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Supplementary Figure S1. ddPCR and western analysis of resistant models. 
A, BRAFi sensitive VACO432 cells were induced to express resistance-associated 

genetic alterations. ddPCR analysis was used to confirm the presence of these 

alterations.  Endogenous BRAFV600E mutation was present at an allele frequency 

of 30% in each individual resistant clone. Data are the mean ± SD of triplicate 

determinants from 3 biological replicates. B, western blot of baseline protein 

expression for KRAS, NRAS, and MEK1/2. 
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Supplementary Figure S2. Effect of clinically observed mutations on MAPK 
signaling with clinically relevant drug combinations. VACO432 cells 

expressing Q61K mutant of NRAS, G12D-G12S-Q61H mutants of KRAS, F53L-

K57T mutants of MEK1, C125S mutant of MEK2 or empty vector control were 

treated with the indicated concentrations of dabrafenib (DAB), panitumumab 

(PAN), trametinib (TRA) and VX-11e (VX) for 24h. Following treatment, cells were 

lysed and western blotting was performed with the indicated antibodies (pERK = 

Thr202/Tyr204 ERK1/2; pRSK = Thr359/Ser363 p90RSK). GAPDH was used as 

a loading control. Western blot figures are representative of two independent 

experiments.   
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Supplementary Figure S3. DUSP6 and SPRY2 transcript levels over time in 
the absence of treatment. DUSP6 and SPRY2 expression was measured over 

2h, 24h, 36h or 48h of treatments in the absence of treatment as in Fig. 2C by 

qRT-PCR. Fold change levels are normalized to baseline samples. Data are the 

mean ± SD of triplicate determinants from 3 biological replicates normalized for 

expression of the housekeeping gene TATA-binding protein. 
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Supplementary Figure S4.  Effect of clinically relevant drug combinations 
on MAPK signaling over time. VACO432 cells infected with empty vector or 

KRASG12D were treated with the indicated concentrations of dabrafenib (DAB), 

panitumumab (PAN), trametinib (TRA) and VX-11e (VX) for the indicated times.  

For experiments with empty vector cells and experiments with ERK inhibitor, time 

points up to 24 hours are shown, as insufficient cells remained past 24 hours for 

western analysis due to the cytotoxic effects of therapy.  Following treatment, 

cells were lysed and western blotting was performed with the indicated 

antibodies (pERK = Thr202/Tyr204 ERK1/2; pRSK = Thr359/Ser363 p90RSK). 

GAPDH was used as a loading control. 
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Supplementary Figure S5. Optimization of cfDNA isolation and assessment 
of cfDNA half-life in cell culture media. A, Media collected from actively growing 

VACO432 cells was centrifuged twice at 400rcf or 1000rcf for 5 min. After 

centrifugation, media was either subjected to cfDNA extraction or further purified 

using 0.22μm or 0.45μm filter units (Millipore) prior to extraction. Following 

extraction, cfDNA was analyzed by ddPCR for BRAFV600E (panel on the left), and 

quantitative PCR for total genome equivalents (panel on the right). Target allele 

region is presented as the number of total events (mutant plus wild-type) per 

sample in each reaction. Genome equivalent is per mL of media. rcf, relative 

centrifuge force. B, Media collected from actively growing VACO432 cells was 

plated into a fresh 6-well plate without the presence of cells. Media was collected 

every two hours and subjected to cfDNA extraction as in A. The half-life of cell 

culture-derived cfDNA was measured using ddPCR of BRAFV600E mutation (the 

number of total events) (panel on the left) and quantitative PCR for total genome 

equivalents (panel on the right) from baseline up to 8 h. Data are the mean ± SD 

of triplicate determinants from 3 biological replicates.   
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Supplementary Figure S6. Mouse weights during in vivo treatment. Average 

body weights of xenograft-bearing mice treated with vehicle only or indicated drug 

combinations (BRAFi, 30mg/kg twice daily; EGFRi, 50mg/kg twice weekly; MEKi, 

1mg/kg twice daily and ERKi, 150mg/kg twice daily), are shown relative to starting 

body weight. Error bars represent SEM.  
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Patient # Pre-treatment  
(tumor) 

Post-PD  
(tumor) 

Post-PD  
(blood) 

1 
BRAF V600E 
TP53 E258K 

SMAD4 A118V 

 
Not assessed 

 

 
BRAF V600E 
TP53 E258K 

SMAD4 A118V 
NRAS Q61K 

 
 

2 BRAF V600E 
TP53 A189P 

 
BRAF V600E 
TP53 A189P 
KRAS G12D 

 
 

 
Not assessed 

3 
BRAF V600E 
TP53 C242F 
APC S1465fs 

 

BRAF V600E 
TP53 C242F 
APC S1465fs 
KRAS G12S 

 
BRAF V600E 
TP53 C242F 
APC S1465fs 
KRAS G12S 
NRAS Q61R 

 

4 

BRAF V600E 
SMAD4 D351H 

APC R1450* 
PTEN R233* 

 

 
 
 
 
 

Not assessed 

 
BRAF V600E 

SMAD4 D351H 
APC R1450* 
PTEN R233* 
KRAS Q61H 
KRAS G12C 
KRAS Q61L 
KRAS Q61K 

MAP2K1 K57N 
MAP2K1 K57E 

MAP2K2 C125S 
 

 
Supplementary Table S1. Molecular profiles of pre-treatment and post-
progression specimens. Pre-treatment blood was not available for analysis. 
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Supplementary Table S2: IC50s of short-term viability assays from Fig. 2A. 
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Mutation ddPCR Probe Sequence or Catalog Number 
BRAF p.V600E dHsaMDV2010027 

 
KRAS p.G12D dHsaMDV2510596 

 
KRAS p.G12S dHsaMDV2510588 

 
KRAS p.Q61H dHsaMDV2010131 

 
NRAS p.Q61K dHsaMDV2010067 

 
MEK1 p.F53L dHsaMDS340783155 

 
MEK1 p.K57T mutant CACCTTCTGCGTCTGG 

 
MEK1 p.K57T wild-type CACCTTCTGCTTCTGGG 

 
MEK2 p.C125S dHsaMDS706593682 

 
Supplementary Table S3. ddPCR probe information. For individual mutations, 

the catalog number for BioRad is indicated for each probe kit. For MEK1K57T 

mutation, the custom designed probe sequence is indicated.  
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Supplementary Methods  
 
Plasmids and mutagenesis 
We obtained Gateway-compatible plasmids for NRASQ61K (Addgene 83180), 

KRAS4bQ61H (Addgene 83140), and KRAS4bG12S (Addgene 83144) in pDONR223. 

Wild-type MEK1 in pENTR1A was obtained from Addgene (21208), it was mutated 

with site-directed mutagenesis using the Quickchange II XL Site-Directed 

Mutagenesis kit (Agilent) as described in the manufacturer’s protocol. Primers 

used for mutagenesis to MEK2 C125S were hand-designed and listed in 

Supplementary Table S3. Plasmids of KRASG12D, MEK1F53L, and MEK1K57T were 

made for a previous publication (1). Mutant cDNAs in donor vectors were 

transferred into pLX304 (Addgene 25890) or pLenti CMV Puro DEST (Addgene 

17452) expression vectors using LR Clonase II (Life Technologies).  

 
Lentiviral Infections  
Transfection complexes containing the lentiviral expression vector and packaging 

plasmids psPAX2 and pVSVG were assembled using TransIT-LT1 Transfection 

Reagent (Mirus) and added to 293T cells for production of lentiviral supernatant. 

All infections were performed in the presence of polybrene (8μg/mL). Following the 

addition of lentiviral supernatants, cells were centrifuged for 1 hour at 2,500 rpm. 

After 24 hours, growth medium containing 1μg/mL puromycin for pLenti-contained 

genes (Sigma) or 8μg/mL blasticidin for pLX304-contained genes (Life 

Technologies) were added for 72 hours or 120 hours, respectively, to select for a 

stable population of infected cells.  

 
Drug Assays 
For in vitro short-term viability assays, cells were plated onto parallel 96-well plates 

at 2,000 cells/well in DMEM/F12 (GIBCO) with 5% FBS. After 24 hours, serial 

dilutions of inhibitor were added to the wells. Plates were incubated for 3 days, and 

cell titer was measured by Cell TiterGlo assay (Promega). Relative cell titer was 

calculated as a percentage of the value for cells without inhibitor treatment. 
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Nonlinear regression curves were calculated and displayed using GraphPad Prism 

7 (GraphPad Software).  

 
For long-term proliferation assays, cells were seeded (2 x 103 cells per well in 12-

well culture plates). After 24h, cells were treated with the indicated concentrations 

of inhibitor(s), and medium-only in control wells. Three technical replicates were 

plated per experiment. After 10 days or 21 days, cells were fixed with 

glutaraldehyde and stained with 0.1% crystal violet (Sigma-Aldrich). Cells were 

rinsed with water and air-dried. 10% acetic acid was added and absorbance was 

measured at 590nm. Values are normalized to baseline cell number 24 hours after 

plating, prior to inhibitor treatment. For all assays conducted in the presence of 

drug, fresh inhibitor(s) was added every 4 days. 

 

For clonal pool cell counting assays, 10 x 104 cells per well were plated in 6-well 

culture plates in triplicate and allowed to adhere overnight. The following day, cells 

were subjected to specific treatments. When cell viability was to be determined, 

cells were counted using a hemocytometer. For all assays conducted in the 

presence of drug, fresh inhibitor(s) was added every 4 days. All values reported in 

the drug assays correspond to means ± SD of at least three independent 

experiments, each with three experimental replicates.  

 

RNA extraction and quantitative PCR 

Total RNA was extracted using RNeasy Mini Kit (QIAGEN) according to 

manufacturer’s protocol. Two microgram of total RNA was used to generate cDNA 

using SuperScript VILO cDNA Synthesis Kit (ThermoFisher Scientific). 

Quantitative RT-PCR (qRT-PCR) was performed on a LightCycler 480 Instrument 

II (Roche) with LightCycler®480 SYBR Green I qPCR Master Mix, 2X (Roche). 

DUSP6 and SPRY2 were analyzed by qRT-PCR. Data was normalized for 

expression of the housekeeping gene TBP (TATA box binding protein). Primer 

sequences are listed below.  For time course assays, cells were seeded to 

maintain consistent confluency between time points at the time of lysis, and fresh 
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media with or without drug (as appropriate) was added to all wells at each time 

interval prior to lysis to ensure consistency. 

 

For tumor analysis, harvested tumor tissue was completely homogenized by 

means of high-speed vortexing using a motorized pestle mixer (Argos 

Technologies). Genomic DNA extracted from cells and tumor tissue using DNeasy 

Blood & Tissue kit (QIAGEN). Quantitative PCR (qPCR) was performed with 30ng 

of DNA per single reaction using LightCycler®480 SYBR Green I qPCR Master 

Mix, 2X (Roche) with a LightCycler 480 Instrument II (Roche). CMV and ccdB were 

analyzed by qPCR. CMV and ccdB primers we designed to amplify the regions 

containing CMV promoter or ccdB death gene shared between two plasmids into 

which the target sequences of resistant clones were cloned. Data are the mean ± 

SD of triplicate determinants from 3 biological replicates.   

Primer Name  Sequence 
MEK1 C125S mutagenesis Forward GGAACCAGATCATCCGCGA 

MEK1 C125S mutagenesis Reverse CGGTGCATGATCTGGTGCT 

Dusp6 qRT-PCR Forward AGACACCACAGTTCTTGCCC 
 

Dusp6 qRT-PCR Reverse GCCGAATCTCTTTGAGAACG 
 

Spry2 qRT-PCR Forward GAAGTGTGGTCACTCCAGCA 
 

Spry2 qRT-PCR Reverse TTGCACATCGCAGAAAGAAG 
 

TBP qRT-PCR Forward TCAAACCCAGAATTGTTCTCCTTAT 
 

TBP qRT-PCR Forward CCTGAATCCCTTTAGAATAGGGTAGA 
 

CMV qPCR Forward ACATCAATGGGCGTGGATAG 
 

CMV qPCR Reverse ATAGACCTCCCACCGTACAC 
 

ccdB qPCR Forward GCACAACCATGCAGAATGAAG 
 

ccdB qPCR Reverse GTGTATAAGGGAGCCTGACATTTA 
 

LINE-1 qPCR Forward TCACTCAAAGCCGCTCAACTAC 
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LINE-1 qPCR Reverse TCTGCCTTCATTTCGTTATGTACC 
 

  

Western Blot analysis and antibodies 
Western blotting was performed using standard methods.  After treatment with 

indicated drugs, cells were washed with cold PBS and lysed in the following lysis 

buffer: 20mM Tris pH 7.4, 150mM NaCl, 1% Nonidet P-40, 10% glycerol, 1mM 

EDTA, 1mM EGTA, 5mM sodium pyrophosphate, 50mM NaF, 10nM β–

glycerophosphate, 1mM sodium vanadate, 0.5mM DTT, 4μg/mL leupeptin, 

4μg/mL pepstatin, 4μg/mL aprotinin, 1mM phenylmethylsulfonyl fluoride. Lysates 

were centrifuged at 16,000 x g for 5 min at 4°C.  Protein concentrations were 

determined by BCA assay (Thermo Scientific).  Proteins were resolved by SDS-

PAGE and transferred to a polyvinylidene difluoride membrane (Hybond-P, 

Amersham). Immunoblotting was performed per antibody manufacturer’s 

specifications. Antibodies for P-ERK (Cell Signaling) was used at 1:2000 dilution; 

P-RSK (Millipore) was used at 1:10,000 dilution and GAPDH (Millipore) was used 

at 1:1000 dilution.  Protein detection on Western blots was performed using 

SuperSignal chemiluminescence (Thermo Scientific). 

 

 

Statistical analysis  
All the analyses were performed using the software GraphPad PRISM 7.0. Two-

way ANOVA test was used for Fig. 4A. Statistical significance was established for 

p<0.05.  
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