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Supplementary Materials and Methods 

Animals  

CCSP-rtTA;Tet-op-EGFR L858R-T790M mice were housed and cared for at National 

Cancer Institute-Frederick facilities. NCI-Frederick is accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International and follows the USPHS 

Policy for the Care and Use of Laboratory Animals. All the studies were conducted according to 

an approved Animal Care and Use Committee protocol.  Detection of the CCSP-rtTA and Tet-

op-hEGFR-L858R-T790M alleles was performed as described previously (1). 

Histology/Pathology 



H&E slides of lungs from drug and vehicle-treated tumors were scored blindly by a board 

certified veterinary pathologist (PLM) according to a grading scheme that was developed for this 

study (Supplementary Fig. S1). All tumors (4-10) of each experimental group (vehicle or drug-

treated) were analyzed. As lung lesions per mouse were often heterogeneous, the most severely 

affected lobe was graded according to the following semi-quantitative scoring system: 0 = no 

significant lesions;  1= minimal lesions: multifocal mild atypical type II pneumocyte hyperplasia, 

rare small atypical adenomas, most of the lung is unaffected; nuclei are significantly enlarged 

compared to normal type II pneumocytes; mild nuclear pleiomorphism/atypia with large round to 

oval nuclei with a coarsely stippled chromatin pattern, occasional double nucleated cells; 2 = 

mild lesions: occasional atypical adenomas with rare borderline/early adenocarcinoma; large 

regions with mild atypical hyperplasia or are unaffected; increased nuclear pleiomorphism, 

nuclear/cytoplasmic ratio, multinucleated cells; rare mitotic figures and apoptotic cells;  3 = 

moderate lesions: multifocal large atypical adenomas (coalescence is rare); large regions of 

atypical hyperplasia; occasional well differentiated and demarcated adenocarcinomas with no 

lymphovascular invasion.  The majority of at least one lung lobe is affected with either tumors 

and/or atypical hyperplasia; increased nuclear pleiomorphism, nuclear-to-cytoplasmic ratio, 

multinucleated tumor cells, mitotic, and apoptotic cells. 4 = moderately severe lesions: 

multifocal to coalescing adenocarcinomas and atypical adenomas that affect the majority of a 

lung lobe, adenocarcinomas are common with occasional lymphovascular invasion; increased 

nuclear pleoimorphism (with cleaved/indented nuclei), nuclear-to-cytoplasmic ratio, mitoses, 

apoptosis, and multinucleated cells. 5 =severe lesions: diffuse involvement, multifocal to 

coalescing adenocarcinomas that efface entire lung lobes, adenocarcinoma is invasive with 



lymphovascular invasion, nuclei are similar to grade 4 but with increased multinucleated tumor 

cells.  

 

Drugs 

BIBW 2992 (Chemietek, Indianapolis, IN) was resuspended in 0.5% 

methylcellulose/0.4% Tween 80 and dosed daily at 20 mg/kg by oral gavage for the times 

indicated. Rapamycin (LC Laboratories, Woburn, MA) was resuspended in 4% ethanol/5% PEG 

400/5% Tween 80 and dosed daily at 2mg/kg by intraperitoneal injection.  

Histology/IHC 

Lung tissues were fixed with neutral buffered 10% formalin overnight, and hematoxylin 

and eosin (H&E) staining was performed on 5µm paraffin sections. Unstained slides were 

deparaffinized, and antigen retrieval was performed in a citrate buffer (Declere, Cell Marque, 

Rocklin, CA) in a pressure cooker at 100°C for 10 min, followed by 20 min. incubation at room 

temperature (RT).  Blocking was performed with 5% normal donkey serum in TBS for 1hr at 

RT.  Primary antibody incubation was performed overnight at 4°C, followed by secondary 

antibody incubation at RT for 30 min. HRP-labeled rabbit on rodent polymer was used (Biocare 

Medical, Concord, CA) and staining was visualized with DAB (Sigma Fast DAB tablets) for 10 

min. at RT.  All slides were counterstained with hematoxylin and permanently mounted.   Ki-67 

staining was performed on a Leica BondMax autostainer utilizing the Polymer Refine kit and a 

one hour primary incubation at RT.  Primary antibodies and the concentrations used are as 

follows:  EGFR XP and pEGFR XP(Tyr1068) antibodies were obtained from Cell Signaling 

Technology (Beverly, MA) and were used at 1:100 and 1:400, respectively. Ki-67 was purchased 

from Bethyl Laboratories (Montgomery, TX) and used at a 1:500 dilution.  



Immunoblotting 

Tumor samples were resuspended in tissue lysis buffer ((50mM Tris, 150mM NaCL, 1mM 

EDTA, 1% NP40, 10% glycerol, 1mM Na3VO4, 1mM DTT, 1nM PMSF, 1X protease inhibitor 

(Sigma), and 1X phosphatase inhibitors (Sigma)), rotated at 4°C for 30 minutes, and centrifuged 

at 13,000rpm for 10 minutes at 4°C. Protein concentration was determined by BCA assay 

(Thermo Scientific-Pierce). Western blot analyses were conducted after separation by 

SDS/PAGE electrophoresis and transfer to nitrocellulose membranes. Immunoblotting was 

performed according to the antibody manufacturers' recommendations. Primary antibodies were 

obtained from Cell Signaling (p-EGFR, EGFR, p-S6 and S6) or Sigma (β-actin). 

MRI 

Mouse lungs were imaged with a Philips Intera Achieva 3.0T MRI clinical scanner. 

Image analysis was performed using OsiriX DICOM viewer v.3.6.1 (http://www.osirix-

viewer.com/).  Baseline MRI scans were compared with MRIs done after intervention for each 

mouse.  Before and after images of the same mouse were compared simultaneously.  Regions of 

interest (ROI) were drawn outlining the lung space.  ROIs were drawn in similar anatomic 

locations for all pairs of mice.  ROIs were also drawn around a sample of air next to each mouse 

to represent background, and ROIs were taken to sample gallbladder signal for each mouse.  

From these ROIs the lung cavity area, mean intensity, standard deviation, sum, and maximum 

intensity value were documented.  The background and gallbladder ROI mean intensities were 

used to generate the data correction. Uncorrected values for each treatment group represent mean 

intensity values for each mouse at baseline and after treatment expressed as the percent change 

from the baseline image.  The corrected data represent the mean intensity minus the background 

air, divided by the average intensity of the gallbladder. One-way ANOVA with Tukey’s multiple 



comparisons post-test was performed using GraphPad Prism version 4.0c for Macintosh 

(GraphPad Software, San Diego California USA, www.graphpad.com).   

 

Metabolomic Profiling 

Metabolomic profiling was performed at Metabolon, Inc. (Durham, NC) to identify and 

quantify metabolites from lung and blood samples. Whole blood was obtained prior to euthanasia 

and frozen in 9mM EDTA; lung tissue was snap frozen at necropsy. The unbiased global 

metabolic profiling platform utilized three independent instrument platforms: ultrahigh 

performance liquid chromatography/tandem mass spectrometry (UHLC/MS/MS2) optimized for 

basic species, UHLC/MS/MS2 optimized for acidic species, and gas chromatography/mass 

spectrometry (GC/MS).  The platform was described in detail in a previous publication (2). Lung 

and blood samples were extracted, split for analysis in the three platforms (UHLC/MS/MS2 

optimized for basic species, UHLC/MS/MS2 optimized for acidic species, and GC/MS), and ion 

features were matched against platform-specific compound chemical libraries. Samples were 

normalized at the sample extraction stage by analyzing a constant mass of tumor tissue or a 

constant volume of blood.  Samples were extracted using an automated MicroLab STAR® 

system (Hamilton Company, Salt Lake City, UT) in a fixed ratio (sample amount/volume) of 

methanol, containing recovery standards.  UPLC/MS utilized a Waters Acquity UHPLC (Waters 

Corporation, Milford, MA) coupled to an LTQ mass spectrometer (Thermo Fisher Scientific Inc., 

Waltham, MA) equipped with an electrospray ionization source.  Two separate UHPLC/MS 

injections were performed for each sample: one optimized for positive ions and one for negative 

ions.  Derivatized samples for GC/MS were analyzed on a Thermo-Finnigan Trace DSQ fast-

scanning single-quadrupole MS operated at unit mass resolving power. Chromatographic 



separation, followed by full scan mass spectra, was preformed to record retention time, 

molecular weight (m/z) and MS/MS2 of all detectable ions present in the samples.  Metabolites 

were identified by automated searching to compare ion features in experimental samples to a 

reference library of chemical standard entries that included retention time, molecular weight 

(m/z), preferred adducts, and in-source fragments, as well as their associated MS/MS2 spectra.  

This library match procedure allowed rapid identification of metabolites in the experimental 

samples with high confidence.  Comparison of experimental samples to process blanks (water 

only) and solvent blanks allowed automated removal of artifactual peaks.   Because samples 

were analyzed in multiple run-day blocks, data were corrected for minor variations resulting 

from instrument inter-day tuning differences. Missing values for a given metabolite were 

assigned the observed minimum detected value (separately for tissue and blood datasets), based 

on the assumption that the missing values were below the limits of detection.  For the 

convenience of graphical visualization, the raw area counts for each biochemical were re-scaled 

by dividing each sample value by the median observed value (excluding imputed values) for the 

specific biochemical.   

Statistical analysis was performed using JMP (SAS, http://www.jmp.com), a commercial 

software package, and “R” (http://cran.r-project.org/), a freely available open-source, software 

package.  A log transformation was applied to the observed relative concentrations for each 

biochemical because the variance generally increased as a function of each biochemical’s 

average response.  Welch’s t tests, a variation of Student’s t test for samples with unequal 

variances, were performed to compare data obtained between experimental groups in the tumor 

induction study (E-R+ and E+R+ mice at 2 weeks of induction or at study termination).  

ANOVA contrasts were used to compare data from the drug treatment experiments.  The false 



positive rate associated with multiple comparisons was calculated using the false discovery rate 

(FDR) method of Storey and Tibshirani (3); q-values for all tests are included in Table S3.  

HPLC-MS/MS validation 

Portions of the left lung lobe were snap-frozen at necropsy. Tissue was lysed in 600µl 

cold 10mM N-Ethylmaleimide (Aldrich) with a drill-fitted dounce homogenizer. Samples and 

reagents were kept on ice. 50µl of 40% perchloric acid was added and samples were centrifuged 

at 11,000 rpm for 15 minutes at 4°C. The supernatant was transferred to fresh tubes and stored at 

-20°C prior to analysis. The pellets were used to determine protein concentration. LC-MS/MS 

was carried out using a Quattro Micro triple-quadrupole mass spectrometer (Micromass, 

Manchester, UK) equipped with a Shimadzu LC-10ADvp pump and a SLC-10Avp controller 

system with a SIL-10ADvp autoinjector. Samples were analysed by reverse-phase high-pressure 

liquid chromatography using a Phenomenex (Torrance, CA) Prodigy ODS column (100x2 mm) 

with 3 µm particle size. In all cases, 40 µl was injected onto the column. Positive and negative 

ion electro-spray tandem mass spectra were recorded with the electrospray capillary set at 3.5 kV 

and a source block temperature of 120°C. Nitrogen was used as the drying and nebulizing gas at 

flow rates of 300 and 30 l/hr, respectively. Argon at 1.5x10-3 mbar was used as the collision gas 

for collision-induced dissociation. An assay based on LC-MS/MS with multiple reaction 

monitoring was developed using specific transitions for selected metabolites. Calibration curves 

were obtained using standards of selected metabolites (0.01–100 µM) and, in each case, were 

found to be linear with correlation coefficients > 0.99. Blood was expressed as µM and lung 

tissue samples were normalized to total protein content. Protein extracts were analyzed using the 

BCA assay (Thermo Fisher Scientific). 

Microarray 



Total RNA from the left lung lobe of each mouse was extracted by Trizol reagent 

(Invitrogen) and purified using RNeasy kits (Qiagen). Total RNA concentrations were 

determined using the NanoDrop 2000 spectrophotometer (Thermo Scientific). RNA was then 

DNase treated using the DNA-free kit (Ambion/Applied Biosystems). First-strand cDNA 

synthesis was performed using the SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen). 

Hybridization to Mouse Gene 1.0 ST chips was performed following Affymetric protocols 

(Affymetrix, Inc.). Gene expression data were filtered using low stringency, pre-defined criteria: 

probe set intensity (32 in all samples) and dynamic variation (more than five-fold over the entire 

sample set). After filtering, probes representing the same genes were collapsed into a single 

value, and standardized by taking the median value for each gene across sample set. 

Gene Expression Profiling 

Hierarchical clustering analysis was performed using pairwise complete linkage method 

with the Pearson correlation distance measure employing the Genepattern genomic analysis 

platform."Single Sample" Gene Set Enrichment Analysis (GSEA) was used to determine the 

degree of absolute enrichment of GO biological processes gene sets (obtained from 

http://www.broadinstitute.org/gsea/msigdb) in each sample within the gene expression data set. 

Signature values for each sample were normalized using the entire sample set. Gene expression 

values for a given sample were rank-normalized and rank-ordered, and an enrichment score was 

produced using the Empirical Cumulative Distribution Functions (ECDF) of genes in the GO 

signatures and remaining genes. A statistic was calculated by an integration of the difference 

between the ECDFs, which is similar to the method used in GSEA but based on absolute 

expression instead of differential expression. 



Standard GSEA (http://www.broadinstitute.org/gsea) was used to determine the 

enrichment of transcription factor binding sites between classes. Gene sets were obtained from 

MSigDB (http://www.broadinstitute.org/gsea/msigdb), a collection of gene sets that includes a 

database of genes sharing a cis-regulatory motif that is conserved across the human, mouse, rat, 

and dog genomes, representing known or predicted regulatory elements in promoters and 3'-

UTRs. GSEA estimates whether the members of a given TFBS gene set are found at the top or 

bottom of the list, indicating they are associated with a specific phenotype (i.e., oncogenic EGFR 

activation or drug treatment), rather than being distributed uniformly or randomly across the list. 

An enrichment score (ES) is calculated to quantify the degree to which a gene set is over-

represented at the top or bottom of the entire ranked list. After calculation of the scores for a 

collection of gene sets, an empirical phenotype-based permutation test procedure is used to 

estimate P-values. GSEA normalizes the ES for each gene set to account for the variation in set 

sizes, yielding a normalized enrichment score (NES) and a false discovery rate (FDR). The FDR 

gives an estimate of the probability that a set with a given NES represents a false positive 

finding; it is computed by comparing the tails of the observed and permutation-computed null 

distributions for the NES.  

Quantitative RT-PCR 

A total of 12.5 µg RNA was reverse transcribed with the Superscript VILO cDNA 

sysnthesis kit (Invitrogen). RT-PCR reactions were prepared in triplicate for each sample (4-5 

samples represented per treatment group) using primers and TaqMan probes (Bub1: 

#Mm00660135_m1, CCNB2: #Mm01171453_m1, TOP2A:  #Mm00495703_m1, and PLK1: 

#Mm00440924_g1) purchased from Applied Biosystems. Reactions were run on an ABI 7500 

Fast Real-Time PCR System (Applied Biosystems). ß-actin was used as a reference for all 



reactions (Mouse ACTB  Endogenous Control, Applied Biosystems #4352341E). Relative levels 

of each gene were determined by the ΔΔCt method. 

 

1. Li D, Shimamura T, Ji H, Chen L, Haringsma HJ, McNamara K, et al. Bronchial and 
peripheral murine lung carcinomas induced by T790M-L858R mutant EGFR respond to 
HKI-272 and rapamycin combination therapy. Cancer Cell 2007;12:81-93. 

2. Evans AM, DeHaven CD, Barrett T, Mitchell M, Milgram E. Integrated, nontargeted 
ultrahigh performance liquid chromatography/electrospray ionization tandem mass 
spectrometry platform for the identification and relative quantification of the small-
molecule complement of biological systems. Anal Chem 2009;81:6656-6667. 

3. Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proc Natl Acad 
Sci USA 2003;100:9440-9445. 

 

 


