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Abstract

Cancer cell lines are critical models to study tumor progression and response to therapy. In 2008, 

we showed that ~50% of thyroid cancer cell lines were redundant or not of thyroid cancer origin. 

We therefore generated new authenticated thyroid cancer cell lines and patient derived xenograft 

(PDX) models using in vitro and feeder cell approaches, and characterized these models in vitro 
and in vivo. We developed four thyroid cancer cell lines, two derived from two different patients 

with papillary thyroid cancer (PTC) pleural effusions, CUTC5 and CUTC48; one derived from a 

patient with anaplastic thyroid cancer (ATC), CUTC60; and one derived from a follicular thyroid 

cancer patient (FTC), CUTC61. One PDX model (CUTC60-PDX) was also developed. Short 

tandem repeat genotyping showed that each cell line and PDX is unique and match the original 

patient tissue. The CUTC5 and CUTC60 cells harbor the BRAF (V600E) mutation, the CUTC48 

cell line expresses the RET/PTC1 rearrangement, and the CUTC61 cells have the HRAS (Q61R) 
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mutation. Moderate to high levels of PAX8 and variable levels of NKX2.1 were detected in each 

cell line and PDX. The CUTC5 and CUTC60 cell lines form tumors in orthotopic and flank 

xenograft mouse models.
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Introduction

Differentiated thyroid cancer is a major public health problem with 53,990 new patients 

predicted to have thyroid cancer diagnosed in United States in 2018 (1). Papillary thyroid 

cancer (PTC) is the most common thyroid tumor type, which comprises 90% of thyroid 

tumors, and follicular thyroid cancer (FTC) accounts for 5–10%. While many patients with 

PTC have a good prognosis, with a 95% survival at 5 years, a significant number of patients 

with radioiodine-refractory, progressive differentiated thyroid cancer have a poor prognosis, 

with a 10-year overall survival rate of approximately 10% (2). Widely invasive FTCs with 

distant metastasis have a poorer prognosis and occur in up to 46% of patients (3). Anaplastic 

thyroid cancer (ATC) is rare, but remains one of the most lethal human cancers, with a 

median survival of 6–12 months (4).

The mitogen activated protein kinase (MAPK) pathway is activated in approximately 70% of 

PTCs due to activating mutations in BRAF, RAS, or fusions in RET (5,6). BRAF (V600E) 

is the most commonly mutated oncogene in PTC and ATC with an average prevalence of 41 

to 45% (5–8). Presence of the BRAF (V600E) mutation has been associated with more 

aggressive features in PTC, including recurrence, mortality, and resistance to radioactive 

iodine therapy. While BRAF and RAS are predominant drivers of aggressive thyroid cancer, 

additional genetic alterations including mutations in TP53, TERT, and PI3K pathway 

components are thought to be important for tumor progression and occur at increasing 

frequencies in PDTC and ATC (5,7,9,10). Mutations in RAS are commonly found in FTCs, 

with a prevalence of ~66% (7). Rearrangement of RET/PTC occurs commonly in PTC (~7–

20% prevalence), with a lower prevalence in poorly differentiated thyroid cancer (PDTC; 

13–17%) (6,7,11). RET/PTC rearrangements are more common in radiation-induced PTC 

than sporadic PTC. RET/PTC1 and RET/PTC3 are the most common, in which the RET 
tyrosine kinase domain is fused to the gene partner, CCDC6 or NCOA4, respectively. 

RET/PTC fusions activate the MAPK and PI3K pathways, resulting in increased 

proliferation and tumor progression.

Although there is much excitement regarding the development of targeted therapies, there is 

still much to be learned about how to effectively target these deregulated pathways in thyroid 

cancer. Human cancer-derived cell lines are critical models to study the biology of cancer 

and for preclinical testing of new therapeutic strategies. For thyroid cancer, the development 

of new therapies has been hampered by the lack of thyroid cancer cell lines in the widely 

used NCI-60 panel, which has been used to screen more than 100,000 drugs in other tumor 

types, as well as having a limited presence in more recent drug screening and functional 
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genomics efforts (12,13). In addition, in 2008, we discovered that 17 out of 40 of widely 

used thyroid cancer cell lines were redundant or misidentified with cell lines from other 

tumor types (14). In response to this, we have generated and characterized a new set of 

authenticated thyroid cancer cell lines harboring the RET/PTC1 rearrangement (CUTC48), 

BRAF (V600E) mutation (CUTC5; CUTC60), or HRAS (Q61R) (CUTC61) in order to 

accurately study thyroid cancer pathogenesis and the efficacy of new therapies.

Materials and Methods

Patient tumors

All patient tissue samples were collected under an approved Institutional Review Board 

protocol, with written informed consent from the patients, at the University of Colorado 

Anschutz Medical Campus. CUTC5 cells were derived from a 73 year-old woman with a 

malignant pleural effusion (PTC). She was originally diagnosed with 4 cm left thyroid 

follicular carcinoma with focal Hurthle cell morphology, and a 2 mm follicular variant 

papillary thyroid carcinoma was also found on the right during surgery. Cytologic 

examination of pleural fluid showed cells positive for pan-cytokeratin, KRT8/KRT18, KRT7, 

and NKX2-1 and negative for KRT20, estrogen receptor, progesterone receptor, 

mammaglobin, GCFDP, MOC31, WT1, and calretinin.

CUTC48 cells were derived from a 68-year-old female with metastatic PTC to the lung 

(recurrent pleural effusions), bone, brain, and subcutaneous nodules. The patient had 

progressive disease requiring therapeutic thoracenteses (source of the cell line). The 

progressive cancer was unresponsive to radioiodine. Sorafenib was tried, but the patient did 

not tolerate this medication. Pleural effusion and blood were collected, and the patient was 

subsequently given 2 cycles of carboplatin and paclitaxel. Therapy was discontinued due to 

side effects.

The CUTC60 cell line was derived from a 59 year-old female with ATC. The patient was 

diagnosed with T2NXM0 stage II PTC in 2005, which was treated with total thyroidectomy 

and 100 mCi of I-131. After initial treatment, her thyroglobulin became undetectable and 

neck US showed stable 3 mm hypoechoic nodule in right zone 6. She presented in August 

2015 with a rapidly growing painful anterior neck mass. Biopsy of this mass showed 

malignant cells consistent with ATC. The tumor was markedly positive for pan-cytokeratin, 

PAX8, and TP53 and negative for SOX10, thyroglobulin, and NKX2-1 on 

immunohistochemical stains. The patient underwent excision of the central neck mass and 

surgical pathology examination confirmed the diagnosis of thyroid carcinoma (90% 

anaplastic and 10% well-differentiated) with invasion into soft tissues, skeletal muscle, and 

sternum. Four out of 37 neck lymph nodes removed during the surgery were positive for 

metastatic ATC. The specimen for cell culture was obtained from the resected central neck 

mass. The patient received chemotherapy with paclitaxel and external beam radiation to the 

neck. Despite treatment, she developed pulmonary metastases complicated with recurrent 

pleural effusion and died from pneumonia and respiratory failure 5 months after the 

diagnosis of ATC.
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The CUTC61 cell line was derived from the primary tumor of a 72 year-old female with 

metastatic FTC. The patient had a history of breast cancer treated with lumpectomy, 

adjuvant chemotherapy with docetaxel and cyclophosphamide, and adjuvant endocrine 

therapy with letrozole. Five years after the initial breast cancer treatment, she developed 

right shoulder pain and imaging with MRI and CT showed a 4.3 cm mass in the humerus, a 

4.4 cm left rib mass, a 3.7 cm lung nodule, left calvarium lesions as well as multiple thyroid 

nodules. The biopsy of thyroid nodules and rib mass established the diagnosis of advanced 

thyroid cancer. Immunostaining was positive for KRT7, NKX2-1, and thyroglobulin, and 

negative for KRT20, GATA3, napsin A, chromogranin, and synaptophysin. In October 2015, 

the patient underwent total thyroidectomy with central neck dissection and a specimen for 

cell culture was obtained. Surgical pathology examination was consistent with FTC. The 

patient received additional treatment with external beam radiation therapy to bone 

metastases and two doses of I-131 (151 and 290 mCi), which resulted in a partial response to 

therapy.

Establishment of cell lines from tumor samples

Cell line generation method: Pleural effusions (PEs) from two different patients were 

collected under sterile conditions. For the CUTC5 cell line, cells were lysed with red blood 

cell lysis buffer (Biolegend 420301), and washed and resuspended in RPMI 1640. Cells 

were under laid with Optiprep, and after centrifugation, the top (epithelial) layer of cells was 

collected and plated in RPMI/10% FBS supplemented with an antibiotic-antimycotic 

solution (Gibco by Life Technologies 15240096). Samples were diluted 1:1 with Hank’s 

Balanced Salt Solution (HBSS Gibco 24020117) or PBS (Life Technologies 14190–144), 

rinsed, and plated in RPMI supplemented with 10% FBS and an antibiotic-antimycotic 

solution (Gibco Life Technologies). For the CUTC48 cell line, pelleted cells were plated in 

Copland media (15) supplemented with an antibiotic-antimycotic solution (Gibco Life 

Technologies). When the cell lines reached confluency, attached and detached cells and 

colonies were passaged with 0.25% trypsin at a 1:3 ratio (Life Technologies-25200072). 

Cells were grown at 37° C in 5% CO2 and medium was changed 2 times per week.

The CUTC60 and CUTC61 cell lines were established from solid tumor tissue using the 

ROCK inhibitor-feeder cell approach (16). Tumor samples were minced into 2 mm3 pieces, 

and digested with 50 μg/ml liberase DL (Roche 05401160001) and 10 U/ml DNAse I 

(Roche 10104159001) in HBSS for 45 min at 37° C. After digestion, cells were plated on a 

layer of irradiated feeder cells in DMEM-HG (Gibco Life Technologies11965092) 

supplemented with heat inactivated bovine calf serum (Hyclone SH30073.03). Thyroid 

cancer cells proliferated and gradually replaced most of the feeder cells. Cells were passaged 

when 70% confluent using 0.25% trypsin (Gibco Life Technologies). The ability of thyroid 

cancer cells to grow independently of feeder cells and ROCK inhibitor was tested every 2–4 

passages. All cell lines were routinely monitored for Mycoplasma contamination using the 

Lonza Mycoalert system (Lonza Walkersville, Inc. LT07–318), according to the 

manufacturer’s directions. Cell lines were considered permanent after > 6 months in culture, 

> 20 passages, and the ability to freeze down and recover. Cell lines have been deposited in 

the University of Colorado Cancer Center Tissue Culture Shared Resource.
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Short tandem repeat profiling

Genomic DNA was extracted using the ZR genomic DNA kit (D3024, Zymo Research) from 

cultured cells, the patient blood sample (CUTC48), cells isolated directly from the PE 

(CUTC5), or tumor (CUTC60; CUTC61). Short tandem repeat (STR) profiling was 

conducted by either the University of Colorado Cancer Center DNA Sequencing & Analysis 

Core or the Barbara Davis Center BioResources Core Facility Molecular Biology Unit, at 

the University of Colorado, using the Identifiler kit (Thermo Fisher Scientific #4322288) or 

the Promega Powerplex® 16 HS kit (#DC2101). The STR electropherograms were analyzed 

and alleles called using GeneMapper™ version 4.0 software (Thermo Fisher #4440915) and 

the results were confirmed by visual inspection. Matches to the resulting genotypes were 

searched for by comparing them individually to a collection of 6,678 STR genotypes 

consisting of in-house data and data from the consolidation of STR genotypes from DSMZ, 

ATCC, RIKEN, and JCRB tissue culture repositories (available at the DSMZ website https://

www.dsmz.de/services/services-human-and-animal-cell-lines/online-str-analysis.html; 

downloaded on July 10, 2017); and published STR data (17–25). Degree of matches were 

calculated by a modification of the Tanabe et al. formula (26):

% 𝖬𝖺𝗍𝖼𝗁 = 100 % ∗[2∗ (𝗇𝗎𝗆𝖻𝖾𝗋 𝗈𝖿 𝗌𝗁𝖺𝗋𝖾𝖽 𝖺𝗅𝗅𝖾𝗅𝖾𝗌 𝖻𝖾𝗍𝗐𝖾𝖾𝗇 𝗍𝗁𝖾 𝗊𝗎𝖾𝗋𝗒 𝖺𝗇𝖽 𝗋𝖾𝖿𝖾𝗋𝖾𝗇𝖼𝖾 𝗌𝖺𝗆𝗉𝗅𝖾𝗌)]
[(𝖭𝗎𝗆𝖻𝖾𝗋 𝗈𝖿 𝖺𝗅𝗅𝖾𝗅𝖾𝗌 𝗂𝗇 𝗍𝗁𝖾 𝗊𝗎𝖾𝗋𝗒 𝗌𝖺𝗆𝗉𝗅𝖾) + (𝖭𝗎𝗆𝖻𝖾𝗋 𝗈𝖿 𝖺𝗅𝗅𝖾𝗅𝖾𝗌 𝗂𝗇 𝗍𝗁𝖾 𝗋𝖾𝖿𝖾𝗋𝖾𝗇𝖼𝖾 𝗌𝖺𝗆𝗉𝗅𝖾)]

This formula was applied to allelic data from shared STR loci. Single (monoallellic) peaks 

were counted only once, the results for the amelogenin locus amplicons from the X and Y 

chromosomes, were not included in the % Match calculation, as these alleles are not short 

tandem repeats. The results for the 13 shared CODIS loci (CSF1PO, D3S1358, D5S818, 

D7S820, D8S1179, D13S317, D16S539, D18S51, D21S11, FGA, THO1, TPOX, and vWA) 

were used to calculate the % Match. Most of the older external data (e.g., DSMZ 

consolidated, (19,20)) were produced with different STR genotyping kits with fewer STR 

loci and the % Match was calculated using only the results for shared loci.

RNA isolation and qRT-PCR

RNA was isolated using the PerfectPure RNA extraction kit (5 Prime FP2302340). mRNAs 

for human PAX8 and NKX2-1 were measured by real-time quantitative RT-PCR using ABI 

Prism 7700 Sequence detector, using the following primer/probe sequences, as previously 

described (14): PAX8 (F) 5’- GGACTACAAACGCCAGAACCC-3’, PAX8 (R) 5’- 

GGGCACAGTGTCATTGT CACA-3’, PAX8 (Probe) 6FAM- ACCATGTTTGCCTGGGA 

GATCCGA-TAMRA, NKX2-1 (F) 5’- ACGACT CCGTTCTCAGTGTCTG-3’, TTF-1 (R) 

5’- GCCCTCCA TGCCCACTTT-3’, NKX2-1 (probe) 6FAM- 

CATCTTGAGTCCCCTGGAGGAAAGC TACA-TAMRA. Quantities of PAX8 and 

NKX2-1 were normalized to the corresponding 18s rRNA (PE ABI, P/N 4308310).

Detection of RET/PTC1

cDNA was used as a template to screen for RET/PTC rearrangements by quantitative PCR. 

First, the following primers were used to evaluate unbalanced expression of exons 12–13 

versus exons 10–11 of RET, as previously described (14,27): Exons 10–11 (F) 5’-
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CACCTGCAACTGCTTCCCTGAGGA and (R) 5’-CGGCACAGCTCGTC-3’; and Exons 

12–13 (F) 5’-GCAACGGCCTTCCATCTGAA-3’ and (R) 5’-

ACTCGGGGAGGCGTTCTCTTT-3’. Samples with greater expression of exons 12–13 

versus 10–11 of RET, which flank the rearrangement site in intron 11, were then screened 

for specific RET rearrangements using primers flanking the fusion points of RET/PTC1, 

RET/PTC2, and RET/PTC3, as previously described (27–29). Positive controls included 

cDNA from the TPC1 cells, which express the RET/PTC1 rearrangement, pCCL3 cells 

expressing RET/PTC2, and a PTC sample expressing RET/PTC3. mRNA was normalized to 

18S rRNA, as described above. PCR products for RET/PTC1, 2, and 3 were analyzed on 2% 

agarose gels.

Mutational analysis

Mutational analysis was performed using the MSK-IMPACT targeted sequencing of 341 

cancer genes (CUTC5, CUTC48), or a new panel covering 69 additional genes (410 genes 

total; CUTC60, CUTC61), as described (25,30).

Cell growth assays

Cells (2 × 104) were plated in triplicate, and counted after 24, 48, 72, and 96 hours using an 

automated ViCell counter (Beckman). Doubling time was calculated using an online 

calculator (http://www.doubling-time.com/compute.php).

Western blot analysis

Cells were harvested in CHAPS lysis buffer (10 mmol/L CHAPs, 50mmol/L Tris (pH 8.0), 

150 mmol/L NaCl, and 2 mmol/L EDTA with 10 μmol/L Na3VO4 and 1x protease inhibitor 

cocktail (Roche)). Total protein concentrations were determined using the Bio-Rad DC kit 

(#5000111). Protein extracts were resolved on 8% or 10% PAGE-SDS gels and transferred 

to Immobilon-P membranes (Millipore IPFL00010), as previously described (31,32). 

Membranes were incubated at 4°C overnight with the following antibodies: RET (Abcam 

#134100), ppERK1/2, total ERK2 (Santa Cruz SC16982-R, Cell Signaling 9107), or α-

tubulin (CalBiochem CP06) diluted in 5% nonfat dry milk or 5% BSA in 20 mmol/L Tris, 

pH 7.4, 138 mmol/L NaCl, 0.1% Tween (TBST). Blots were incubated with secondary goat 

anti-rabbit or goat anti-mouse horseradish peroxidase-conjugated antibodies (GE Healthcare 

NA934V) and proteins were detected by enhanced chemiluminescence (ECL) detection 

(Pierce 34080) (31,32).

Kinase inhibitor sensitivity

The sensitivity of CUTC cells lines to the indicated kinase inhibitors was assessed using 

CellTiterGlo 2.0 cell viability assay (Promega #G9243). All liquid handling operations were 

done using the JANUS Automated Workstation (Perkin Elmer) at the University of Colorado 

High Throughput Screening Core. Briefly, 400 cells in 25 µl of media were seeded into each 

well of a 384 well plate, and 24 hours later 1 μl of drug solution prepared in 12.5%/87.5% 

DMSO/RPMI 1640 cell culture media was added to each well. After 72 hour incubation 

with the drugs, 25 µl of CellTiterGlo 2.0 assay reagent was added to each well, and 

luminescence was read using the EnVision Multilabel Plate Reader (Perkin Elmer). Eight 
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concentrations of drug, ranging from 0.64 to 40000 nM, were tested in quadruplicate. Drug 

responses were normalized to the negative control (DMSO). The final DMSO concentration 

was 0.5%, similar to the DMSO concentration (0.4%) used by the Cancer Cell Line 

Encyclopedia study (13). The DMSO concentration was the same for all wells in the assay. 

Each screening plate had 16 negative control assays (100% viability) and 16 positive control 

assays (0% viability, 1 μM staurosporine). To ensure quality, Z’ factor was calculated for 

each plate and Z’ ≥= 0.7 was considered acceptable. IC50 values (the concentration at which 

the drug response reached an absolute inhibition of 50%) were estimated using a 4-

parameter log-logistic model in R.

Soft agar assays

Cells (104 – 4 × 104) were suspended in 0.3% agar with complete RPMI or Copland media, 

and plated on a base layer of 0.64% agar (Difco Agar Noble, BD 214220) in 6-well dishes, 

as previously described (33). Media was replenished every 3–4 days for 16 days. Colonies 

were stained with nitroblue tetrazolium chloride (VWR 0329), and incubated overnight at 

37° C to develop the stain. Colonies were counted using Image J software.

Orthotopic mouse model

All animal studies were conducted in accordance with the animal protocol procedures 

approved by the Institutional Animal Care and Use Committee (IACUC) at the University of 

Colorado Denver (Aurora, CO). Athymic nude mice (Hsd:Athymic Nude-Foxn1nu (069) 

from Envigo or in-house breeding for the CUTC60 and CUTC61 cells), SCID/Beige mice 

(C.B-17/IcrHsd-PrkdcscidLystbg-J from Envigo), or NRG mice (NOD.Cg-
Rag1tm1MomIl2rgtm1Wjl/SzJ (#007799) from The Jackson Laboratory) were anesthetized 

with tribromoethanol (250 mg/kg), and the indicated thyroid cancer cells (5 × 105 in a 5 μL 

cell suspension) were injected into the right thyroid gland with the aid of a dissecting 

microscope (Nikon SMZ645), and the skin closed with staples, as previously described (33–

35). Growth was monitored for the indicated days. Final thyroid tumor size for excised 

tumors was measured with calipers and volume was calculated using the following formula: 

tumor volume = (length x width x height)*0.5236.

Subcutaneous flank model

CUTC48 cells (107) were injected into the flanks of 5 athymic nu/nu mice (Hsd:Athymic 

Nude-Foxn1nu (069) from Envigo), 5 SCID/Beige mice (C.B-17/IcrHsd-PrkdcscidLystbg-J 

from Envigo), or 3 NOD/RAGKO/IL-2RgammaKO mice (NOD.Cg-

Rag1tm1MomIl2rgtm1Wjl/SzJ (#007799) from Jackson Laboratory) using high 

concentration Matrigel (Corning #354248) 1:1 with RPMI 1640 (#11875119; Gibco Life 

Technologies), as previously described (36). Growth was monitored over 97 days (nude and 

SCID mice) or 6 months (NOD/RAGKO/IL-2RgammaKO). CUTC5 cells (5 × 106) were 

injected into the flanks of 3 NSG mice (NOD.Cg-Rag1tm1MomIl2rgtm1Wjl/SzJ (#007799) 

from Jackson Laboratory) using high concentration Matrigel 1:1 with RPMI 1640. Tumor 

growth was monitored, and caliper measurements taken over 42 days. CUTC60 cells (106) 

were injected into the flanks of 5 athymic nude mice (Hsd:Athymic Nude-Foxn1nu (069) 

from Envigo) using high concentration Matrigel 1:1 with RPMI 1640. Tumor growth was 
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monitored, and caliper measurements taken over 42 days. Final tumor volumes were 

calculated as described above using measurements taken from excised tumors.

Establishment of patient-derived xenograft (PDX) models

Tumor tissue obtained from patient 60 was collected and placed in HBSS (Gibco) on ice for 

transport. Samples were then cut into pieces approximately 3mm3 with surgical scissors 

under sterile conditions. Tumor pieces were then transferred to high concentration Matrigel 

(Corning #354248) and placed on ice until injection. Female NSG mice (NOD.Cg-

Rag1tm1MomIl2rgtm1Wjl/SzJ (#007799) from Jackson Laboratory) were anesthetized with 

5% inhaled isoflurane in 95% oxygen. Tumors were subcutaneously engrafted into both hind 

flanks using a 12g trocar needle, and passaged into nude mice at mouse passage 3 (mF3). 

Tumor growth in vivo was monitored weekly by caliper measurements, with volume 

calculated using the equation: length x(width2)
2 .

Results

Short Tandem Repeat genotyping

Short tandem repeat (STR) genotyping was performed on the CUTC5, CUTC48, CUTC60, 

and CUTC61 cell lines and their respective patient tissue samples and the CUTC60 patient 

derived xenograft (PDX) model. Specifically, for CUTC5, the patient’s PE tumor cells were 

profiled, for CUTC48, the patient’s blood was used for profiling; and for the CUTC60 and 

CUTC61, the patient tumors were used for profiling (Table 1). All profiles consisted of 

sharp peaks with negligible background and were not contaminated with DNA from other 

human samples (Figure S1). As shown in Table 1, the CUTC5 cell line STR profile matched 

that of the patient at all 13 STR loci. The STR profiles of the CUTC48 cells and patient 

sample were identical at the loci tested in common, except the CUTC48 cells exhibited loss 

of heterozygosity (LOH) at D16S539 (Table 1). The CUTC60 cell line matched their 

respective patient tissue sample, except with LOH at D13S317, D18S51, D21S11, and FGA 

(Table 1). The CUTC60 PDX exhibited LOH at FGA, TPOX, and vWA. The CUTC61 cell 

line matched its respective patient tissue sample at all STR loci tested (Table 1). As 

expected, since all of the cell lines were derived from female patients, they carry only the X-

linked chromosomal Amelogenin locus (Table 1).

Characterization of thyroid-specific gene expression

We next evaluated expression of the thyroid specific genes, PAX8 and NKX2-1, in the 

CUTC5, CUTC48, CUTC60, and CUTC61 cell lines, along with CUTC60-PDX tumor 

using qRT-PCR. Figure 1A shows that all cell lines and PDX tumor express moderate levels 

of PAX8 (61.8 to 255.7 pg mRNA/ng rRNA). Levels of NKX2-1 were more variable and 

ranged from 0 pg mRNA/ng rRNA in the CUTC60 cells to 221.1 pg mRNA/ng rRNA in the 

CUTC48 cells. Overall, PAX8 and NKX2-1 levels in cell lines are lower than expression 

levels in normal thyroid or tumor tissue, which exhibit PAX8 and NKX2-1 levels > 1000 pg 

mRNA/ng rRNA (14), but are detectable and similar to expression levels of many of the 

established thyroid cancer cell lines previously evaluated by our group (14), therefore 

supporting the thyroid origin of these cell lines.
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Morphologic and phenotypic characterization of the CUTC cell lines

We next assessed the morphology of the cell lines. The CUTC5, CUTC48, and CUTC61 

cells have a polygonal-like shape, whereas the CUTC60 cells are more spindle-like (Fig. 

1B). All cell lines grow as adherent cultures. The growth rates of the CUTC cell lines were 

evaluated using automated cell counting over a period of 96 hours, and showed the CUTC5, 

CUTC48, and CUTC61 cells have similar doubling times of 29 hours, while the CUTC60 

cells have a doubling time of 22 hours (Fig. 1C). We further assessed the ability of the 

CUTC5, CUTC48, CUTC60, and CUTC61 cell lines to form colonies in soft agar assays. 

Figure 1D shows that the BRAF-mutant CUTC5 and CUTC60 cells readily form colonies in 

soft agar, whereas the RET/PTC1 expressing CUTC48 and CUTC61 cells did not form 

colonies in soft agar after 16 days of growth, and plating up to 40,000 cells (data not shown).

Mutational profiling

Mutations were identified previously using MSK-IMPACT targeted sequencing, and are 

summarized in Table 2 (25). The CUTC5 cells harbor mutations in BRAF c.T1799A 

(p.V600E) (allelic frequency 0.44) and TP53 c.C405G (p.C135W) (allelic frequency 0.99). 

For the CUTC48 cell line, no point mutations were detected in the coding regions of BRAF, 
RAS, or PIK3CA, but a TERT (telomerase reverse transcriptase) promoter mutation (c.

−124C>T) was identified (allelic frequency 0.5). The CUTC60 cells and CUTC60-PDX 

harbor the BRAF T1799A (p.V600E) mutation with similar allelic frequencies (CUTC60 

allelic frequency 0.67; CUTC60-PDX 0.59), a TP53 c.A578G (p.H193R) mutation (allelic 

frequency 1; CUTC60-PDX 0.98), and TERT promoter mutation (c.−124C>T; allelic 

frequency 0.49; CUTC60-PDX 0.58). The CUTC61 cells have an HRAS c.A182G (p.Q61R) 

mutation (allelic frequency 0.63), a splicing TP53 mutation (c.375+1G>A), and TERT 
promoter mutation (c.−124C>T; allelic frequency 0.43).

Identification of the RET/PTC1 rearrangement in the CUTC48 cells

Given the lack of driver mutations identified in the CUTC48 cells, we screened the CUTC48 

cell line for RET/PTC rearrangements using qRT-PCR and cDNA as a template. We first 

evaluated unbalanced expression of exons 10–11 relative to 12–13 of RET, which flanks the 

rearrangement site in intron 11. Figure 2A shows expression of exons 12–13 is higher than 

expression of exons 10–11 in the CUTC48 cells (150-fold), and is similar to the RET/PTC1-

expressing TPC1 cells, which were used as a positive control. As expected, neither set of 

exons is expressed in the HTh74 cells, which was used as a negative control. To identify the 

specific RET/PTC rearrangement present, the CUTC48 cells were screened using primers 

bracketing the fusion point of RET/PTC1, as previously described (27–29). Using this 

approach, expression of RET/PTC1 was detected in the CUTC48 cells at similar levels of 

RET/PTC1 expression in the TPC1 cells (Fig 2B). These results are consistent with our 

Affymetrix gene expression data, showing expression of RET in the CUTC48 cells, as well 

as next generation sequencing (25). We next performed Western blot analysis to evaluate 

RET/PTC1 protein expression in the CUTC48 cells, using the TPC1 cells as a positive 

control for RET/PTC1 expression, the HTh74 cells as a negative control, and the lung cancer 

cell lines Calu6, DMS-53, and H889, to monitor full length RET expression. Figure 2C 

shows that similar to the TPC1 cells, the CUTC48 cells expression a 57 kDa protein, 
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consistent with the expected size of the RET/PTC1 rearranged protein, compared to full 

length RET expression of 140–170 kDa.

The sensitivity of CUTC cell lines to kinase inhibitors

The responses of CUTC cell lines to kinase inhibitors targeting their respective oncogenic 

drivers are summarized in Supplementary Table 1. Compared to other CUTC cell lines, the 

CUTC48 cells were sensitive to cediranib (IC50 = 667 nM), foretinib (IC50 = 111 nM), and 

lenvatinib (IC50 = 1525 nM), at concentrations known to inhibit RET (37,38), which likely 

explains their sensitivity. Consistent with the presence of BRAF V600E mutation, CUTC5 

cell line was sensitive to BRAF inhibitors (IC50, dabrafenib, 8 nM; vemurafenib, 859 nM) 

and MEK inhibitors (IC50; selumetinib, 195 nM; PD-0325901, 18 nM; trametinib, 148 nM), 

at concentrations selective for their respective targets. Interestingly, the CUTC60 cell line 

was resistant to BRAF (dabrafenib and vemurafenib IC50s > 10 μM) and MEK1/2 

(selumetinib, PD-0325901, and trametinib IC50s > 9 μM) inhibitors despite the presence of 

BRAF V600E mutation (Table S1). We have recently reported that the TCGA-derived 

BRAFV600E-RAS score (BRS) is a better predictor of MAPK pathway dependence than 

BRAF mutational status (6,25). Consistent with this, the CUTC5 cells have a lower BRS 

than the CUTC60 cells (CUTC5 BRS = −0.341 vs CUTC60 BRS = 0.089), indicating the 

CUTC60 cells are less reliant on the MAPK pathway and thus resistant to MEK1/2 or BRAF 
inhibition. Interestingly, the CUTC60 and CUTC61 cell lines did not show outlier drug 

sensitivities. Finally, we evaluated the sensitivity of the CUTC cells to the multi-kinase 

inhibitor, sorafenib, which is FDA-approved for differentiated thyroid cancer. The BRAF-

mutant CUTC5 and CUTC60 cells exhibited IC50 values of < 2 μM to sorafenib, while the 

CUTC48 and CUTC61 cells were more resistant with IC50 values > 8 μM (Table S1), all of 

which are lower than achievable plasma levels in patients (39).

Growth of CUTC cell lines in preclinical mouse models

CUTC5 tumor establishment—The ability of the CUTC cell lines to form tumors in 
vivo was evaluated using the orthotopic and flank models. Using the orthotopic model, to 

better recapitulate the microenviroment, where where 5 × 105 cells are injected into the right 

thyroid glands of mice, the CUTC5 cells formed small orthotopic tumors in nude mice after 

48 days (79 mm3; not shown). In SCID and NRG mice, the CUTC5 orthotopic tumors 

reached an average tumor volume of 162 mm3 after 43 days (Fig. 3A; Table S2). H&E 

staining of a representative primary orthotopic tumor showing invasion into the muscle is 

shown in Figure 3B. Pulmonary metastases were also observed, with multiple foci in 6/8 

mice and small foci in 2/8 mice (Fig. 3C; representative image). We also evaluated the 

ability of the CUTC5 cell lines to grow subcutaneously as flank tumors, as a robust and 

easily accessible model to study tumor growth and response to treatment. The CUTC5 cells 

established tumors in NSG mice after 20 days (6/6 mice; average ~25 mm3), reaching an 

average final tumor volume of 562 mm3 at 42 days (Fig. 3D & 3E; Table S2). Pulmonary 

metastases were observed in 3/3 of the CUTC5 mice evaluated, and representative images of 

the primary tumor and lung metastases are shown in Figure 3.

CUTC60 tumor establishment—The CUTC60 cell line had an orthotopic take rate of 

100% (6/6) in nude mice with an average tumor size of 128 mm3 after 28 days (Fig. 4A; 
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Table S2). The CUTC60 cells formed invasive tumors, along with lung metastases with 

small foci in 3/6 mice. Representative images of the orthotopic primary tumors and lungs are 

shown in Fig. 4B and 4C. In the flank model, the CUTC60 cells established tumors in nude 

mice by day 7 (9/10 mice; average 125 mm3; Fig. 4D; Table S2), reaching an average final 

tumor volume of 636 mm3 at day 42 (Fig. 4D). Representative images of the flank tumors 

are show in Figure 4E. Lung metastases were not observed in the CUTC60 flank model.

CUTC48 and CUTC61 tumor establishment—The CUTC48 or CUTC61 cells did not 

establish tumors in the orthotopic model using nude mice. The CUTC48 cells did not form 

flank tumors in SCID (0/10), or NOD/RAGKO/IL-2RgammaKO mice (0/6) even with 107 

cells injected in the flank (Table S2). The CUTC61 cells were not tested in the flank model.

Patient-derived xenograft (PDX) models

The CUTC60-PDX model was generated directly from tumor tissue from the patient tumor, 

which was directly implanted into NSG mice, and subsequently passaged into nude mice. 

The growth of the CUTC60 PDX model (generation mF4) is shown in Figure 5A where 

tumor chunks (3 mm3) were injected subcutaneously into each flank of athymic nude mice. 

CUTC60-PDX tumors were invasive and reached an average tumor volume of 504 mm3 

after 7 weeks (Fig. 5). Histology of the patient tumor and PDX flank tumor are shown in 

Fig. 5B and 5C. PDX models have been shown to accurately recapitulate the original 

patient’s tumor and therapeutic responses, thus the CUTC60-PDX model provides a new, 

clinically relevant thyroid cancer model to study BRAF-driven tumorigenesis and response 

to therapy, along with a matched cell line to study mechanisms in vitro (40).

Discussion

Cancer cell lines remain a major tool to study cancer signaling mechanisms and response to 

therapy. In thyroid cancer, we previously reported the comprehensive characterization of a 

panel of 40 cell lines, and identified 23 unique thyroid cancer cell lines (14). While these 

cell lines represent valuable models to study thyroid cancer biology, the majority of these 

models are decades old, and have not been genetically linked to their corresponding patient 

tissue samples. Thus, there is a need to develop and characterize novel cell lines that closely 

recapitulate thyroid cancer pathogenesis. In support of this, new thyroid cancer cell lines 

have recently been established, including cell lines derived from ATC, PTC, and FTC 

(15,24,41,42). Here, we report the generation of two new PTC-derived cell lines isolated 

from pleural effusions (CUTC5, CUTC48), one cell line derived from the primary tumor of 

an ATC patient (CUTC60), and a fourth cell line derived from the primary tumor of a patient 

with metastatic FTC (CUTC61). The CUTC5 and CUTC60 cell lines and CUTC60-PDX 

harbor the BRAF V600E mutation, thus providing new authenticated models representing a 

common oncogenic driver mutation in PTC and ATC. The CUTC61 cell line harbors a 

HRAS Q61R mutation, to our knowledge, providing the first model of FTC to express this 

mutation. Finally, the CUTC48 cells express the RET/PTC1 rearrangement, representing 

another common genetic alteration in PTC, and importantly, providing the second RET/PTC 
thyroid cancer cell line model in existence.
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Importantly, we have authenticated this panel of cell lines and PDX model using STR 

genotyping, and have genetically linked the cell lines and PDX models to their 

corresponding patient tissue samples. Of the 60 unique thyroid cancer cell lines recently 

characterized by our groups, approximately 20 of these cell lines (including the four cell 

lines reported here) have been linked to their corresponding patient tissue samples 

(15,24,25,41), thus providing a critical panel of thyroid cancer cell lines to accurately study 

thyroid cancer biology. In addition, these STR profiles provide an important resource for 

maintaining cell line integrity (19,43,44). For the CUTC cell lines, we have further shown 

that these cell lines cell lines express the thyroid specific transcription factors, PAX8 and/or 

NKX2-1, supporting the thyroid origin of these cell lines. We also evaluated mRNA 

expression of NIS; however, as with most preclinical thyroid cancer cell lines, we were 

unable to detect expression (data not shown). Overall, these results are consistent with the 

dedifferentiated nature of thyroid cancer cell lines in vitro, regardless of their derivation 

(25).

We further performed a mutational analysis of the CUTC cell lines using by MSK-IMPACT 

targeted sequencing (25). This analysis identified BRAF V600E and TP53 mutations in the 

CUTC5 cells. The CUTC60 cells harbor BRAF V600E, TP53, and a TERT promoter 

mutation, and the CUTC61 cells have HRAS Q61R, a TP53 splicing mutation, and a TERT 
promoter mutation. Of note, the TP53 alterations in the CUTC60 and CUTC61 cell lines 

were enriched compared to their corresponding tumor samples, as previously described (25). 

Recent studies have reported mutations in BRAF and TERT correlate with more aggressive 

disease (10), which is consistent with the aggressive nature of the tumors from which these 

cells were isolated. As expected, the BRAF-mutant CUTC5 cell line was highly sensitive to 

BRAF and MEK inhibitors, and the CUTC48 cell line, expressing RET/PTC1, was highly 

sensitive to drugs targeting RET. Interestingly, the BRAF-mutant CUTC60 cell line was 

resistant to BRAF and MEK inhibitors. This lack of sensitivity is consistent with a higher 

BRAFV600E-RAS score (BRS), indicating that despite the presence of the BRAF V600E 

mutation, the CUTC60 cells are not dependent on the MAP kinase pathway (25). The 

HRAS-mutant CUTC61 cell line was also resistant to MEK inhibitors, suggesting other 

pathways are important for the growth and survival of these cells. Together, these models 

will be valuable to further study why thyroid cancers are more resistant to MAPK-directed 

therapies than other tumor types with similar activating mutations (e.g. melanoma). Finally, 

all cell lines were responsive to the multi-kinase inhibitor, sorafenib, which is FDA-

approved for differentiated thyroid cancer, at concentrations achievable in patients (39).

Notably, our mutational analysis of the CUTC48 cell line did not identify oncogenic 

mutations in BRAF, RAS, PIK3CA, or TP53. We noted expression of RET using Affymetrix 

gene expression profiling (25), which prompted us to evaluate expression of RET/PTC using 

RT-PCR approaches with primers flanking the rearrangement site of RET/PTC1. 

Accordingly, we found greater expression of exons 12–13 versus 10–11 of RET, indicating 

expression of the RET/PTC1 rearrangement in the CUTC48 cells. Thus, to our knowledge, 

the CUTC48 cells represent the second thyroid cancer cell line in the world to study RET/

PTC1 biology, and the first RET/PTC1 thyroid cancer cell line that has been genetically 

linked to the original tumor. In addition, the CUTC48 cells harbor a TERT promoter 

mutation.
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The ability to establish tumors in mouse models is an important characteristic of cancer cell 

lines in order to investigate the effects of the microenvironment and response to therapy in 

an in vivo model. We found that the CUTC5 cells form orthotopic tumors in SCID and NRG 

mice (8/8 take rate, 150 mm3 average tumor volume), with the development of lung 

metastases. The CUTC5 cells also form tumors in a subcutaneous tumor model in NRG 

mice, which also has lung metastases. The CUTC60 cells readily formed orthotopic and 

flank tumors in nude mice, demonstrating lung metastases in the orthotopic model. 

Interestingly, the CUTC48 cells did not form tumors in any mouse model that we tested, 

including the NRG mice, which is consistent with the take rate we and others have observed 

with the RET/PTC1-expressing TPC1 cells (34,45,46). Our previous studies have indicated 

that thyroid cancer cell lines with the highest take rate harbor mutations in BRAF V600E 

(34), thus indicating that the RET/PTC1-expressing cells may exhibit an overall less 

aggressive phenotype.

PDX models are thought to better resemble human tumors and have quickly become a 

valuable translational model to study cancer biology, response to therapy, and the 

development of biomarkers (40,47). Recently, 10 new thyroid cancer PDX models were 

reported by Marlow et al (24), and one other ATC PDX model has been published, which 

was used for drug screening (48). The models developed by Marlow et al (24) are of various 

thyroid subtypes expressing mutations in BRAF or RAS, and importantly, include three 

PDX models with matched cell lines. Here, we have developed an additional PDX model 

derived from ATC (CUTC60-PDX) with a matched cell line (CUTC60), which harbors a 

clinically relevant BRAF V600E mutation. Thus, providing another critical translational 

model to study oncogenic BRAF signaling in thyroid cancer and the ability to study 

mechanisms and responses in vitro and in vivo.

In summary, we have developed four new thyroid cancer cell lines and one new PDX model. 

The two PTC cell lines (CUTC5 and CUTC48) were each derived from pleural effusions, 

the CUTC60 cell line was derived from the primary tumor of an ATC patient, and the 

CUTC61 was derived from a the primary tumor of a patient with metastatic FTC. These cell 

lines and PDX model have been authenticated by STR profiling, and match their original 

patient tumor samples. In order to maintain cell line integrity, these models will be 

distributed through the University of Colorado Cancer Center Tissue Culture Shared 

Resource. The initial characterization of these models provides important information on 

growth rate, key mutations, thyroid-specific gene expression, kinase dependency, and tumor 

growth in vivo, thus providing an important resource to study thyroid cancer biology and 

BRAF, RAS, and RET/PTC signaling. Future studies will continue to focus on developing 

cell lines and PDX models from advanced forms of thyroid cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications: We have developed the second RET/PTC1-expressing PTC-derived cell line 

in existence, which is a major advance in studying RET signaling. We have further linked 

all cell lines to the originating patients, providing a set of novel, authenticated thyroid 

cancer cell lines and PDX models to study advanced thyroid cancer.
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Figure 1. Thyroid specific gene expression, morphologic and growth characteristics of the CUTC 
cell lines.
A) mRNA expression of PAX8 and NKX2-1 was measured by qRT-PCR. mRNA expression 

(pg) of PAX8 or NKX2-1 normalized to 18s rRNA (ng) is shown. B) Bright field images of 

the CUTC cell lines at 10X magnification. CUTC5 p17, CUTC48 p14, CUTC60 p28, and 

CUTC61 p20 are shown. C) The growth of the CUTC cell lines was determined by daily 

ViCell counting every 24 hours for 96 hours. Data shown are the mean +/− SEM of 3 

independent experiments performed in triplicate. Doubling time was determined based on 
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the growth data in 1C. D) Growth of the CUTC5 and CUTC60 cell lines in soft agar. The 

number of cells plated is indicated. Colony formation was quantified after 16 days using 

Image J. Results shown are the mean +/− SD of one experiment performed in 3 to 4 

technical triplicates. The CUTC48 and CUTC61 cells did not form colonies in soft agar.
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Figure 2. Expression of RET/PTC1 in the CUTC48 cells.
A) qRT-PCR was used to screen for the presence of RET/PTC rearrangements. Expression 

of exons 12-13 versus exons 10-11 of RET are shown. Greater expression of exons 12-13 

versus 10-11 indicates expression of RET/PTC1. The TPC1 cells were used as a positive 

control and the HTh74 cells were used as a negative control. Values shown are pg RET 

mRNA expression normalized to ng rRNA. B) RET/PTC1 expression was evaluated by qRT-

PCR using primers flanking the fusion site. mRNA levels were normalized as in 2A. C) 
RET/PTC1 protein expression was evaluated by Western blotting using the TPC1 cells as a 

positive control, the HTh74 cells as a negative control, and the lung cancer cell lines, Calu6, 

DMS053, and H889 to compare full-length RET expression.
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Figure 3. CUTC5 in vivo tumor growth.
A) CUTC5 cells (500,000) were injected into the right thyroid glands of SCID and NRG 

mice, and tumor volume was evaluated after 43 days. Results shown are the mean +/− SD of 

final tumor volumes from tumors grown in SCID and NRG mice. B) A representative image 

of an H&E-stained an orthotopic primary tumor is shown. The trachea is indicated by (T) 

and the arrow indicates invasion. C) Histologic analysis by H&E staining of lung metastases 

(indicated by arrows) is shown. Images are shown at 4, 10, or 20X, as indicated. D) CUTC5 

cells were injected into the flanks of NSG mice and tumor growth was measured over 42 

days, and final tumor volumes were calculated. Representative images of the primary tumor 

(E) and (F) lung metastases are shown. Metastases were observed in 3/3 mice.
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Figure 4. CUTC60 tumor growth in vivo.
CUTC60 cells (500,000) were orthotopically injected into the right thyroid glands of nude 

mice. A) Tumor growth was monitored by weekly bioluminescence imaging over 28 days, 

and final tumor volumes were calculated. Histologic analysis was performed and 

representative H&E staining of the primary tumor (B) and lung metastases (indicated by the 

arrow) (C) are shown. The trachea (T) is also indicated. D) CUTC60 cells were injected into 

the flanks of nude mice and tumor growth was monitored by weekly caliper measurements 

for 42 days. Final tumor volumes are shown. E) A representative H&E stained image of the 

flank tumor is shown. Lung metastases were not observed in the CUTC60 flank model.
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Figure 5. Generation of the CUTC60 patient-derived xenograft (PDX) model.
Tumor tissue (3 mm3) from patient 60 was directly implanted into the flanks of NSG mice 

by trocar injection. Tumors were passaged into the flanks of nude mice at generation mF3. 

A) The growth of the CUTC60-PDX was measured weekly for 7 weeks. Final tumor 

volumes are the mean +/− SD of 10 tumors. Representative images of the patient tumor (B) 
and PDX flank tumor (C) are shown.
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Table 2.

Mutational Analysis of the CUTC cell lines and PDX model.

BRAF HRAS TERT TP53

CUTC5 c.T1799TA
[p.V600E] WT WT c.C405G

[p.C135W]

CUTC48 WT WT c.−124C>T WT

CUTC60 c.T1799A
[p.V600E] WT c.−124C>T c.A578G

[p.H193R]

CUTC60-PDX c.T1799TA
[p.V600E] WT c.−124C>T c.A578G

[p.H193R]

CUTC61 WT c.A182G
[p.Q61R] c.−124C>T Splicing

c.375+1G>A
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