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Supplementary Materials 32 

Materials and methods 33 

Cell lines and cell culture 34 

Human thyroid cancer cell lines with varying driver mutations (Supplementary Table 1, (Landa, 35 

et al. 2019)) were used for in vitro studies. TPC1, FTC133, BCPAP, SW1736, and 8505C were 36 

generous gifts of Dr. Rebecca Schweppe (University of Colorado, CO) with permission from the 37 

original researchers who established the cell lines: TPC1 – H. Sato, Kanazawa University, Japan 38 

(Tanaka, et al. 1987), FTC133 – P. Goretzki, University of Leipzig, Germany (Goretzki, et al. 39 

1990), BCPAP- N. Fabien, University of Medecine Lyon-Sud, France (Fabien, et al. 1994), 40 

SW1736 – N-E. Heldin, University Hospital, Uppsala, Sweden (Xu, et al. 2003), 8505C- T. Ito, 41 

Radiation Effects Research Foundation, Japan (Ito, et al. 1994). hTh74 was a generous gift from 42 

Dr. Heldin (Heldin, et al. 1991). K1 was purchased from Millipore Sigma (Burlington, MA) 43 

(Challeton, et al. 1997). THJ-16T was a generous gift from J. Copland, Mayo Clinic, Florida 44 

(Marlow, et al. 2010). TPC1 and FTC133 were cultured in DMEM medium with 10% fetal 45 

bovine serum (FBS), 1% glutamine, and 1% nonessential amino acids at 37
o
C and 5% CO2. 46 

BCPAP, hTh74, SW1736, 8505C, K1 and THJ-16T were cultured in RPMI medium with 10% 47 

fetal bovine serum (FBS), 1% glutamine, and 1% nonessential amino acids at 37
o
C and 5% CO2. 48 

All cell lines were independently validated for identity by STS profiling after receipt of the cells 49 

and periodically over the course of the experiments.  50 

 51 

Cell viability assays 52 

Cell lines were optimized for seeding density in 96 well plates. Cells were seeded in triplicate at 53 

the following densities (cells/ well): TPC1: 1x10
3
, FTC133: 1.25x10

3
, BCPAP: 5x10

3
, HTh74: 54 



 3 

1.25x10
3
, SW1736: 2.5x10

3
, 8505C: 2.5x10

3
, K1: 5x10

3
, and THJ-16T: 1x10

3
. 24 hours after 55 

seeding, cells were washed with PBS and incubated with medium containing 1% FBS for 24 56 

hours. Cells were treated with 100 µL of the indicated drug diluted in growth medium with 1% 57 

FBS for 72 hours. After 72 hours, 10 µL of WST-8 (Cell Counting Kit-8, Dojindo Molecular 58 

Technologies, Inc., Rockville, MD) was added per well and the plates were incubated for 1-3 59 

hours at 37
o
C and 5% CO2. Optical density (OD) was read at 450 nm and the percent viability 60 

was calculated by comparing the OD of treated cells versus control (untreated) cells. At least 61 

three biological replicates in triplicate were performed for each cell line. 62 

 63 

Protein extraction and western blots 64 

Cells were seeded on 10 cm plates for 24 hours, washed with PBS, and incubated with medium 65 

containing 1% FBS for 24 hours. The indicated compounds were diluted in medium with 1% 66 

FBS and added to the cells for 24 hrs (G-5555, FRAX1036, and combination of G-5555+ 67 

MK2206) or 3 hrs (combination of G-5555 + PLX4032). At the end of incubation, the medium 68 

was aspirated and the cells were washed with ice-cold PBS. Cells were scraped in 0.5 mL cold 69 

PBS, transferred to 1.5 mL tubes, and centrifuged at 500 g for 10 min. After a second wash with 70 

0.5 mL cold PBS, cells were centrifuged at 500 g for 10 min and the supernatant was aspirated. 71 

Cell pellets were resuspended and lysed in mammalian protein extraction reagent (MPER, 72 

Thermo Fisher Scientific, Waltham, MA) for 5 minutes on ice. After lysis, the lysates were 73 

centrifuged at 16,000 g for 10 minutes and the supernatants were collected. Protein concentration 74 

was estimated using bovine serum albumin as a standard and the Pierce BCA Protein Assay Kit 75 

(Thermo Fisher Scientific).   76 

 77 
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For western blotting, 10-30 µg of protein for each sample was combined with 1x NuPAGE LDS 78 

sample buffer (Thermo Fisher Scientific) and 50 mM dithiothreitol (DTT) and boiled for 5 79 

minutes. Proteins were separated on NuPAGE 4-12% Bis-Tris gels (Thermo Fisher Scientific) 80 

and transferred to nitrocellulose membranes (Bio-Rad). Membranes were blocked in 5% bovine 81 

serum albumin (BSA) or 5% non-fat milk (for pMEK S298 antibody only) in 1x tris-buffered 82 

saline with 0.05% Tween 20 (TBST) for one hour. Primary antibodies were diluted in BSA or 83 

milk (pMEK S298) and incubated overnight at 4
o
C. Membranes were washed with TBST three 84 

times for 5 minutes each and incubated at room temperature for an hour with near-infrared 85 

fluorescent secondary antibodies (1:7500 or 1:15,000 in BSA; LI-COR, Lincoln, Nebraska). 86 

After incubation, membranes were washed three times for 5 minutes each and the bands were 87 

detected using the Odyssey CLx Imaging System (LI-COR). Image analysis was conducted 88 

using the Image Studio software (LI-COR).  Membranes were blotted with GAPDH as a loading 89 

control. 90 

 91 

Primary antibodies used to detect the indicated proteins are as follows: pPAK1 S144/ pPAK2 92 

S141 (1:500, 2606, Cell Signaling, Danvers, MA), PAK1 (1:1000, 2602, Cell Signaling), 93 

pVimentin S55 (1:500, D076-3, MBL), Vimentin (1:4000, V6630, Millipore Sigma, Burlington, 94 

MA), pMEK S298 (1:500, 44460G, Thermo Fisher), MEK1/2 (1:1000, 9122, Cell Signaling), 95 

pAKT1/2/3 S473 (1:1000, sc-7985-R, Santa Cruz Biotechnology, Dallas, TX), AKT1/2/3 (1:500, 96 

9272, Cell Signaling), GAPDH (1:15,000, 2118, Cell Signaling), pERK1/2 T202/ Y204 (1:500, 97 

9101, Cell Signaling), ERK1/2 (1:1000, 4695, Cell Signaling), pGSK-3-α/β S21/9 (1:1000, 9331, 98 

Cell Signaling), GSK-3-α/β (1:1000, 5676, Cell Signaling).  99 

 100 
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Cell cycle analysis 101 

TPC1, SW1736, and FTC133 cells were seeded on 10 cm plates for 24 hours. The plates were 102 

washed with PBS and incubated with medium containing 1% FBS for 24 hours and then treated 103 

with 0.5 µM G-5555, 5 µM FRAX1036, or DMSO-only control for 24 and 48 hours. After each 104 

incubation, cells were washed with PBS, trypsinized, and counted using the Countess Automated 105 

Cell Counter (Invitrogen). Approximately 0.5- 2x10
6 

cells were collected and resuspended in 0.5 106 

mL PBS. 4.5 mL ice-cold 70% ethanol was added dropwise over 30 seconds to 1 minute. Cells 107 

were incubated overnight at 4
o
C then transferred and stored at -20

o
C until staining and flow 108 

cytometry analysis were performed. At that time, cells were centrifuged at 4
o
C and 300 g for 5 109 

minutes. The supernatant was removed and the cells were washed twice with PBS. After the last 110 

wash and centrifugation, the supernatant was removed and the cells were resuspended in 0.5 mL 111 

propidium iodide (PI) solution (40 µg/ mL PI, 100 µg/ mL RNAse A in PBS). They were then 112 

incubated at 37
o
C for 30 minutes. Cells were filtered and analyzed for relative amounts of DNA 113 

using the LSR II flow cytometer (BD Biosciences, San Jose, CA) by the Analytical Cytometry 114 

Core. Three biological replicates were performed for each cell line.  115 

 116 

Migration and invasion assays 117 

For migration assays, 1x10
5
 TPC1 or FTC133 cells were seeded on the top of a Boyden chamber 118 

insert (8 µm pores, 12 mm diameter, Millipore Sigma) in a 24-well dish, in DMEM with 1% 119 

FBS in both the top and bottom well. Wells with no cells but with medium were prepared as 120 

background controls. After 3 hours at 37
o
C, the medium was changed and 0, 0.25 µM, or 1 µM 121 

G-5555 in DMEM with 1% FBS was added to the top of the wells with the cells and DMEM 122 

with 10% FBS and no G-5555 was added to the bottom. Cells were incubated at 37
o
C for 16 123 
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hours. Equal numbers of cells were also seeded and treated as described above in a 48-well plate 124 

without a Boyden chamber (similar diameter as a Boyden chamber), to be used for a WST cell 125 

viability assay to confirm that cells remained viable in the experimental conditions.  126 

 127 

After 16 hours, medium was aspirated and the chambers were washed with distilled water. The 128 

top and bottom of the Boyden chamber were stained in crystal violet solution (0.05% crystal 129 

violet and 10% formalin) for 20 minutes at room temperature. The chambers were washed with 130 

distilled water and dried. Cells were swabbed off the top and bottom of the chambers using a 131 

moist Q-tip and the tip was placed into a 1.5 mL tube. A final concentration of 80% methanol 132 

was used to extract the color. Aliquots of each sample were placed in a 96-well dish and the 133 

absorbance was detected on a spectrophotometer at 570 nm. Percent migration was determined 134 

by calculating the ratio of the OD of the bottom of the chamber to the OD of the total of top and 135 

bottom. At the time of staining, WST solution was added to the 48-well plate and incubated at 136 

37
o
C for one hour. The absorbance was read at 450 nm and percent viability was calculated in 137 

comparison to the DMSO control. Cells were seeded in duplicate and at least three biological 138 

replicates were performed. 139 

 140 

For invasion assays, Matrigel-coated invasion chambers were warmed and rehydrated per the 141 

manufacturer’s protocol (Corning, Corning, NY). TPC1 or FTC133 cells were seeded and treated 142 

with G-5555 as above for the migration assays. After 16 hours, cells were washed and stained 143 

with crystal violet solution as previously described. For FTC133 cells, staining time was 144 

extended to one hour due to faint staining from shorter incubations. The top layer of the invasion 145 

chamber with the Matrigel was swabbed off and pictures of the bottom layer were taken with a 146 
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Zeiss AxioCam MRc5 camera from a Zeiss Axiovert 40 CFL microscope at 10X magnification. 147 

Images were acquired using the AxioVision SE64 software. At least 5 randomly selected pictures 148 

were taken per sample. The images were analyzed as described in the main paper. The images 149 

were imported into Photoshop (CS5.1, Adobe) and the number of pixels of purple color (i.e. 150 

crystal violet-stained cells) per image was calculated using the Magic Wand tool with a tolerance 151 

of 32 and cache level of 1. Percent coverage was calculated by dividing the average number of 152 

colored pixels by the total number of pixels in the image. The average percent covered from the 153 

duplicate wells was compared to the DMSO control to calculate the fraction of control that 154 

invaded. The cells were seeded in duplicate and there were at least three biological replicates 155 

performed. 156 

 157 

Thyroid-specific inducible BRAF
V600E

 mouse model 158 

 Double transgenic mice on the FVB/N background were generated by Chakravarty D et al 159 

(Chakravarty, et al. 2011) to have reverse tetracycline transactivator cloned downstream of the 160 

bovine thyroglobulin promoter (Tg-rtTA) and MYC-tagged BRAF
T1799A

 cloned downstream of a 161 

tetO promoter (tetO-BRAF
V600E

). In the presence of doxycycline (dox), mice develop thyroid 162 

tumors in one week and overexpression of BRAF
V600E

 was confirmed by pERK IHC. 163 

 164 

Immunohistochemistry (IHC) 165 

Conditions were optimized for each target and antibody. Briefly, formalin-fixed, paraffin-166 

embedded thyroid tissues were deparaffinized in xylene and rehydrated. Target retrieval was 167 

conducted at pH6, heated, and then cooled to room temperature. 3% hydrogen peroxide in 168 

methanol was used to block endogenous peroxidase. Tissues were blocked with serum-free 169 
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protein and primary antibodies in Dako antibody diluent with reducing agents were added for 30 170 

minutes. Biotinylated goat anti-rabbit secondary antibody was added for 30 minutes at 1:200 for 171 

pERK and Ki67 and 1:500 for cleaved caspase-3. The Vector RTU ABC Elite complex was 172 

added for 30 minutes and DAB was added for 5 minutes. Slides were counterstained with 173 

hematolxylin, rinsed, dehydrated with ethanol, cleared in xylene, and mounted with coverslips. 174 

 175 

Slides were imaged at 20x and/or 40x using the Caliper Life Sciences Vectra 2.0.8 quantitative 176 

pathology imaging system (PerkinElmer, Waltham, MA). 20x images were analyzed using the 177 

inForm 2.1.1 software. For Ki67 analysis, images were segmented by tissue (thyrocyte vs. non-178 

thyrocyte), as well as cell compartment (nuclei vs. cytoplasm) and percent positive thyrocyte 179 

DAB nuclear staining was calculated. For cleaved caspase-3, only cell compartment was 180 

segmented and percent positive DAB in the cytoplasm was calculated. One sample of a 181 

doxycycline and G-5555 treated mouse contained no thyroid on the slides for Ki67 and cleaved 182 

caspase-3, therefore n=16 for these analyses. 183 

 184 

Primary antibodies used for IHC are the following: pERK1/2 T202/ Y204 (1:900, 9101, Cell 185 

Signaling), Ki67 (1:100, Thermo Fisher, RM-9106), and cleaved caspase-3 (1:180, 9661, Cell  186 

Signaling) 187 

 188 

 189 

 190 


