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Supplementary Materials and Methods 

 

Cell culture and reagents. The A427 cell line was purchased from the ATCC. The 

LKR13 cell line was kindly provided by Dr. Jonathan M. Kurie (MD Anderson Cancer 

Center). UO126 was purchased from Sigma-Aldrich. ARRY-142886 was purchased from 

Selleck Chemicals. All inhibitors were added to mid-log-phase cell cultures at the 

indicated concentrations.  

 

Plasmid constructs. The following expression vectors were purchased from addgene: 

pBabePuro, pBabePuro-KRAS-G12V, pRK5-myc-RhoA-T19N, pRK5-myc-RhoA-

Q63L. The RHOA-T19N (dominant negative) and Q63L (constitutively active) were cut 

from pRK5 vector with BamHI and XhoI restriction digestion enzymes and ligated into 

the pBabePuro vector. The pBabePuroMEK1Q56P was kindly provided by Scott W. Lowe 

(Cold Spring Harbor, New York). 

 

RNA interference. All siRNAs were purchased from Dharmacon Inc. The siRNA target 

sequences were the following: RHOA (1): GAAAGACAUGCUUGCUCAU, RHOA (2): 

GAGAUAUGGCAAACAGGAU. FAK (1): GAAGUUGGGUUGUCUAGAA. FAK (2): 

GGAAAUUGCUUUGAAGUUG. P190RHOGAP (1): GGAGGAAUCUGUAUACAU 

G, P190RHOGAP (2): GAACAGCGAUUUAAAGCAU. Cortactin (1): GAAUAUCA 

GUCGAAACUUU, Cortactin (2): GGACAGAGUUGAUCAGUCU. ROCK1 (1): 

GAAGAAACAUUCCCUAUUC. ROCK1 (2): GCCAAUGACUUACUUAGGA. 

Villin1 (1): CAGCCAAGAUGAAAUUACA, Villin1 (2): GGAGGGCGCACCU 
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AUGUAG. DIAPH1 (1): GAAGAGAGAGCAACUCAUA, DIAPH1 (2): 

GGAGAUGGAUGACUUUAAU. LIMK2 (1): UGACUGAGGUGAAAGUGAU, 

LIMK2 (2): GACAUCAGCCGCUCAGAAU. Kinectin (1): GGAAGAGAAC 

AGCGGAACA. Kinectin (2): GAGCGAUUAAGAAGCGAAA. Non-targeting siRNA 

control: D-001210-01-05. Cells were transfected using siRNA DharmaFECT 4 

Transfection Reagent according to the manufacturer’s instructions (Dharmacon). 

 

shRNAs, Virus production and infection. The shRNAs against KRAS were purchased 

from open biosystems and the target sequences were the following: KRAS (A): 

CATACTAGTACAAGTGGTA, KRAS (B): CCTATGGTCCTAGTAGGAA. We 

produced recombinant lentiviruses by transfecting the 293T cells, using Effectene 

(Qiagen), with pMD2G (VSV-G protein), pCMV-dR8.74 (lentivirus packaging vector) 

and lentiviral constructs. The retroviruses were produced by transfecting retroviral 

constructs into Phoenix-Ampho packaging cells. 

 

Quantitative real-time PCR. RNA was extracted using a RNA extraction kit (Qiagen). 

Complementary DNA was generated by Superscript III (Invitrogen) and used with SYBR 

Green PCR master mix (Applied Biosystem) for quantitative real time PCR analysis. 

mRNA contents were normalized to B-ACTIN. All assays were performed using an 

Applied Biosystems Prism 7500 sequence detection system. For each mRNA assessment, 

quantitative RT-PCR analyses were repeated at least 3 times. The primers used are the 

following: Cortactin FW: TGATTACAAGGAGAAGCTGGC, Cortactin RV: GGTTGA 

CGCATTCTTATCCATCC. FAK FW: GGTCCGAGCAGAACTGGG, FAK RV: 



 3

TTGGGGTCAAGGTAAGCAGC. ROCK1 FW: GGTGCTGGTAAGAGGGCATT, 

ROCK1 RV: AGCATCCAATCCATCCAGCAA. ROCK2 FW: GCAGTTGGTTCGT 

CACAAGG, ROCK2 RV: TGAACCACCCAGGGGCTATT. RHOA FW: GCAAGGA 

CCAGTTCCCAGAG, RHOA RV: CACAAAGCCAACTCTACCTGC. Villin1 FW: 

CTCTACGTTTGGCAGGGCAG, Villin1 RV: CCGGATCTGGACTGGTTCAC. 

DIAPH1 FW: AGAAATTTACTCTGAAGCGGCTC, DIAPH1 RV: TGAGCAGAATT 

GGGCTTTTCC. LIMK2 FW: TCTGTGAGATCATTGGGCAGG, LIMK2 RV: TCTG 

CTCTCAGGCTCCAGT. Kinectin FW: AGAGCTAAATTTGTTGAAGGCACA, 

Kinectin RV: AACAGTAGTGTCTCCAGCAGC. 

 

Immunoblotting and antibodies. Immunoblots were performed according to standard 

procedures in RIPA buffer (150 mM NaCl, 10 mM Tris pH 7.5, 1% NP40, 1% 

Deoxycholate, 0.1% SDS) and supplemented with phosphatase and protease inhibitors 

(Roche). Samples were resolved on EZ-Run™ 12.5% Protein Gel Solution (Fisher 

Scientific), blotted on Protran® membrane 0.2 mm (Whatman) and developed with 

SuperSignal® West Pico Chemiluminescent Substrate (Thermo Scientific). For siRNA 

transfected cells, the protein lysates were prepared 48-72h upon transfection. The 

following antibodies were used: RAS (Calbiochem, OP-24), p-AKTSer473, total AKT, p-

ERK1/2Thr202/Tyr204, total ERK1/2, p27/Kip1, p190RHOGAP, p-FAKTyr397, total FAK, 

RHOA, Cyclin D1, cleaved caspase-3 and PARP (the antibody recognizes cleaved and 

total PARP) (Cell Signaling), Tubulin (Sigma), ki-67 (Abcam), p19/ARF (Abcam), p16 

(Santa Cruz, M-156), Rac1 (Millipore), Active RhoA for IHC (NewEast Biosciences). 

FAKTyr397 IHC specific (Abcam), Phalloidin (Invitrogen), Vinculin (Sigma). 
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Production of GST–RBD and GST-PAK1 Fusion Protein. We measured the RhoA 

and Rac1 activity with pulldown assays. We used a glutathione-S-transferase GST–RBD 

(for RhoA) and GST-PAK1 (for Rac1) fusion protein produced in Escherichia coli cells. 

Expression of recombinant protein was induced by addition of 0.1 mM IPTG for 2 h. 

Cells were harvested, resuspended in lysis buffer (20% sucrose, 10% glycerol, 50 mM 

Tris-HCl (pH 8), 2 mM MgCl2, 2 mM DTT, protease inhibitor cocktail tablet) and 

sonicated. Cell lysates were centrifuged at 4°C for 20 min at 13000 g and the supernatant 

was incubated with glutathione-coupled Sepharose beads for 30 min at 4°C.  

 

RhoA and Rac1 Activity Assay. Cells were lysed in cold MLB buffer (125 mM Hepes 

(pH 7.5), 750 mM NaCl, 5% NP-40, 50 mM MgCl2, 5 mM EDTA, protease inhibitors 

cocktail tablet). Amounts of clarified cell lysates containing 450 μg of protein were 

incubated with glutathione Sepharose-conjugated GST-fusion protein for 1.5h at 4°C. 

The proteins bound to the Sepharose-conjugated GST-RBD or GST-PAK1 were washed, 

eluted with sample buffer, separated on SDS-polyacrilamide gel and analyzed by 

immunoblot with RhoA or Rac1 antibodies respectively. We used either the Sepharose-

conjugated GST-RBD to pulldown RhoA or a G-LISA RhoA activation kit 

(Cytoskeleton) to assess RhoA activity. We validated the RHOA-GTP antibody for use in 

IHC on formalin-fixed paraffin-embedded lung cancer cells transduced with a dominant 

negative mutant of RHOA (T19N). Notably, the pBabePuroT19N mutant clearly shows 

decreased RhoA-GTP staining compared to pBabePuro alone. 
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Cell viability. Cells (1 x 104) were plated in triplicate 14-16h (12-well plates) prior to 

siRNA transfection or exposure to pharmacological inhibitors. At the indicated time 

points, the cells were fixed with 10% formalin and stained with 0.1% crystal violet. 

 

PCR amplification and sequencing. The exonic regions of interest (NCBI Human 

Genome Build 36.1) were broken into amplicons of 350 bp or less, and specific primers 

were designed using Primer 3, to cover the exonic regions plus at least 50 bp of intronic 

sequences on both sides of intron-exon junctions (1). M13 tails were added to facilitate 

Sanger sequencing. PCR reactions were carried out in 384 well plates, in a Duncan DT-

24 water bath thermal cycler, with 10 ng of template DNA (Repli-G Midi, Qiagen, 

Valencia, CA) as template, using a touchdown PCR protocol with Kapa2G Fast HotStart 

Taq (Kapa Biosystems, Cape Town, South Africa). The touchdown PCR method 

consisted of: 1 cycle of 95°C for 5 min; 3 cycles of 95°C for 30 sec, 64°C for 15 sec, 

72°C for 30 sec; 3 cycles of 95°C for 30 sec, 62°C for 15 sec, 72°C for 30 sec; 3 cycles 

of 95°C for 30 sec, 60°C for 15 sec, 72°C for 30 sec; 37 cycles of 95°C for 30 sec, 58°C 

for 15 sec, 72°C for 30 sec; 1 cycle of 70°C for 5 min. Templates were purified using 

AMPure (Beckman Coulter Genomics, Beverly, MA). The purified PCR reactions were 

split into two, and sequenced bi-directionally with M13 forward and reverse primer and 

Big Dye Terminator Kit v.3.1 (Applied Biosystems, Foster City, CA), at Beckman 

Coulter Genomics.  Dye terminators were removed using the CleanSEQ kit (Beckman 

Coulter Genomics), and sequence reactions were run on ABI PRISM 3730xl sequencing 

apparatus (Applied Biosystems, Foster City, CA). 
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Mutation detection. Mutations were detected using an automated detection pipeline at 

the Memorial Sloan-Kettering Cancer center Bioinformatics Core. Bi-directional reads 

and mapping tables (to link read names to sample identifiers, gene names, read direction, 

and amplicon) were subjected to a QC filter which excludes reads that have an average 

phred score of < 10 for bases 100-200. Passing reads were assembled against the 

reference sequences for each gene, containing all coding and UTR exons including 5Kb 

upstream and downstream of the gene, using command line Consed 16.0 (2). Assemblies 

were passed on to Polyphred 6.02b (3) which generated a list of putative candidate 

mutations, and to Polyscan 3.0 (4) which generated a second list of putative mutations. 

The lists were merged together into a combined report, and the putative mutation calls 

were normalized to ‘+’ genomic coordinates and annotated using the Genomic Mutation 

Consequence Calculator (5). The resulting list of annotated putative mutations was 

loaded into a Postgres database along with select assembly details for each mutation call 

(assembly position, coverage, and methods supporting mutation call). To reduce the 

number of false positives generated by the mutation detection software packages, only 

point mutations which are supported by at least one bi-directional read pair and at least 

one sample mutation called by Polyphred were considered, and only the putative 

mutations which are annotated as having non-synonymous coding effects, or have a 

conservation score > 0.699 (http://genome.ucsc.edu/cgibin/hgTrackUi?hgsid=108554407 

&g=multiz17way) were included in the final candidate list. Indels called by any method 

were manually reviewed and included in the candidate list if found to hit an exon. All 

putative mutations were confirmed by a second PCR and sequencing reaction, in parallel 
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with amplification and sequencing of matched normal tissue DNA. All traces for 

mutation calls were manually reviewed. 

 

CDKN2A copy number variation in primary human NSCLC specimens. We 

employed the Taqman copy number assays Hs02738179, Hs00965010 and Hs03704181 

(Exons 1 and 2) (Applied Biosystems) to detect CDKN2A copy number from genomic 

DNA extracted from 4 to 6 10μm-thick paraffin embedded tissue sections using the 

QIAamp DNA FFPE Tissue Kit (Qiagen). The Taqman RNase P (Applied Biosystems) 

was used as a copy number reference. The samples were compared to the copy number of 

healthy lung tissue samples (calibrator). The CopyCaller software was used to analyze 

the results and determine copy number variations. Real-time PCR reactions were carried 

out in 96-well plates using 20ng of template DNA/20μl of reaction. The method 

consisted of: 1 cycle of 95°C for 10 min followed by 40 cycles of 95°C for 15 sec and 

60°C for 60 sec. All assays were performed using an Applied Biosystems Prism 7500 

sequence detection system. 

 

Immunohistochemistry, immunofluorescence and analysis of human primary lung 

cancer specimens. Lungs and tumors were fixed in 4% paraformaldehyde (PFA) 

overnight at 4°C. IHC procedure was performed according standard procedures (6). To 

detect apoptosis in mouse lung tissue we used the ApopTag plus peroxidase in situ 

apoptosis detection kit (Millipore). For IHC on mouse tissue, we used the Beat blocker 

kit (Invitrogen) that is designed to block the interaction of an anti-mouse secondary 

antibody with endogenous immunoglobulin. For immunofluorescence (to determine the 
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percentage of cleaved caspase-3 positive cells), cells were fixed with 4% PFA and 

permeabilized with 0.5% Triton X-100 (Sigma). Incubation with primary antibodies was 

carried out overnight at 4°C. The secondary antibody was Alexa Fluor 488 or Alexa 

Fluor 594 (Invitrogen). DAPI (Invitrogen) was used to visualize nuclei. For IHC of 

human speciments, p-FAKTyr397 was stained at 1:400 dilution (abcam) on the Discovery 

XT automatic slide processing machine (Ventana, Tuscon, AZ); RHOA-GTP at 1:200 

dilution manually (NewEast Biosciences). RHOA-GTP and p-FAKTyr397 was scored as 0 

= negative; 1 = moderate less than 50% of tumor cells; 2 = strong, greater than 50% of 

tumor cells. The KRAS hotspot mutations at codon 12 were detected using the iPLEX 

assay from DNA extracted from three 1mm core punches of tumor enriched areas 

(Sequenom, Inc.) as previously described (7). Clinical data were collected at Memorial 

Sloan-Kettering Cancer Center on patients under an Institutional Review Board–

approved protocol or waiver of authorization. 

 

Mouse studies. CCSP-rtTA/TetO-Kras (FVB/SV129 mixed background) mice were 

described previously (8). Starting at 8 weeks of age, mice were maintained on 

doxycycline-impregnated food pellets (0.625 g/kg) for the length of time indicated in the 

figure legends. 

 

Magnetic Resonance Imaging (MRI). All MRI was conducted using a 7-Tesla small 

animal MRI system (Varian Inc., Palo Alto, CA) with a 40 mm radio frequency coil and a 

400 mT/m gradient coil set. Under anesthesia by inhalation of 1.5 – 2% isoflurane mixed 

in pure oxygen via nose-cone, the animals were placed prone with respiratory sensor and 
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electrodes for cardiac gating, and then placed head first inside the MRI, with lungs 

centered with respect to the center of the RF coil. For the purpose of reproducible 

positioning of the location and orientation of the lungs, a low-resolution coronal and axial 

localizer scans were first performed. Two-dimensional (2D) multi-slice gradient-echo 

imaging was performed with synchronized cardiac-respiratory gating in axial plane 

encompassing the entire lung (9). A pulse repetition time was selected that was less than 

the duration of one cardiac cycle (range: 150–200 ms), and the minimum echo time (~1.8 

ms) was used to reduce the susceptibility effect arising from the interface between 

air/bone and tissue that would otherwise reduce the MR signal. Other scan parameters 

were: flip angle = 22°, field of view = 30x30 mm, matrix size = 256x256, slice thickness 

= 1 mm, no gap, 8 averages, affording 117 µm2 in-plane resolution. The total scan time 

was approximately 7–9 min, depending on the individual animal’s cardiac/respiratory 

rates. The method is highly reproducible and has been used for screening new treatments 

of lung cancer in mice (10). NIH ImageJ (v1.42q) software was used to process the 

images and for comparison of lung tumor density before and after treatment. 

 

Statistical analysis. All data presented are the mean ± s.e.m or s.d. of experiments 

repeated three or more times. Significance was determined using two-tailed unpaired 

Student's t test or the one-way ANOVA test. Histological and mutation status data (Table 

1 and Table S1) were analyzed by contingency table using Fisher’s exact test (two-sided) 

for categorical variables. 
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