Supplemental Information
SUPPLEMENTARY FIGURE S1:  A statistical analysis scheme for protein, phosphopeptide and RNA transcript abundance measurements and categorization.

SUPPLEMENTARY FIGURE S2:  Rescreen of TetON H358 Zeb1 and Snail clones by immunoblot for E-cadherin, Snail, vimentin, Zeb1 and -actin. H358/Snail and H358/Zeb1 were expressed under the control of the doxycycline inducible CMV promoter (pTRE2puro) using the two vector TET repressor/TET activator system (ptTS, prTA; blaR). Multiple H358 clones expressing Zeb1 or Snail or harboring vector alone were re-screened after doxycycline treatment (0.05 and 0.5 ug/ml; 3  days). The doxycycline-dependent expression of Zeb1 or Snail transgenes is apparent, as is the induction of vimentin. An attenuation of E-cadherin protein was observed, but complete protein loss was not observed by three days. -actin served as loading control. H358/TGF served as a positive control while H358/Vector (V3) served as a negative control.
SUPPLEMENTARY FIGURE S3:  Rescreen of TetON H358 Zeb1 (Z25) and Snail (S4) clones by immunoblot for E-cadherin, ErbB3, -catenin, -actin, vimentin, N-cadherin and fibronectin after seven days doxycycline treatment. The expression of Snail and Zeb1 were doxycycline dependent. The gain of mesenchymal and loss of epithelial markers, indicative of EMT state, also were doxycycline dependent.

SUPPLEMENTARY FIGURE S4:  Addition of doxycycline to vector control H358 has little or no influence on the abundance of EMT regulated transcripts identified in the Snail, Zeb1 or TGF H358 models. RNA abundance changes in H358 induced EMT models. RNA abundance visualized by hierarchical clustering (UPGMA, unweighted average) after pair wise comparison (Treatment/Control), where genes were selected based on a > two fold change relative to control in any of the four model conditions (H358/Snail [S4], H358/Zeb1 [Z25], H358/TGF or vector control). Green denotes decreased RNA abundance and red denotes increased RNA abundance. 

SUPPLEMENTARY FIGURE S5:  Cell scattering was observed in the presence of doxycycline in both H358/Snail (S4) and H358/Zeb1 (Z25) cells, but not in the H358/vector (V3) control cells, after 14 days with doxycycline. 
SUPPLEMENTARY FIGURE S6:  Proliferation of H358/Vector, H358/Snail and H358/Zeb1clones, with or without 14 days of doxycycline transgene induction, was measured. 5,000 cells were seeded and ATP content (CTG; Cell Titer Glo) measured for the final four days . As expected Snail and Zeb1 decreased cell proliferation. A comparable reduction in cell proliferation was previously observed in H358/TGF cells relative to untreated H358 cells (Thomson et al., reference 25).
SUPPLEMENTARY FIGURE S7:  Migration and Invasion assays were performed with Boyden chambers. The H358/Snail model and H358/TetON TGF model display increased invasion and migration upon EMT induction by doxycycline treatment. Little or no increase in either migration or invasion was observed with the H358/Zeb1 model after doxycycline treatment.

SUPPLEMENTARY FIGURE S8:  EMT derived by Snail or Zeb1 expression was largely reversible by doxycycline withdrawal. Cells were cultured in the presence or absence of doxycycline for 14 days, followed by withdrawal for 7, 14 or 21 days. The re-expression of E-cadherin was associated with the loss of Zeb1 and Snail expression. The loss of vimentin was complete by day 21 in the H358/Zeb1 model but was only partially attenuated in the H358/Snail model.
SUPPLEMENTARY TABLE S1:   Comparison of metastable/inducible and epigenetically-fixed epithelial and mesenchymal NSCLC cell models by protein, phosphoprotein and gene expression changes. The number of peptides and proteins identified by stable isotope iTRAQ labeling and LC-MS/MS of cellular fractions are stratified by cellular fraction and by model. Proteins with changed abundance were within the 25% and 75% quartiles, showed p values <0.05 and showed a consistent direction of change between cell fractions or between models. The number of RNA transcripts with differential log2 abundance >1.0 by U133-2 microarray (p<0.05) are stratified by model. H358 vector control genes with p<0.05 numbered 36 or ~3% of the regulated gene number in the Zeb1, Snail or TGF models. Historical RNA abundance data from H292, H358, Calu6 and H1703 from three independent laboratories used both U133-2 and U133A/B arrays and a threshold log2 expression of 0.5 was used. 

SUPPLEMENTARY TABLE S2:  Functional classification of EMT modulated components, using both DAVID (shown) and Ingenuity Pathway Analysis software platforms. Key output data from DAVID indicate enrichment score, biological annotation terms, membership count and p-value.

SUPPLEMENTARY TABLE S3: Intersection and subset analysis of EMT modulated components and models were performed using both VennMaster and Pangloss (shown) software platforms. 

SUPPLEMENTARY TABLE S4: Cell-cell junctions and cell adhesion components modulated in abundance or phosphorylation through EMT. 

A: Gene symbol; 

B: Protein/Gene Name; 

C – E: Changes in protein (Prot), phosphotyrosine (pY) or RNA transcript (Gene) abundance in the mean of two fixed state mesenchymal NSCLC lines H1703 and Calu6 compared to the mean of two epithelial NSCLC lines H292 and H358 transformed to log2; 

F – N: H358 cells induced to undergo EMT over seven days by Snail (F – H), TGF (I - K) or Zeb1 (L - N). Changes in protein (Prot), phosphotyrosine (pY) or RNA transcript (Gene) abundance in the induced mesenchymal state compared to the isogenic H358 starting epithelial state, transformed to log2.

O: Additional evidence. Supporting data from RT-PCR, Western, RTK array or confocal microscopy is indicated.

P – AG: Overlap with independent datasets from independent stem cell, metastasis, invasion and EMT models. 

SUPPLEMENTARY TABLE S5:  Proliferation and survival signaling components modulated in abundance or phosphorylation through EMT. Fields are listed as per Supplementary Table S4.

SUPPLEMENTARY TABLE S6:  Cellular metabolism components modulated in abundance or phosphorylation through EMT. Fields are listed as per Supplementary Table S4.

SUPPLEMENTARY TABLE S7:  Transcriptional components modulated in abundance or phosphorylation through EMT. Fields are listed as per Supplementary Table S4.

SUPPLEMENTARY TABLE S8:  Complete, searchable EMT modulated component table.

SUPPLEMENTARY TABLE S9:  EMT modulated phosphoserine, phosphothreonine and phosphotyrosine containing peptides modulated by EMT with non-parametric Wilcoxon signed-rank score z < 0.1. Table fields include: peptide confidence (Conf) was >95%, peptide charge state (Z), sample size (N), log2 mesenchymal : epithelial ratio (log2 M/E) and the Wilcoxon z score. 

SUPPLEMENTARY TABLE S10:  Total phosphopeptide list with confidence greater than 95%.

SUPPLEMENTARY TABLE S11:  Comparison and overlap of EMT changes to other stem cell, metastasis/invasion and EMT signatures 
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EXTENDED EXPERIMENTAL PROCEDURES

Cell line characteristics and culture conditions

The human NSCLC lines H292 (mutant CDKN2A) and H358 (mutant KRAS, CEBPA, CTNNB1) exhibited an epithelial phenotype, while Calu6 (mutant KRAS, TP53) and H1703 (mutant CDKN2A, TP53, PDGFRA, SMARCA4) showed a ‘scattered’ fibroblastic mesenchymal phenotype. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS). To promote EMT in H358 cells TGF (10ng/ml) was added to complete media for 7 days. Cell extracts for immunoblot were prepared by detergent lysis in 50mM Tris-HCl, pH8, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, containing protease and phosphatase inhibitor cocktails (sigmaaldrich.com; P8340 and P5726 respectively). The soluble protein concentration was determined by micro-BSA assay (piercenet.com; #23227). Protein immunodetection was performed by electrophoretic transfer of SDS-PAGE separated proteins to nitrocellulose, incubation with antibody and chemiluminescent detection (PicoWest; piercenet.com). In experiments monitoring EGF stimulation, cells were grown in complete media followed by addition of EGF (10ng/ml) for 10’ minutes prior to lysis. EGFR or IGF1R/IR inhibition were achieved using an EGFR/ErbB2 specific inhibitor erlotinib 
 ADDIN EN.CITE 
[15]
 or a specific IGF1R/IR inhibitor OSI-906 
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Doxycycline inducible EMT

H358/Snail and H358/Zeb1 were expressed under the control of the doxycycline inducible CMV promoter (pTRE2puro; invitrogen.com) using the two vector TET repressor/TET activator system (ptTS, prTA; blaR) based on [17].  Essentially clones were generated by stable transfection (Fugene HD, 4hrs) of 80% confluent H358 cells followed by sequential selection with blasticidin (100ug/ml for 3 – 4 weeks), testing of clones for inducible luciferase expression, and selection with puromycin (0.5ug/ml reduced to 0.1ug/ml for 3- 4 weeks) for pTRE2/Zeb1 or pTRE2/Snail. Doxycycline (0.5ug/ml) induction of transgene expression was verified by immunoblot.

RNA isolation, DNA microarray and RT-PCR analysis
RNA isolated from H358/dox/Zeb1, H358/doxSnail, H358/TGF or parental H358 cells was reverse transcribed into labeled cDNA and hybridized to U133 Plus 2 or Hu1.0 exon arrays under conditions described by the manufacturer (affymetrix.com). Gene expression values were RMA normalized and converted to log2 ratios of TGF: control, dox-Snail1 : control and Zeb1: control, reflecting the ratios between mesenchymal : epithelial states for the three EMT inducible models. Two fold RNA abundance differences with detection p values of <0.05 in any of the three models were used as a cutoff. U133 A/B microarray data for the NSCLC lines H358 (ncbi.nlm.nih.gov/geo/ : GSM108850, GSM108849, GSM372776, GSM206491, GSM99030, GSM98985), H292 (GSM206489), Calu6 (GSM108806, GSM108805, GSM372748) and H1703 (GSM206477, GSM99026, GSM98980) (also https://array.nci.nih.gov/caarray/) were RMA normalized and expressed as log2 ratios where parental epithelial H358 cells served as the denominator. For A/B chip data or Hu1.0 chip data, RNA abundance differences of 1.5 fold, with supporting evidence from independent protein or transcript measurements, were considered for further evaluation. Specific primers yielding short amplicons (generally <120 b.p.) were obtained from Applied Biosystems and RT-PCR was performed under standard conditions to generate Ct values for control normalized mesenchymal – epithelial RNA transcript abundance ratios.

Preparation of cell extracts

Membrane, cytosol and nuclear fractions were prepared using ProteoExtract® reagent (
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; emdbiosciences.com).  Proteins were precipitated using trichloroacetic acid/deoxycholate coprecipitation where 2% deoxycholate was added to membrane or cytosol samples, incubated for 30 min on ice after which 100% TCA was added to samples in a 1:1 ratio (vol/vol).  Samples were vortexed and incubated overnight  (10 degC), centrifuged at 15,000 x g for 10 minutes (4 degC), the precipitate washed with 5 ml cold acetone, vortexed, reprecipitated twice and air dried. Precipitated samples were resuspended in 8 M urea, reduced with 5 mM tributylphosphine (sigmaaldrich.com; 1 hour at RT), alkylated with iodoacetamide (15 mM for 1.5 hours at RT), diluted to 1M urea and subject to proteolysis with 20ug trypsin (sigmaaldrich.com; 37 degC, 18 hours).  Peptides were acidified with trifluoroacetic acid (TFA), bound to C18 Sep-Pak Plus resin (waters.com), eluted with 50% acetonitrile, 0.1% TFA and lyophilized.  Protein concentration was determined using bicinchoninic acid (piercenet.com). 

Phosphorylation directed affinity chromatography

Anti-phosphotyrosine affinity fractions were isolated as previously described 
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.  Essentially cells were harvested by centrifugation (1000 x g, 5 min) and washed once with PBS followed by a second wash with ice cold PBS containing 100 uM of sodium orthovanadate prior to lysis for ~3 minutes in 50 mM HEPES pH 7.5 containing 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 mM AEBSF, 0.8 uM aprotinin, 20 uM leupeptin, 40 uM beestatin, 15 uM pepstatin A, 14 uM E-64 [1:100 dilution of protease inhibitor cocktail P8340; sigmaaldrich.com],  sodium orthovanadate, sodium molybdate, sodium tartrate and imidazole [1:100 dilution of  phosphatase inhibitor cocktail P5726; sigmaaldrich.com]. Insoluble material was removed by centrifugation (13,000 x g, 10 minutes, 4 degC) and the protein concentration was determined by microBCA assay (piercenet.com). Anti-phosphotyrosine immunoaffinity resins were prepared by covalent coupling to solid support. Freshly prepared immunoaffinity resins were used for each biological experiment to maximize binding and reduce carryover. Briefly, anti-phosphotyrosine antibodies PY20 (exalpha.com) and PY100 (cellsignal.com) were mixed in an 5:1 ratio and bound to Protein G-resin (gehealthcare.com) for 30 minutes at room temperature, followed by crosslinking with 5 mM disuccinimidyl suberate (DSS; piercenet.com) for 1 hour at room temperature and washing with Tris buffered saline pH 7.2. Non-covalently bound IgG was removed by rapidly washing with 0.2 M sodium citrate pH 2.8. Cross-linked antibody resin was then stored at 4 degC in Tris buffered saline until use.In order to reduce non-specific protein binding to the affinity resin lysates were pre-cleared by incubation with Protein-G resin for 30 minutes at 4 degC. Antibody resins were then incubated with cell lysates for ~5 hours at 4 degC with rotation. When loading protein for anti-pY affinity chromatography, cell equivalents rather than protein equivalents were used to avoid bias associated with combined kinase inhibition and anti-phosphotyrosine selection. Antibody-antigen complexes were washed with >200 volumes of 10 mM HEPES pH 7.5, 150 mM NaCl at 4 degC, and bound proteins were then eluted with 0.1% TFA, 5% methanol in water and were lyophilized and stored at –80 degC until further use. 

Cytosol and membrane fractions from H358 and H358/TGF cells were isolated by sequential detergent extraction as described, followed by reduction, alkylation, cleavage with trypsin and desalting on C18 resin. Four hundred micrograms of peptide were resuspended in 2.5 ml of low pH binding buffer (Phos-Trap; perkinelmer.com), captured on TiO2 beads (125 ul pelleted beads), washed extensively and eluted with 375 ul high pH elution buffer with 50% acetonitrile essentially according to manufacturer’s instructions. Lyophilized TiO2 bound and flow-through fractions were derivizitized with stable isotope tags where peptides from control H358 cells were labeled with 114-tag iTRAQ reagent 
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, H358 TGF peptides were labeled with 115-tag reagent and biological replicate samples were labeled correspondingly with 116-tag and 117-tag iTRAQ reagents. Isotopically labeled peptides were combined and subjected to SCX ion exchange, C18 step chromatography, followed by offline desalting and LC- tandemMS.  Unphosphorylated TGF and control peptides were isolated and quantitated by collection of the TiO2 flow through fractions followed by offline C18 desalting and LC- tandemMS. 

Peptide stable isotope labeling

Relative peptide quantitation was performed by stable isotope peptide derivitization 
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. Proteins isolated by anti-phosphotyrosine affinity chromatography were denatured in 0.5M triethylammonium bicarbonate, 0.1% sodium dodecyl sulfate, reduced with 5mM Tris-(2-carboxyethyl)phosphine (TCEP) at 60 degC for 60 minutes, free cysteines reacted with 10mM methyl methanethiosulfonate (MMTS) at room temperature for 10 minutes, and proteolytically cleaved with trypsin (10ug, 37 degC, 16 hours). Peptides precipitated from sequential detergent extraction were reduced with tributyl phosphine and alkylated with iodoacetamide as described above prior to iTRAQ labeling. Peptide N-terminal -amino and lysine -amino groups were labeled with isobaric tags by NHS ester coupling essentially as described 
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 using a different isobaric tag to label peptides from differing EMT phenotypes. After labeling, the peptides were further purified by cation exchange chromatography and C18 desalting steps. Strong cation exchange (SCX) chromatography was performed using a 4.6 x 5 mm cation exchange column packed with polysulfoethyl A resin (250ul or 100ul; optimizetech.com). Peptides were desalted prior to on-line LC-MS/MS by gradient C18 reverse phase chromatography (100ul C18 cartridge; http://www.optimizetech.com) in 0.1% TFA, 2 - 70% acetonitrile over 10 minutes with UV detection at 220nm.

Peptide LC-tandem MS

Parent peptide mass, collision-induced fragment mass information and isotopically-encoded peptide abundance values were obtained by liquid chromatography-electrospray ionization tandem mass spectrometry (LC-MS/MS), using an orthogonal quadruple TOF instrument (AB-Sciex) followed by protein database searching. HPLC C18 columns were self-packed with 3u Magic C18 resin (michrombioresources.com) in PicoFrit fritted fused silica tubing (newobjective.com; 75 u ID x ~10 cm, 10 u ID spray tip).  Peptides were separated by reverse-phase HPLC with a flow rate of 200 nl/minute, using a 60 minute isocratic loading step (2% acetonitrile), a gradient elution step with acetonitrile (ACN), 0.1% formic acid (0.39%/min) over 90 minutes, followed by 30 minute 60% ACN wash and 60 minute re-equilibration steps. Electrospray ionization was achieved using spray voltage of ~ 2.3 kV. Information-dependent MS and MS-MS acquisitions were made on an orthogonal quadrapole-TOF instrument (QSTAR; absciex.com) using a 0.3 second survey scan (m/z 400 – 1600) followed typically by 3 consecutive second product ion scans of 0.5 seconds each (m/z 60 – 1200). Parent ion with charge states of 2+, 3+ and 4+ were selected with a 2 minute exclusion period. MS data was collected using Analyst QS (Version 1.1; absciex.com). Eightfold time binning was used to increase sensitivity. Data was collected throughout the 240 minute HPLC cycle. Mean mass accuracy for MS peptide scans was ~0.02Da.

Protein and peptide identification and quantitation

Proteins were identified from survey and product ion spectra data using the Paragon algorithm of ProteinPilot (versions 2.0 and 3.0; absciex.com) searching human sequences within the UniProt protein database. When multiple protein isoforms were identified, only peptides specific to each detected isoform were used, which factored in ion counts for weighting in the protein ratio calculation [22]. Protein identification complied with the guidelines of [23] where 2 or more unique isoform-specific peptides were required for inclusion. Parsimony of protein results was assured by rigorous protein inference with the ProGroup algorithm. For the purpose of protein identification, individual peptides were not combined across cell fractions. Protein ratios between cells or cell states were converted to log2, to minimize Euclidean distances within distributed data.  Proteins identified with ≥95% confidence with relative abundances between experimental conditions in the upper and lower distribution quartiles (>75% or <25%) and with a t-test p value (for any difference between cell line or biological condition) of <0.05 were further considered. Under these conditions false discovery rates (FDR) were typically <1% and correctly binned previously defined benchmark proteins, E-cadherin, -catenin, -catenin, vimentin and fibronectin to their respective epithelial or mesenchymal cell states. After protein identification at 95% confidence with 2 or more unique peptides, at least two independent lines of evidence were required for further consideration. The mesenchymal – epithelial ratios for both phosphotyrosine-protein and total protein contents were considered in the assessment of phosphotyrosine modulation by EMT state. Cross correlation of peptide and protein identification and relative quantitation results between cell fractions and anti-pY cell fractions and between experiments was used to establish protein lists for further investigation.

Phosphoserine and phosphothreonine containing peptides were identified from TGF induced H358 cells (one day after TGF treatment, 10 ng/ml) using ProteinPilot v3.0 (absciex.com) and a 95% peptide confidence threshold. Phosphopeptides were measured by determination of the median normalized iTRAQ quant tag peak areas for the biological duplicate samples. Mesenchymal / epithelial phosphopeptide ratios were established form the following m/z peak area ratios: 115/114 and 116/117 (TGF / control).  EMT modulated phosphopeptides were selected where the TGF/control log 2 ratio was >1 or <-1 and where the control N1 / control N2 was between log2 -0.5 and 0.5. Total peptide quantitation (both phosphorylated and unphosphorylated) was obtained by database searches of TiO2 bound and unbound fractions and measurement relative (TGF / control) protein abundance by calculation of median peptide isotope quant tag ratios. Both phosphopeptide and total protein abundance ratios were considered in the assessment of individual phosphosite modulation by EMT state. Wilcoxon signed rank test was performed where z<0.1 scores were considered.

Functional annotation and systems assembly

Proteins and RNA transcripts differentially expressed between EMT-like cell states were grouped according to function using current literature, Ingenuity Pathway Assist (IPA) (ingenuity.com), HRPD (hrpd.org), BioGRID (thebiogrid.org), MINT (mint.bio.uniroma2.it) and STRING (ver 8.2; string-db.org). GO terms (ebi.ac.uk/GOA/) were annotationally clustered using DAVID (david.abcc.ncifcrf.gov) using a significance p value cutoff of 0.05 (enrichment score > 1.3). In characterizing cell-junction and adhesion complexes and cell survival complexes modulated during EMT, proteins were assembled by protein – protein contacts and grouped by systems. Statistics (Wilcoxon ranked-sum, t-test, distribution), hierarchical clustering and data visualization were performed using JMP 8.0 (sas.com), JMP Genomics (sas.com), Spotfire Decision Site (versions 8 and 9; spotfire.com). Sample sets and subsets were evaluated using VennMaster (ver 0.37.3; http://www.informatik.uni-ulm.de/ni/staff/HKestler/vennm/doc.html) and Venn Diagram Generator (http://www.pangloss.com/seidel/Protocols/venn.cgi). The analysis of individual peptide phosphorylation sites was aided by PhosphoSite (phosphosite.org) and ScanSite (scansite.mit.edu). Changes in the abundance of peptides, phosphopeptides and RNA transcripts were compared between fractions, experiments and models where membership within specific signaling networks only was established using two or more independent lines of evidence. Overlap analysis used both VennMaster (http://www.informatik.uni-ulm.de/ni/staff/HKestler/vennm/doc.html) and Pangloss software (http://www.pangloss.com/seidel/Protocols/venn.cgi) platforms. Cross-correlation between conditions and the assembly of proteins and encoded proteins within biological systems and assemblies were used to increase statistical significance and functional understanding.
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