
SPARQL endpoint, available with each deployment
of S3DB, to perform queries that are distributed by
the deployments where the data is kept.

S3DB Fact Sheet:

Availability: http:/s3db.org

Source code: PHP (5+); License: GNU GPL. i
Downloads: ~2/day since Jan 2008; Registered deployments: 248.
API: REST (Representation State Transfer). ;
1/0: RDF, XML, tab-delimited

Client ications: http://bioinformati ion.org.

3 — DOMAIN REPRESENTATION

(1)

/nm
‘e
:

Relevant data elements of the domain, such as individual
images of the Tissue Microarrays (1) and Personal Health
Record (2) data are assigned to each element of the S3DB
Core Model by the domain expert. The concepts of Sample
and Tissue Microarray, for example, are assigned to
Collections (red and yellow nodes) and the relationships
between two Collections or between a Collection and an
attribute such as “Age” (green nodes) are assigned to the
Rules (grey lines). Elements that represent instances of
Collections are assigned to Items, for for example, “Patient
#12345" is assigned to an Item of the Collection “Clinical
Data”. Finally, the value for a given attribute, such as “Age
27 is assigned to a Statement.

{ Abbreviations: S3DB — Simple Sioppy Semantic

| Database; RDF — Resource Description
| Framework; TCGA — The Cancer Genome Atlas;
{ SPARQL - Sparql RDF Query Language
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Abstract

Background: Data, data everywhere. The diversity and magnitude of the data generated in the Life Sciences defies
automated articulation among complementary efforts. The additional need in this field for managing property and access
permissions compounds the difficulty very significantly. This is particularly the case when the integration involves multiple
domains and disciplines, even more so when it includes clinical and high throughput molecular data.

Methodology/Principal Findings: The emergence of Semantic Web technologies brings the promise of meaningful
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infrastructure. Specifically, the demonstration is performed by linking data sources associated with the Lung Cancer SPORE
awarded to The University of Texas MDAnderson Cancer Center at Houston and the Southwestern Medical Center at Dallas.
A software prototype, available with open source at www.s3db.org, was developed and its proposed design has been made
publicly available as an open source instrument for shared, distributed data management.

Conclusions/Significance: The Semantic Web technologies have the potential to addresses the need for distributed and
evolvable representations that are critical for systems Biology and translational biomedical research. As this technology is
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Introduction

Data management and analysis for the life sciences
“The laws of Nature are written in the language of
mathematics” famously said Galileo. However, in recent years
efforts to analyze the increasing amount and diversity of data in
the Life Sciences has been correspondingly constrained not so
much by our ability to read it as by the challenge of organizing it.
The urgency of this task and the reward of even partial success in
its accomplishment have caused the interoperability between
diverse digital representations to take center stage [1-5]. Presently,

@ PLoS ONE | www.plosone.org

for those in the Life Sciences enticed by Galileo’s pronouncement,
the effort of collecting data is no longer focused solely on field/
bench work. Instead, it often consists of painfully squeezing the
pieces of the systemic puzzle from the digital media where the raw
data is held hostage[6]. It is only then that a comprehensive
representation amenable to mathematical modeling really be-
comes available[7]. This is not a preoccupation exclusive to the
Life Sciences. Integration of software applications is also the
driving force behind new information management systems
architectures that seek to eliminate the boundaries to interoper-
ability between data and services. This preoccupation indeed

August 2008 | Volume 3 | Issue 8 | e2946



underlies the emergence of service oriented architectures [8-11],
even more so in its event driven dynamic generalization [12]. It
also underlies the development of novel approaches to software
deployment (Figure 1) that juggle data structures between server
and client applications. Presently, a particularly popular design
pattern is the usage-centric Web 2.0 [13,14] which seeks a delicate
balance in the distribution of tasks between client and server in
order to diminish the perception of a distinction between local and
remote computation.

Semantic web technologies [3,15-21] represent the latest
installment of web technology development. In what is being
unimaginatively designated as Web 3.0[22,23], a software
development design pattern is proposed where the interoperability
boundaries between data structures, not just between the systems
that produce them, is set to disappear. The defining characteristic
of this environment is that one can retrieve data and information
by specifying their desired properties instead of explicitly
(syntactically) specifying their physical location. The desirability
of this design can clearly be seen in systems in which clinical
records are matched with high throughput molecular profiles, each
of which stem from very distinct environments and are often the
object of very different access management regulations.

Inadequacy of conventional systems for Translational
Research

On the one hand, high throughput molecular Biology core
facilities and improved medical record systems are able to

Document centric
Web 1.0
\‘
I
Tig

User centric
Web 2.0

Web 3.0

Semantically aware

Figure 1. Three generations of design patterns for web-based
applications. The original design (“1.0”) consists of collections of
hypertext documents that are syntactically (dashed lines) interoperable
(traversing between them by clicking on the links), regardless of the
domain content. The user centric web 2.0 applications use internal
representations of the external data structures. This representation is
asynchronously updated from the reference resources which are now
free to have a specialized interoperation between domain contents. An
example of this approach is that followed by AJAX-based interfaces.
Finally, the ongoing emergence of the semantic web promises to
produce service oriented systems that are semantically interoperable
such that the interface application reacts to domains of knowledge
specifically. At this level all applications tend to be web-interoperable
with peer-to-peer architectures complementing the client-server design
of w1.0 and w2.0.

doi:10.1371/journal.pone.0002946.9001
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document individual data elements with increasing detail. On
the other hand, researchers producing the data and models that
critically advance the understanding of biological phenomena are
increasingly separated from their use by the specialization inherent
in each of these activities. Consequently, bridging between the
information systems of basic research and their clinical application
becomes a necessary foundation for any translational exploits of
new biomedical knowledge[3,24]. The alternative, using conven-
tional data representations where the data models cannot evolve,
typically requires the biomedical community to complement the
data representation with a clandestine and inefficient flurry of
datasets exchanged as spreadsheets through email.

Foundations for a novel solution

As others before us[5], we have argued previously for the use of
semantic web formats as the foundation for developing more flexible
and articulated data management and analytical bioinformatics
infrastructures[20]. A software prototype was then produced
following those technical specifications to provide a flexible web-
based data sharing environment within which a management model
can be identified[24]. In this third report we describe the resulting
core model supporting distributed and portable data representation
and management. In practice this translates into a small application
deployed in multiple locations rather than a large infrastructure at a
single central location. The open source prototype application
described here has been made public[25]. All deployments support a
common data management and analysis infrastructure with no
constraints on the actual data structures described.

A very brief history of data

The formatting of data sets as portable text mirrors the same
three stages described for web-based applications in Figure 1. As
described in Figure 2, data representation has been evolving from
tabular text formats (“flat files™), to self described hierarchical trees
of tags (extended markup languages, XML), and finally to the
subject-predicate-object triples of Resource Description Frame-
work (RDF)[26]. We have been active participants in these
transformations [24,27,28], and like many others concluded that
in order to bridge the fragmentation between distinct data
structures, we needed to break down the data structures
themselves[20], that is, to reduce the interoperable elements to
RDF triples[29]. In addition to its directed labeled graph nature,
RDF formats[29] have a second defining characteristic: each of
the three elements has a Uniform Resource Identifier (URI),
which, for the purposes of this very brief introduction, can be
thought as a unique locator capable of directing an application to
the desired content or service. It is also interesting to note that at
cach level of this three-stage progression (Figure 2) we find data
elements that have “matured”, that is, that present a stable
representation which remains useful to specialized tools. When this
happens we find that those elements remain convenient represen-
tations preserved whole within more fragmented formats. For
example, we find no advantages in breaking down mzXML[30]
representations of mass spectrometry based proteomics data.
Instead, these data structures are used as objects of regular RDF
triples. The mzXML proteomics data structure offers an
paradigmatic illustration of the evolution of ontologies as efforts
to standardize data formats[31]. It would be interesting to
understand if the lengthy effort headed by the Human Proteomics
Organization, HUPO, to integrate it reflects the difficulty to justify
reforming[32] a representation that remains useful[33].

The advancement towards a more abstract, more global and
more flexible representation of data is by no means unique to the
Life Sciences. However, because of the exceptional diversity of
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Figure 2. Evolution of formats for individual datasets. Hexagons, rectangles and small circles indicate data elements, respectively, attributes,
their values, and relations. First, flat file formats such as fasta or the GeneBank data model were proposed to collect attribute-value pairs about an
individual data entry. The use of tagging by extended markup languages (XML) allowed for the embedding of additional detail and further definition
of the nature of the hierarchical structure between data elements. More recently, the resource description framework (RDF) further generalized the
XML tree structure into that of a network where the relationship between resources (nodes) is a resource itself. Furthermore, the referencing of each
resource by a unique identifier (URI) implies that the data elements can be distributed between distinct documents or even locations.

doi:10.1371/journal.pone.0002946.9002

that domain’s fluidity, the Life Sciences are where the Semantic
Web may find its most interesting challenge and as well, hopefully,
where it will find its most compelling validation[15].

Mathematics for data models

It has not been lost to the swelling ranks of Systems Biologists
that the reduction of data interoperability to the ternary
representation of relations [34] brings the topic solidly back to the
Galilean fold of Mathematics as a language. The reduction of data
structures to globally referenced dyadic relations (functions of two
variables), such as those of the Entity-Relationship (ER) model,
brings in rich feeds from the vein of Logic. In the process, and
beyond Galileo’s horizon, assigning a description logic value[35
37] to some RDF predicates (for example, specifying that
something is part of or, on the contrary, is distinct from something
else) allows the definition of procedures. This further elaboration
of RDF has the potential to transform data management into an
application of knowledge engineering, and more specifically of
artificial intelligence (Al). This reclassification reflects the dilution
of the distinction between data management and data analysis that
Is apparent even in an introduction as brief as this one. Another
clear indication of this transformation is that it re-ignites the
opposition between data-driven and rule-driven designs for
semantic web representation[38-42], a recurring topic in Al It
Is important to note that the management model proposed here is
orthogonal to that discussion. Its purpose is solely to enable the
distribution[43] of a semantic data management system that can
withstand changes in the domain of discourse, independently of
the rationale for the changes themselves.

Software engineering for Bioinformatics

This overview of modern trends in integrative data management is
as significant for what is covered as for what is missed — what
management models should be used to control the generation and
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transformation of the data model? It is interesting to note that the
management models that associate access permissions with the
population of a data model have traditionally been the province of
software engineering. This may at first appear to be a reasonable
solution. Since instances of a data structure in conventional
databases are contained in a defined digital media, permission
management is an issue of access to the system itself. However, this
ceases to be the case with the semantic web RDF triples because they
weave data structures that can expand indefinitely between multiple
machines. Presently, the formalisms to manage data in the semantic
web realm are still in the early stages of development, notably by the
World Wide Web consortium (W3C) SKOS initiative (Simple
Knowledge Organization Systems). This initiative recently issued a
call[44] for user cases where good design criteria can be abstracted
and recommendations be issued on standard formats. As expect-
ed[15], the Life Sciences present some of the most convoluted user
cases in which a multitude of naive domain experts effectively need
to maintain data structures that are as diverse and fluid as the
experimental evidence they describe[24].

Materials and Methods

The most extreme combination of heterogeneous data struc-
tures and the need for very tight control of access is arguably found
in applications to Personalized Medicine, such as those emerging
for cancer treatment and prevention. At the Univ. Texas
MDAnderson Cancer Center at Houston and the Southwestern
Medi