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List of abbreviations 

*  frozen organoids 

AdDF+++  advanced DMEM/F12 containing HEPES, L-glutamine and penicillin/streptomycin 

BAF  B-allele frequency 

BME  basement membrane extract 

c  canine 

COX-2  cyclooxygenase-2 

CTB  cell titer blue 

DMEM  Dulbecco’s Modified Eagle Medium 

DMSO  dimethylsulfoxide 
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F  female 

FN  female neutered 

FTC  follicular cell thyroid carcinoma 

FBS  fetal bovine serum 

HE  hematoxylin and eosin 

IBD  identity-by-descent 

IHC  immunohistochemistry 

LI  labeling index 

LRR  logR ratio 

MC  mitotic count 

MN  male neutered 

MTC  medullary thyroid carcinoma 

NA  not available 

P  passage 

PBS  phosphate buffered saline 

PFA  paraformaldehyde 

R  receptor 

RT  room temperature 

SNP  single nucleotide polymorphism 

TC  thyroid carcinoma 

TKI  tyrosine kinase inhibitor 

TOC  toceranib phosphate 

TT4  total thyroxine 

TTF-1  thyroid specific transcription factor-1 
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VEGF  vascular endothelial growth factor 

VEGFR  vascular endothelial growth factor receptor 
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Abstract 

Organoid cultures could constitute a valuable in vitro model to explore new treatments for canine (c) 

medullary thyroid carcinoma (MTC). The study’s objectives were to establish and characterize 3D organoid 

cultures of cMTC using histology and immunohistochemistry (IHC) and to evaluate the effect of antitumor 

drugs on organoids’ viability. Five cMTC tissue samples were used to develop organoid cultures of which 

one organoid line, named cMTC N°2, could be passaged for an extended period. This cMTC N°2 organoid 

line was further compared to the primary tumor regarding morphology and IHC expression of thyroid 

transcription factor-1 (TTF-1), thyroglobulin, calcitonin, synaptophysin, vimentin, Ki-67, cyclooxygenase-2 

(COX-2), P-glycoprotein and vascular endothelial growth factor (VEGF). Quality control of the cMTC N°2 

organoid line was achieved by a single nucleotide polymorphism (SNP) array of the organoids, primary 

tumor and healthy blood cells of the same dog. The effect of carboplatin, meloxicam and toceranib 

phosphate (TOC) on cMTC N°2 organoids’ viability was evaluated. The cMTC N°2 organoid line was cultured 

for 94 days and showed similar histological features with the primary tumor. Immunolabeling for TTF-1, 

thyroglobulin, calcitonin and VEGF was similar between the primary tumor and cMTC N°2 organoids. 

Compared to the primary tumor, organoids showed higher immunolabeling for vimentin and Ki-67, and 

lower immunolabeling for synaptophysin, COX-2 and P-glycoprotein. The SNP genotype was similar for 

each chromosome between healthy blood cells, primary tumor and cMTC N°2 organoids. Carboplatin, 

meloxicam and TOC had no effect on cMTC N°2 organoid cell viability within achievable in vivo 

concentration range. In conclusion, the cMTC N°2 organoid line is a promising first milestone towards an 

established in vitro organoid model to explore pathophysiology and new treatment modalities in cMTC. 

 

Keywords: cell culture techniques, dogs, histology, immunohistochemistry, neoplasms, thyroid carcinoma 
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Introduction 

In dogs, 90% of thyroid tumors detected clinically are carcinomas.1,2 Of these, 30% arise from the 

parafollicular cells and 70% from the thyroid follicular cells, called medullary thyroid carcinoma (MTC) and 

follicular cell thyroid carcinoma (FTC), respectively.2 Canine (c) MTC and FTC of compact type have similar 

histological appearance. Therefore, immunohistochemistry (IHC) for thyroglobulin, calcitonin or 

neuroendocrine markers (e.g., synaptophysin) helps to differentiate them reliably.3,4 

To date, studies on biological behavior and treatment outcome of cMTCs are scarce. Treatment options 

include thyroidectomy, radiotherapy, chemotherapy and tyrosine kinase inhibitors (TKIs). One study 

reported that cMTCs are less invasive, seeming more amenable to surgical resection, and show fewer 

metastases at diagnosis compared to cFTCs.5 However, following thyroidectomy, prognosis is comparable 

between both tumor types.6 Unfortunately, thyroidectomy is precluded in up to 50-75% of canine thyroid 

carcinomas (TCs) due to invasive growth.1 Although, radiotherapy is an excellent treatment alternative, its 

availability is limited. Therefore, systemic treatment options, such as chemotherapy and TKIs, remain 

important in the therapeutic management of cMTCs. The need for further research into systemic 

therapeutic modalities is further reinforced by the invasive growth and high metastatic rate of cTCs.1 

Although, the results of chemotherapy have been largely disappointing, recent reports indicate that TKIs 

(e.g., toceranib phosphate (TOC)) are associated with significant clinical benefit in dogs with TC, 

particularly in dogs with incompletely excised, recurrent and/or metastatic TC.1,2,7,8 Unfortunately, no 

studies have yet been performed specifically on cMTCs. Cyclooxygenase-2 (COX-2), P-glycoprotein and 

vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR) have been proposed to be promising 

therapeutic targets in cMTCs, but to date, no studies have evaluated the therapeutic potential of COX-2 

inhibitors in cTCs.9,10 Both, COX-2 inhibitors and TKIs, have also been shown to inhibit the expression and 

function of P-glycoprotein, which is an important cause of chemoresistance.11-13 The development of an 
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adequate in vitro model of cMTC could help elucidate the therapeutic value of COX-2 inhibitors and TKIs 

prior to clinical trials. 

Organoids are 3D cell culture systems derived from stem cells capable of self-organization and self-

renewal, which maintain the in vivo tissue architecture and function, making it possible to model clinically 

relevant drug responses.14 Canine organoid cultures have been established from normal and/or neoplastic 

bladder, epidermis, intestines, kidney, liver, mammary glands and prostate.15-23 Recently, our group 

established organoids from naturally occurring FTC in dogs.24 Organoids of cMTC could be beneficial to 

explore new treatment strategies before investing in clinical trials. To date, organoids of naturally 

occurring MTC have not been established in any species. 

The objectives of this study were to establish organoid cultures of cMTC, to characterize them using 

histology and IHC, and to perform single nucleotide polymorphism (SNP) genotyping as a quality control. 

Furthermore, proliferation assays were performed to evaluate the effect of several antitumor drugs on 

cMTC organoid viability. The chemotherapeutic carboplatin, the COX-2 inhibitor meloxicam and the TKI 

TOC were selected based on their clinical use in cTCs. 

 

Methods 

Tissue samples 

Samples from five cMTCs were obtained from the biobank of canine thyroid tumor tissue of the Vetsuisse 

Faculty (University of Bern).24 The tissue samples originated from client-owned dogs with naturally 

occurring MTC, collected after thyroidectomy for diagnostic and curative purposes. Therefore, no approval 

of the Ethical Committee was obtained. 

Half of the surgically removed thyroid mass was fixed in 10% buffered formalin followed by paraffin-

embedding and subsequently histopathology. The remaining half, stored at 4°C in Dulbecco’s Modified 

Eagle Medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) with 1% penicillin/streptomycin 

(Thermo Fisher Scientific), was processed within 12 h and reserved for research purposes. Therefore, tissue 
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was washed in phosphate buffered saline (PBS), cut in 5 mm pieces and largely stored in freezing medium 

containing 45% DMEM (Thermo Fisher Scientific), 45% fetal bovine serum (FBS; Thermo Fisher Scientific) 

and 10% dimethylsulfoxide (DMSO; Merck Millipore, Darmstadt, Germany) at -150°C. Corresponding 

EDTA-anticoagulated whole blood and remaining tumor tissue pieces were also frozen at -80°C and snap 

frozen in liquid nitrogen, respectively. 

Dogs were staged using the WHO TNM staging system for canine thyroid tumors (Table 1).25 

 

Organoid culture 

Frozen tissue pieces of the five cMTCs were washed and centrifuged (5 min, 300 g) twice separately with 

advanced DMEM/F12 (Thermo Fisher Scientific) containing HEPES (10 mM; Sigma Aldrich, Saint Louis, MO, 

USA), L-glutamine (2 mM; Thermo Fisher Scientific) and penicillin/streptomycin (50 U/mL; Thermo Fisher 

Scientific) (AdDF+++). Tissue pieces were enzymatically dissolved in collagenase type IV (2 mg/mL; Sigma 

Aldrich) and Y-27632 dihydrochloride (1.65 µM; Abmole Bioscience, Houston, TX, USA) (30 min, 37°C). 

Tissue suspensions were filtered using a 100-µm nylon mesh (Thermo Fisher Scientific) to retain single cells 

and small cell clusters. The filtered cell suspensions were centrifuged (5 min, 460 g) twice and the cell 

pellets were resuspended in basic growth medium containing 75% AdDF+++, 10% conditioned R-Spondin 

medium (in-house), 10% conditioned Noggin medium (in-house), 2% serum-free B-27 supplement 

(Thermo Fisher Scientific) and bovine TSH (8 mIU/mL; Sigma Aldrich) as main components (Supplementary 

material 1). The cell suspension with basic growth medium was mixed with Cultrex® basement membrane 

extract (BME; R&D Systems, Minneapolis, MN, USA) on ice in a 1:1 ratio to create 30 µL droplets on pre-

warmed 24-well plates. After 30 min incubation (5% CO2, 37°C), pre-warmed basic growth medium per 

well was added to the solidified droplets. Culture conditions were 5% C02 and 37°C. Basic growth medium 

was refreshed twice weekly. Organoids were reseeded or passaged every 3-6 and 7-14 days, respectively. 
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Organoids were passaged by enzymatically dissociation with TrypLE Express (1X, Thermo Fisher Scientific) 

(10 min, 37°C) followed by mechanical disruption. 

Organoids’ growth and appearance were microscopically evaluated every 2-3 days. 

One of the five cMTC cultures, named cMTC N°2, could be passaged for a longer time in culture. 

Henceforth, only this organoid line will be referred to in this study. 

 

Freezing and storage 

Five days after passaging, small to medium sized organoids (20-125 µm) were frozen. Therefore, organoids 

were resuspended in basic growth medium and Recovery™ cell culture freezing medium (Thermo Fisher 

Scientific) in a 1:1 ratio. The whole was stored in cryogenic tubes (Thermo Fisher Scientific) and slowly 

frozen at -80°C in a freezing container (Nalgene® Mr. Frosty; Sigma Aldrich). After 24 h, organoids were 

transferred to -150°C. 

 

Embedding 

Organoids were incubated for 2 h in 4% paraformaldehyde (PFA) at room temperature (RT). The PFA-fixed 

organoid pellets were then resuspended in pre-warmed 2.5% agarose solution and placed in pre-warmed 

histology molds. After cooling the agarose-organoid pellets (10 min, 4°C), the pellets were placed in 

histology cassettes. The latter were incubated consecutively in 50% ethanol (1 h, RT), 80% ethanol (2 h, 

4°C) and 4% PFA (12 h, RT). The formalin-fixed organoid pellets were then paraffin-embedded and cut. 

Subsequently, slides were prepared for hematoxylin and eosin (HE) staining and IHC. 

 

Histology 

Histological analysis of all five primary tumors and the cMTC N°2 organoid line was performed by a board-

certified pathologist (MD). The evaluated histological criteria were cell morphology, cell organization (i.e., 
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follicular, compact, follicular-compact), mitotic count (MC) (evaluated in 10 high-power fields, 400x 

magnification), and presence of anisocytosis and anisokaryosis. Histologic type of primary tumors was 

determined according to the WHO’s histological classification system for canine thyroid tumors.26 

Classification of cMTCs was also based on positive immunolabeling for calcitonin. 

 

Immunohistochemistry 

Three µm sections of the formalin-fixed paraffin-embedded blocks of the primary tumors and cMTC N°2 

organoid line were prepared on positively charged glass slides (Color Frosted Plus; Biosystems, Muttenz, 

Switzerland). Immunohistochemistry for thyroid transcription factor-1 (TTF-1), thyroglobulin, calcitonin, 

synaptophysin, vimentin and Ki-67 was performed using a Bond-III automated immunostainer (Leica 

Biosystems, Wetzlar, Germany) at Pathologie Länggasse (Ittigen, Switzerland) according to manufacturer’s 

instructions (Table 2).4 Immunohistochemistry for COX-2, P-glycoprotein and VEGF was performed as 

previously described by our group at the Department of Pathobiology, Pharmacology and Zoological 

Medicine (Ghent University) (Table 2).9 Minor modifications to the protocol were reduction of microwave 

time to 3.5 min (850 W) and 10 min (300 W) in the antigen retrieval step and incubation step with the 

primary antibodies at RT, respectively. 

Positive controls were stained in parallel with the respective antibody (Table 2). Negative controls were 

obtained by replacing each primary antibody by 2% dog serum (LabForce, Muttenz, Switzerland). 

 

All sections were evaluated by a board-certified pathologist (MD). The percentage of positive 

immunolabeled cells was subjectively estimated, except for Ki-67. Ki-67 positive cells were quantified by 

calculation of the Ki-67 labeling index (LI). Therefore, a photomicrograph at 400x magnification was taken 

of the two regions with seemingly the highest number of Ki-67-positive cells, in both the primary tumor 

and organoids. In the primary tumor, the total number of tumor cells was counted using the image 
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processing program Fiji (Image J).27 Ki-67-positive tumor cells of the primary tumor, and the total number 

of organoid cells and Ki-67-positive organoid cells were counted manually. Ki-67 LI was calculated as the 

number of Ki-67-positive cells divided by the total number of cells. The highest Ki-67 LI from the two 

regions was selected for both the primary tumor and the organoids. 

 

Cell viability and proliferation assays 

Organoids were incubated in growth medium containing different concentrations of carboplatin (0, 5, 10, 

25, 35, 60 and 120 µM) (Carboplatin-Teva® liquid 50 mg/5mL; Teva Pharma AG, Basel, Switzerland), 

meloxicam sodium salt hydrate (0, 20, 40, 80, 120 and 160 µM) (M3935; Sigma Aldrich) and TOC (0, 150, 

300, 600, 900 and 1200 nM) (PZ0338; Sigma Aldrich). The evaluated in vitro drug concentrations were 

derived from canine and human 2D cell culture studies.28-30 Prior to preparation of the drug-containing 

growth media, carboplatin was dissolved in basic growth medium (2.70 mM solution), whereas meloxicam 

and TOC were dissolved separately in DMSO (26.78 mM and 5.05 mM solutions, respectively) according to 

manufacturer’s instructions. Additionally, DMSO was added to the growth medium of each condition 

(control group and treatment groups) in the proliferation assays of meloxicam and TOC to obtain a final 

.6% and .02% solution, respectively. Two replicates of each proliferation assay (i.e., carboplatin, meloxicam 

and TOC) were conducted in which each condition (control group and treatment groups) was represented 

by three wells. 

Organoids were enzymatically dissociated with TrypLE Express (1X, Thermo Fisher Scientific) (20 min, 37°C) 

and filtered using a 40-µm cell strainer (Corning, New York, NY, USA) to obtain single organoid cells. Cells 

were washed and centrifuged (5 min, 470 g) to collect the cell pellet. Thirty-µL droplets of basic growth 

medium and BME (R&D Systems) in a 1:1 ratio, containing 150 000 single cells, were created on pre-

warmed 24-well plates and incubated (30 min, 37°C). Pre-warmed growth media with the different 

concentrations of each drug were added separately to each well. Three wells per condition (control and 
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treatment groups) were incubated (5% C02, 37°C). Growth medium of control and treatment groups was 

replaced with basic growth medium after 24 h (carboplatin) or 48 h (meloxicam, TOC). Basic growth 

medium was refreshed every 2 days until the end of the proliferation assays (day 10). 

 

Organoid cells’ viability was monitored using CellTiter-Blue® (CTB) cell viability assays (Promega; Madison, 

WI, USA) at days 7 (meloxicam, TOC) and 8 (carboplatin), and day 10 of the proliferation assays. Therefore, 

basic growth medium was removed and replaced by CTB reagent in pre-warmed AdDF+++ in a 1:20 ratio. 

After 4 h of incubation (5% CO2, 37°C), 200 µL of each well was pipetted in a 96-well plate and fluorescence 

signal, emitted by the fluorophore produced by viable organoid cells, was read by a multimode plate 

reader with a 560 nm excitation/590 nm emission filter set (EnSpire™ 2300; PerkinElmer, Waltham, MA, 

USA).31 After the first CTB assay (days 7 or 8), medium was replaced by basic growth medium. After the 

second CTB assay (day 10), organoids of the zero and two highest concentrations of each drug were 

embedded separately for histology and IHC. 

 

Data were plotted in three separate dose response curves where the x-axis indicates the drug 

concentration (i.e., carboplatin, meloxicam and TOC) and the y-axis indicates the % cell viability of the 

organoid cells, measured at day 7 (meloxicam, TOC) or day 8 (carboplatin), and day 10 (Fig. 1). The % cell 

viability was calculated by normalizing the fluorescence signal emitted by the fluorophore produced by 

the viable organoid cells to the fluorescence signal emitted by the fluorophore produced by the untreated 

viable organoid cells (control group). 

 

DNA extraction 

DNA was extracted from EDTA-anticoagulated whole blood (healthy cells), snap frozen primary tumor and 

organoids of the same dog. Prior to DNA extraction, tumor tissue was washed with PBS, a stainless-steel 
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bead was added and the whole was placed in the TissueLyser (QIAGEN, Hilden, Germany) for 2 min. 

Thereafter, DNA from the tissue lysate and whole blood was extracted using the QIAamp® DNA mini kit 

(QIAGEN) and the QIAamp® DNA blood mini kit (QIAGEN), respectively, according to the manufacturer’s 

instructions. A chloroform-based DNA extraction method was used to extract DNA from the organoids. 

DNA quality and concentration were measured using NanoDrop® ND-1000 spectrophotometer (Thermo 

Fisher Scientific). DNA quality was quantified using the 260/280 absorbance ratio. 

 

Single nucleotide polymorphism genotyping array 

Extracted DNA from healthy cells, primary tumor and organoids of the same dog was genotyped using the 

Illumina CanineHD BeadChip array (Illumina, San Diego, CA, USA) (Neogen, Lincoln, NE, USA. Data were 

quality-filtered and analyzed with PLINK v1.9 software.32 Confirmation of sample identity and sex based 

on heterozygosity rates, and detection of possible sample contamination, swaps or duplications based on 

pairwise identity-by-descent (IBD) estimation were performed. Subsequently, a combination of two SNP 

genotyping array measures, B-allele frequency (BAF) and logR ratio (LRR), was plotted per chromosome in 

the healthy cells, primary tumor and organoids of the same dog using RStudio v3.6.0.33 Plots from the same 

chromosome were compared visually between healthy cells, primary tumor, and organoids to detect 

potential differences. 

 

Cell line validation statement 

The cMTC N°2 organoid line was validated by histology and IHC as described in this manuscript. A SNP 

genotyping array of both organoids, respective primary tumor and healthy cells was performed as a quality 

control of the derived organoid line. 

 

Statistical analysis 
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The difference in cell viability between organoids incubated with different concentrations of the same 

drug (i.e., carboplatin, meloxicam and TOC) was compared using a repeated measures ANOVA. Significance 

level was defined at .05. 

 

Results 

cMTC cultures 

Five cMTCs were used to develop organoid cultures (Table 1). Thyroid function status, TNM classification 

and tumor stage of each dog are detailed in Table 1. 

One organoid line (cMTC N°2) could be reseeded and passaged for 94 days (passage (P) 9) until the end of 

the study (Table 1, Fig. 2). The cMTC N°2 organoids grew slowly though continuously. The remaining four 

cMTC cultures were discontinued due to absent growth (n=3) or bacterial contamination (n=1) (Table 1). 

Two times six and 24 wells of cMTC N°2 organoids were frozen and stored at P5 (43 days), P7 (69 days) 

and P9 (94 days), respectively. To evaluate organoids’ viability after freezing, organoids frozen at P5 were 

brought to culture after 25 days and were cultured for another 28 days (P7*), until the end of the study. 

Only the results of the cMTC N°2 organoids are further described and discussed. 

Microscopically, organoids were roundish to ovoid in shape with a cystic to solid appearance and a 

thickened wall (Fig. 2). Organoids’ size was independent of age (Fig. 2). 

 

Histology and IHC 

Primary thyroid tumor and organoids (P4, 37 days; P8, 84 days) were characterized by histology and/or 

IHC for TTF-1, thyroglobulin, calcitonin, synaptophysin, vimentin, Ki-67, COX-2, P-glycoprotein and/or VEGF 

(Tables 3-4, Figs. 3-6). The positive control tissue and negative control, which were stained in parallel with 

the tissue of interest (i.e., primary tumor and organoids), labeled positive and negative, respectively, for 

each evaluated antibody. 
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The primary tumor showed a compact organization of polygonal cells with a moderate grade of 

anisocytosis and anisokaryosis (Fig. 3A). Follicular structures were absent. The MC of the primary tumor 

was 5. Organoids (P4) also had a compact organization of polygonal cells without follicular organization 

(Fig. 3B). A moderate to high grade of anisocytosis and anisokaryosis was observed (Fig. 3B). The MC of 

the organoids (P4) was 0. The organoids (P8) of the different treatment groups showed a similar 

morphology with each other and with the untreated organoids (P4). In the control group of TOC (P8 0nM 

TOC) some organoid cells showed a follicular organization next to compactly organized cells, and MC was 

3 (Fig. 3C). At the highest concentrations of carboplatin, meloxicam and TOC, vacuolization of some 

organoid cells was observed. 

Both primary tumor and organoids (P4, P8 0 nM TOC) showed positive immunolabeling for TTF-1 and 

negative immunolabeling for thyroglobulin (Table 3, Figs. 4-6). Primary tumor and organoids (P8 0 nM TOC) 

showed positive immunolabeling for calcitonin and synaptophysin, which was negative in the organoids at 

P4 (Table 3) (Figs. 4-6). Compared to the primary tumor, synaptophysin, COX-2 and P-glycoprotein 

immunolabeling were lower, while vimentin immunolabeling and Ki-67 LI were higher in the organoids 

(P4, P8) (Table 3, Figs. 4-6). Both, primary tumor and organoids (P4, P8 0 nM TOC), showed a similar high 

percentage of VEGF-positive cells (Table 3). Drug type and concentration seemed not to influence 

immunolabeling for COX-2, P-glycoprotein and VEGF in organoid cells (P8) (Table 4). 

 

SNP genotyping array 

Extracted DNA from healthy cells, primary tumor and organoids (P7) was genotyped. 

PLINK data showed that the proportion of IBD between the different samples was > .99, confirming their 

same origin. Also, analysis of the X-chromosome SNPs of the samples were in agreement with male origin 

(F > .84). Additionally, both BAF and LRR plots showed no obvious differences in SNPs per chromosome 

between the healthy cells, primary tumor and organoids (Figs. 7-8). 
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Anti-cancer drug response 

Proliferation assays were performed on organoids at P8 and P9 to obtain two replicates for each drug. No 

significant differences were observed in % cell viability of the cMTC N°2 organoid cells incubated with 

different concentrations of each drug (P > .32) (Fig. 1). From day 8-10 and day 7-10, % cell viability changed 

(i.e., increase or decrease) regardless of drug type and concentration (Fig. 1). 

 

Discussion 

We described the first organoid line of naturally occurring MTC from any species. The cMTC organoid line 

was characterized by an adequate and stable proliferative capacity considering the long-term viable 

culture, the moderate to high Ki-67 LI and continued growth after freezing. 

 

Histology of cMTC organoid cells showed a similar morphology and organization as the primary tumor 

cells, with the exception of the follicle-like structures in the organoids at P8, which somewhat contrast 

with the compact architecture of MTC.34 The positive immunolabeling of the cMTC organoids for TTF-1, 

calcitonin and synaptophysin confirmed their thyroid, C-cell and neuroendocrine origin, respectively.3,4 

This was further supported by the negative immunolabeling for thyroglobulin. 

Although the cMTC N°2 organoid line had an adequate proliferative activity, the MC was rather low in the 

evaluated passages (i.e., P4 and P8) in comparison to the primary tumor. However, the Ki-67 LI, which was 

higher in the organoids compared to the primary tumor, is preferred over the MC as proliferative marker 

as the Ki-67 LI is a graded marker for all the active phases of the cell cycle (i.e., G1, S, G2 and mitosis) while 

the MC is rather a binary marker for only the mitosis phase of the cell cycle.35,36 Also, in sparsely cellular 

sections, such as our cMTC N°2 organoids, the MC gives a less adequate representation of the number of 

mitotic figures in comparison to sections with dense cellularity such as our primary tumor.37 Hence, the Ki-
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67 LI better represents the proliferative activity of our cMTC N°2 organoid line than the MC. The reason 

for the lower Ki-67 LI in the organoids at P8 compared to P4 is unclear. 

 

The SNP genotyping of healthy cells, primary tumor, and organoids confirmed samples’ identity and 

absence of sample contamination, swaps or duplications by observing the high proportion of IBD between 

samples, the male origin of samples, and the similar BAF and LRR per SNP on each chromosome. 

Furthermore, no promising therapeutic molecular targets were identified with this simplified genetic 

comparison between the healthy cells and primary tumor based on the close similarity of the BAF and LRR 

plots. 

 

Differences in immunolabeling for calcitonin, synaptophysin, vimentin, COX-2 and P-glycoprotein were 

observed between the primary tumor, organoids at P4 and organoids at P8. A possible insufficient 

differentiation of the organoid cells could explain these differences. It is well known that calcitonin and 

synaptophysin are important differentiation markers for thyroid C-cells and neuroendocrine cells (i.e., 

thyroid C-cells), respectively, while vimentin, a marker of mesenchymal cells, is more expressed in 

immature cells or with an increased cellular activity.3,4,38 This is supported on the one hand by the high 

percentage of vimentin-positive organoid cells (P4, P8) compared to 10% of primary tumor cells, and on 

the other hand by the increased immunolabeling for calcitonin, synaptophysin, COX-2 and P-glycoprotein, 

and the decreased immunolabeling for vimentin of organoid cells from P4 (37 days) to P8 (83 days). 

Optimization of our organoids’ protocol, and to a lesser extent longer time in culture, might allow better 

preservation of primary tumor characteristics and further differentiation of cMTC organoid cells during 

culture. 
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To date, traditional treatment modalities are inadequate (i.e., thyroidectomy and radiotherapy) or 

unsuccessful (i.e., chemotherapy) to treat metastatic cMTC.1,2 Previous studies have shown that COX-2, P-

glycoprotein and VEGF/VEGFR could constitute promising therapeutic targets in cMTCs, but to date, no in 

vitro models were available to investigate this further.9,10 Two clinical studies evaluated the response of 

cTC to TOC and up to 88% of dogs experience clinical benefit.7,8 It is not clear so far if clinical benefit is 

associated with tumor type (i.e., cFTC and cMTC) and/or presence of molecular targets for TOC. In our 

study, the effects of COX-2 inhibitor meloxicam and TKI TOC on cMTC organoid cells’ viability were 

evaluated separately. The lack of effect of meloxicam on cMTC organoid cells’ viability could be explained 

by their low expression of COX-2. Furthermore, TOC also had no inhibitory effect on cMTC organoids cells’ 

viability, which showed positive VEGF immunolabeling. The anti-angiogenic effect of TOC is exerted by 

inhibiting the VEGFR and platelet-derived growth factor receptor, while its direct antitumor effect likely 

originates from inhibiting other tyrosine kinases.13,39,40 Since blood vessels and angiogenesis are lacking in 

organoid culture models, the anti-angiogenic effect of TOC in our cMTC organoid line could not be 

assessed.14 A possible explanation for the lack of effect of TOC on our cMTC organoid cells’ viability could 

be an insufficient incubation time of the organoids with TOC. To date, no proliferation assays with TOC 

have been published in organoid cultures. The technical data (i.e., TOC concentration and incubation time) 

in our proliferation assay was derived from a proliferation study with 2D neoplastic mammary cell lines.28 

Due to the 3D organization of organoids, it could be that organoids require longer incubation times 

compared to 2D cultures. 

 

The effect of chemotherapy to treat cTCs has been disappointing, both as mono- and adjuvant therapy.1,2 

Expression of P-glycoprotein, a multidrug efflux pump that increases efflux of chemotherapeutics, thereby 

lowering their intracellular concentration and toxicity, could be one of the possible mechanisms for this 

chemoresistance.41 P-glycoprotein is expressed in cTCs, especially in cMTCs.9 In our study however, no 
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decrease of cMTC organoids’ viability was observed with carboplatin, despite the low P-glycoprotein 

immunolabeling. This could suggest that chemoresistance of cMTCs may be associated with other 

mechanisms. Studies on chemoresistance in cMTCs, and in cTCs in general, are lacking and cTC organoids 

could constitute an ideal research model to further explore these mechanisms and develop therapeutic 

strategies to circumvent them. 

 

The main limitation of our study is the low number of cultured cMTCs. Long-term organoid culture was 

established in only one cMTC. Modification of the culture protocol in future studies may improve the 

success rate of cMTC organoid cultures. Concretely, changing the concentrations of the used growth media 

components and/or adding extra growth factors, such as Wnt-3a and fibroblast growth factor, to our basic 

growth medium, could potentially enhance cMTC organoids’ growth and differentiation.42-44  

 

Another limitation is the fact that histology and IHC of cMTC organoids at P8 were obtained from the 

control groups of the proliferation assays with meloxicam and/or TOC. The P8 organoid cells of these 

control groups were temporarily incubated in a .6 and .02% solution of basic growth medium with DMSO. 

However, we do not expect the low concentrations of DMSO in the culture media of P8 organoids to have 

a major effect on our results. 

 

In conclusion, we developed the first organoid line of primary MTC in any species. Further optimization of 

organoid culture conditions is warranted in future studies. Canine MTC organoids could constitute a 

promising in vitro model to gain insight into new treatment modalities for cMTC in advance of clinical 

studies. 
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Table 1: Signalment, thyroid function status, TNM classification and tumor stage of the primary cMTC 

patients. Time in culture, highest passage number and reason to end culture of the cMTC organoid lines 

are also included. 

 

Table 2: Primary antibodies used for IHC. 

 

Table 3: Percentage of positive cells in primary cMTC N°2 tumor and derived organoids (P4, P8) for each 

primary antibody used for IHC. 

 

Table 4: Percentage of positive cells in cMTC N°2 organoids (P8) incubated with different concentrations 

of meloxicam (0, 120 and 160 µM) and TOC (0, 900 and 1200 nM) for COX-2, P-glycoprotein and VEGF. 
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Figure 1: Dose response curves for cMTC N°2 organoids (P8) incubated for 24 h in growth medium 

containing different concentrations of carboplatin (0, 5, 10, 25, 35, 60 and 120 µM) (Fig. 1A), and 48 h in 

growth medium containing different concentrations of meloxicam (0, 20, 40, 80, 120 and 160 µM) (Fig. 

1B) and TOC (0, 150, 300, 600, 900 and 1200 nM) (Fig. 1C). The x-axis indicates the drug concentration 

and the y-axis indicates the % cell viability of the cMTC N°2 organoid cells. Results were normalized to the 

control group. The % cell viability of the control groups are represented in the dose response curves by a 

dash dotted line at the level of a cell viability of 100% (··-). The symbols represent the mean of the % cell 

viability of three wells per replicate of each drug concentration on day 7 (meloxicam, TOC) or 8 

(carboplatin) (), and day 10 (○). The dashed (---) and solid () lines connect the means of the % cell 

viability of both replicates per drug concentration on day 7 (meloxicam, TOC) or 8 (carboplatin), and day 

10, respectively. 

 

Figure 2: Photomicrographs of organoid line cMTC N°2, derived from a naturally occurring cMTC, at P5 

(x200): A. Day 0, B. Day 3, C. Day 7, D. Day 14. 

 

Figure 3: Photomicrographs of HE staining of cMTC N°2 (x400): A. Primary tumor, B. Organoids at P4, C. 

Organoids at P8 incubated with 0 nM TOC. 

 

Figure 4: Photomicrographs of the cMTC N°2 primary tumor (x400): A. TTF-1 IHC staining, B. Calcitonin IHC 

staining, C. Synaptophysin IHC staining, D. Vimentin IHC staining. 

 

Figure 5: Photomicrographs of the cMTC N°2 organoid line, at P4 (x400): A. TTF-1 IHC staining, B. Calcitonin 

IHC staining, C. Synaptophysin IHC staining, D. Vimentin IHC staining. 
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Figure 6: Photomicrographs of the cMTC N°2 organoid line, at P8 incubated with 0 nM TOC (x400): A. TTF-

1 IHC staining, B. Calcitonin IHC staining, C. Synaptophysin IHC staining, D. Vimentin IHC staining. 

 

Figure 7: Plot of BAF for each SNP per chromosome (1-38, X): A. in healthy cells (EDTA-anticoagulated 

whole blood), B. in the cMTC N°2 primary tumor, C. in the cMTC N°2 organoid line. 

 

Figure 8: Plot of LRR for each SNP per chromosome (1-38, X): A. in healthy cells (EDTA-anticoagulated 

whole blood), B. in the cMTC N°2 primary tumor, C. in the cMTC N°2 organoid line. 
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Table 1: Signalment, thyroid function status, TNM classification and tumor stage of the dogs with primary cMTC. Time in culture, highest passage 

number and reason to end culture of the cMTC cultures are also included. 

 

 

Abbreviations: cMTC, canine medullary thyroid carcinoma; MN, male neutered; M, male; FN, female neutered; F, female; TT4, total thyroxine. 

 

cMTC 

N° 

Primary cMTC tissue cMTC culture 

Breed Age 

(years) 

Sex Thyroid 

function 

TNM 

classification 

Tumor 

stage 

Time in culture 

(days) 

Highest 

passage 

Reason to end culture 

1. Mixed 10.5 MN Euthyroid T2aN0aM0 II 40 4 Bacterial contamination 

2. 
Beagle 

10.5 M Low TT4 T2aN1aM0 III 94 9 
In culture until the end of the 

study 

3. Mixed 10 FN Euthyroid T2aN0aM0 II 33 2 No growth 

4. Mixed 8 F Euthyroid T3bN1aM0 III 32 2 No growth 

5. Podengo 12 MN Hypothyroid T2aN0aM0 II 8 1 No growth 
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Table 1: Primary antibodies used for IHC. 

 

 

Abbreviations: TTF-1, thyroid transcription factor-1; COX-2, cyclooxygenase-2; VEGF, vascular endothelial 

growth factor. 

a Diagnostic BioSystems, Pleasanton, CA, USA 

b Agilent, Santa Clara, Santa Clara, CA, USA 

c Leica Biosystems, Wetzlar, Germany 

d Cell Marque, Rocklin, CA, USA 

e BD Biosciences, Franklin Lakes, NJ, USA 

f BioLegend, San Diego, CA, USA 

g Santa Cruz Biotechnology, Inc., Dallas, TX, USA 

Primary 

antibody 
Antibody name Antibody type Dilution Positive control tissue 

TTF-1 Clone 8G7G3/1a Mouse monoclonal 1:50 Healthy canine thyroid gland 

Thyroglobulin A0251b Rabbit polyclonal 1:2000 Healthy canine thyroid gland 

Calcitonin A0576b Rabbit polyclonal 1:200 Healthy canine thyroid gland 

Synaptophysin Clone 27G12c Mouse monoclonal 1:200 Healthy canine adrenal gland 

Vimentin Clone V9b Mouse monoclonal 1:1000 Healthy canine parotid gland 

Ki-67 Clone SP6d Rabbit monoclonal 1:50 High grade canine mast cell tumor 

COX-2 Clone 33e Mouse monoclonal 1:20 Healthy canine kidney 

P-glycoprotein Clone C219f Mouse monoclonal 1:40 Healthy canine liver 

VEGF SPM225g Mouse monoclonal 1:20 Canine granulation tissue 
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Table 3: Percentage of positive cells in primary cMTC N°2 tumor and derived organoids (P4, P8) for each 

primary antibody used for IHC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: P, passage; TTF-1, thyroid transcription factor-1; LI, labeling index; COX-2, cyclooxygenase-

2; VEGF, vascular endothelial growth factor; NA, not available. 

†, percentage of positive organoid cells in the control group of toceranib phosphate (0 nM) for the 

respective IHC antibody. 

‡, mean percentage of positive cells in the control groups of meloxicam (0 µM) and toceranib phosphate 

(0 nM) for the respective IHC antibody. 

 Primary tumor (%) Organoids (P4, %) Organoids (P8, %) 

TTF-1 100 95 90† 

Thyroglobulin 0 0 0† 

Calcitonin 75 0 100† 

Synaptophysin 100 0 30† 

Vimentin 10 100 80† 

Ki-67 LI 2.37 56 10† 

COX-2 50 2 22.5‡ 

P-glycoprotein 70 0 7.5‡ 

VEGF 100 90 75† 
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Table 4: Percentage of positive cells in cMTC N°2 organoids (P8) incubated with different 

concentrations of meloxicam (0, 120 and 160 µM) and TOC (0, 900 and 1200 nM) for COX-2, P-

glycoprotein and VEGF. 

 

 Organoids (P8) 

Meloxicam TOC 

0 µM 120 µM 160 µM 0 nM 900 nM 1200 nM 

COX-2 30 20 20 15 NA 

P-glycoprotein 10 NA 0 5 NA 10 

VEGF NA 75 95 80 

 

Abbreviations: P, passage; TOC, toceranib phosphate; COX-2, cyclooxygenase-2; VEGF, vascular 

endothelial growth factor; NA, not available. 
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