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Abstract

Molecular signature of advanced and metastatic thyroid carcinoma involves deregulation of 

multiple fundamental pathways activated in the tumor microenvironment. They include 

BRAFV600E and AKT that affect tumor initiation, progression and metastasis. Human thyroid 

cancer orthotopic mouse models are based on human cell lines that generally harbor genetic 

alterations found in human thyroid cancers. They can reproduce in vivo and in situ (into the 

thyroid) many features of aggressive and refractory human advanced thyroid carcinomas, 

including local invasion and metastasis. Humanized orthotopic mouse models seem to be ideal and 

commonly used for preclinical and translational studies of compounds and therapies not only 

because they may mimic key aspects of human diseases (e.g. metastasis), but also for their 

reproducibility. In addition, they might provide the possibility to evaluate systemic effects of 

treatments. So far, human thyroid cancer in vivo models were mainly used to test single 

compounds, non selective and selective. Despite the greater antitumor activity and lower toxicity 

obtained with different selective drugs in respect to non-selective ones, most of them are only able 

to delay disease progression, which ultimately could restart with similar aggressive behavior. 

Aggressive thyroid tumors (for example, anaplastic or poorly differentiated thyroid carcinoma) 

carry several complex genetic alterations that are likely cooperating to promote disease 

progression and might confer resistance to single-compound approaches. Orthotopic models of 

human thyroid cancer also hold the potential to be good models for testing novel combinatorial 

therapies. In this article, we will summarize results on preclinical testing of selective and 

nonselective single compounds in orthotopic mouse models based on validated human thyroid 

cancer cell lines harboring the BRAFV600E mutation or with wild-type BRAF. Furthermore, we 

will discuss the potential use of this model also for combinatorial approaches, which are expected 

to take place in the upcoming human thyroid cancer basic and clinical research.
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INTRODUCTION

Thyroid carcinoma is the most common endocrine malignancy, with an incidence rapidly 

increasing worldwide.1,2 The most common type of thyroid malignancies that originate from 

epithelial follicular cells is papillary thyroid cancer (PTC), which accounts for 80% and 

follicular thyroid cancer (FTC) accounts for 10% of all thyroid cancer cases PTC and FTC 

generally present well-differentiated characteristics, such as thyroid hormone production and 

iodine uptake, and are therefore classified as differentiated thyroid cancers (DTCs). DTCs 

are mainly treated with a combination of surgery, thyroid-stimulating hormone suppression 

and radioactive iodine (131I) therapy, resulting in a good prognosis.3,4 Nevertheless, patients 

with DTC could have recurrence/persistent disease5–9 and progress to poorly differentiated 

(PDTC) and anaplastic thyroid cancers (ATC). In addition, other rare forms of thyroid 

cancer, such as medullary thyroid cancer arising from para-follicular C cells and Hurthle cell 

carcinoma, present a more aggressive phenotype at the time of diagnosis and are typically 

associated with a poorer survival rate.10–15 Altogether, aggressive thyroid cancers (that is, 

PDTC and ATC) have very little response to current therapies, high lethality and represent a 

therapeutic challenge.

The genetic changes involved in DTC initiation have been explored,16 however, much less 

is known about mechanisms of tumor progression toward PDTC or ATC, metastasis and 

recurrence. Numerous tumor models have demonstrated that overexpression of single 

activating mutations such as RET/PTC, BRAFV600E and oncogenic RAS are sufficient to 

promote thyroid tumorigenesis. In PTCs there are common point mutations in the BRAF 

gene (for example, exon 15: V600E and T1799A), or RET/PTC rearrangements, whereas in 

FTCs there are frequent single point mutations in the RAS gene, or the PPARγ/Pax-8 

translocation.16–18 However, tumorigenesis in genetically engineered mouse (GEM) models 

is not induced when these mutations are expressed at endogenous levels, indicating that 

additional co-occurring alterations are required.19–21 In general, more aggressive tumors 

usually have mutations affecting different pathways. For example, in ATC, coexistence of 

two or more genetic alterations in receptor tyrosine kinases (RTKs), phosphatidylinositol 3-

kinase (PI3K)/AKT and MAPK (for example, ERK1/2) pathways has been reported in 

77.1% of the analyzed samples.22 In addition, many RTKs, including vascular endothelial 

growth factor receptor (VEGFR), platelet-derived growth factor receptor, epidermal growth 

factor receptor (EGFR), c-KIT and c-MET are able to activate the AKT pathway,23–25 

indicating that RTK-AKT pathways have an important role in thyroid cancer. Activating 

mutations of AKT or PIK3CA (that encodes the activating subunit of the 

phosphatidylinositol 3(OH) kinase) could occur in several types of carcinomas26,27 and lead 

to an aggressive tumor phenotype. In DTC, mutations in PIK3CA are less common, but in 

ATC are found in about 23–28% of cases.22,28 In addition, copy number gain of PIK3CA 

has been found in about 24% of FTCs and 38% of ATCs.22 Recently, a remarkable 
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proportion (21%) of aggressive thyroid tumors (PDTC and ATC) were also shown to harbor 

point mutations in BRAF and PIK3CA or BRAF and AKT1 genes.27 Importantly, although 

BRAF mutations were found both in the primary tumor and in the matched metastasis, 

activating mutations of the AKT pathway were found only in metastasis indicating a role for 

tumor progression but not initiation. Overall, metastatic advanced thyroid tumors could 

harbor different genetic alterations (as exemplified by the frequent co-activation of MAPK 

and AKT pathway in ATC) that affect different pathways, each of which likely cooperates to 

promote disease progression and ultimately patient death.29–31 Biomedical research needs 

appropriate models to recapitulate the genetic complexity of aggressive and advanced 

thyroid cancers (that is, PDTC and ATC) in order to test single compounds but also 

combinatorial treatments, which are expected to be more effective in treating those types of 

thyroid carcinomas. In addition, the perspective of patient stratification based on high-

throughput molecular profiling rather than histopathological features will increase the 

number of disease ‘classes’ and hence the options of possible treatment regimens according 

to the type of specific genetic alterations (for example, point mutations, translocations, copy 

number variation and so on) and activated pathways in cancer.32 Seeing this trend, it 

becomes evident that biomedical research will increase the demand of rapid and cost-

effective model systems for preclinical testing.

GEM models harbor single or multiple genetic alterations, can recapitulate DTC features 

and can provide great advances in the understanding of mechanisms of tumor initiation and 

progression33–38 (Table 1). However, application of GEM models in preclinical studies 

could be limited by the length of time needed to develop tumors, the high costs of model 

establishment and maintenance and relatively few recapitulate the features of advanced 

human cancer, including high frequency metastasis.39–43

Both subcutaneous and orthotopic xenograft models (Table 1) reduce the lag of time needed 

to obtain tumors in vivo; these models could recapitulate histopathological features of 

aggressive and advanced thyroid carcinoma, are easy to establish, reproducible and are cost 

effective. However, only orthotopic models could recapitulate metastatic behavior with 

sufficient penetrance and reproducibility.44–46 Subcutaneous approaches can robustly model 

in vivo tumor growth and also local invasion toward skin mesenchyme, but poorly reproduce 

metastasis likely because of ectopic anatomical context.46 Also, orthotopic mouse models 

compared with subcutaneous xenografts models could have a better predictive value of 

disease, specifically when taking into account clinically relevant drug dosages.44,45,47–49

Xenograft models are based on cancer cell lines directly derived from human thyroid 

carcinomas, and therefore they carry the full panel of complex genetic alterations present in 

the tumor tissue of origin.50 For preclinical studies, this is a major advantage, as it is 

important to recapitulate the complex genetic scenario of human thyroid cancers rather than 

the simplified, although theoretically more tractable, genetic controlled situation of GEMs. 

In addition, most thyroid cancer cell lines closely resemble ATC and therefore are more 

likely suitable for studying pathologic aspects of advanced disease, such as intravascular 

invasion and metastasis. Orthotopic xenografts of ATC or PDTC, although more complex to 

establish than subcutaneous xenograft models, as they require a surgical intervention, have a 

significantly higher tumorigenicity and are unique in their ability to reproduce lymph node 
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metastasis and lung micrometastasis.51 Cancer cells are injected directly into the thyroid of 

severe combined immunodeficienct mice mimicking better the anatomical and tissue context 

of human thyroid cancers (Figure 1). Using immunocompromised hosts, tissue 

microenvironment, which includes not only stromal cells but also immune cells (adult severe 

combined immunodeficient mice are genetically ‘leaky’ and generate few clones of 

functional B and T cells) is partially recapitulated; nonetheless, all the other elements of the 

microenvironment, such as stromal cells, lymphatic/hematic vessels and the innate immune 

system are present.52,53 Hence, orthotopic xenografts could be suited for testing compounds 

specifically targeting these components. On the other hand, GEMs have an ‘intact’ 

microenvironment and might be more suited to test therapies that would target (or might be 

affected by) the acquired immune system. Overall, although no animal model is perfectly 

recapitulating human thyroid cancers, orthotopic models offer advantages of reproducing in 

situ growth in a fast and reliable manner, local invasion and distant metastasis.51,54–56 

Importantly, orthotopic mouse models allow direct in vivo testing of compounds for anti-

ATC capacity without disregarding systemic effects;54,57,58 in addition, genetic 

manipulation can be made in vitro on the tumor cells and tested in vivo to provide genetic 

proofs for the mechanism of the compound’s action (that is, the effects of a compound can 

be demonstrated by reproducing its effects by genetic targeting of the putative targets). 

Orthotopic mouse models of human thyroid cancer (for example, PDTC and ATC) offer a 

good compromise of genetic complexity, human disease mimicking and experimental 

tractability, making them relevant and widely used models for preclinical and translational 

studies of novel compounds and therapies.59 In Table 1 we provide a resume of the different 

approaches (GEM, orthotopic xenograft and subcutaneous xenograft) to model human 

thyroid cancer in vivo and their properties.

In this article we will focus on the preclinical applications of orthotopic mouse models 

(Figure 1) of human thyroid cancers and will summarize studies that have been used to test 

single compounds (Table 2), also including some examples of a combinatorial approach that 

used surgery and a selective drug treatment as a neo-adjuvant. We are considering only 

studies that used validated cell lines of thyroid origin.50 Finally, we will discuss the possible 

use of thyroid cancer orthotopic models for combinatorial approaches, which are expected to 

take place in the thyroid cancer research.

ORTHOTOPIC INJECTIONS OF HUMAN THYROID CARCINOMA CELLS 

INTO THE THYROID OF IMMUNOCOMPROMISED MICE

Female 6–10-week-old severe combined immunodeficient mice are anesthetized using 

ketamine and xylazine, or isoflurane. For each mouse, the neck is shaved and prepared with 

betadine. The skin and subcutaneous tissues are incised with scissors, and the salivary 

glands are reflected superiorly. The central component of the neck is exposed, and the 

overlying strap muscles are dissected away from the right thyroid lobe using forceps. Once 

the right thyroid is exposed, human thyroid cancer cells resuspended in 10 μl of serum-free 

growth medium are injected into the thyroid using a Hamilton syringe (Fisher Scientific, 

Pittsburgh, PA, USA) attached to a 27-gauge needle (Figure 1). After the injection, the 

salivary glands will be repositioned, and the incision will be closed using nylon sutures. 
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Antibiotic ointment will be applied to the wound, and the mice will be placed under a 

warming lamp while they recover from anesthesia. There will not be surgical or anesthetic 

complications.51,57,58

Preclinical and translational therapeutic models

Calcitriol is the active form of vitamin D (1,25-dihydroxyvitamin D3—vitD3). Calcitriol 

modulates in vitro and in vivo cell proliferation and differentiation of different cancer cell 

lines60–62 including different thyroid carcinoma cell lines, leading to the accumulation of the 

tumor suppressor p27 in vitro.64 In an orthotopic mouse model of FTC, (WRO cell line) 

animals were treated intraperitoneally three times a week for 21 days with 0.75 μg/kg of 

calcitriol.65 Calcitriol administration restored nuclear p27, enhanced cellular differentiation 

with restoration of thyroglobulin staining, reduced tumor volume by 38% and prevented 

metastatic growth. Tumors from control animals presented morphological features of 

epithelial malignancies with characteristics of insular carcinoma and multiple metastases to 

the lungs. These results indicate that calcitriol could reduce tumor growth and prevent 

metastatic growth, but the mechanism of action remains unknown. The evaluation of a panel 

of validated thyroid cancer cell lines for VitD receptor expression and response to calcitriol 

or the noncalcemic analog DP006 have shown that not all cell lines respond to VitD, and the 

response did not correlate with receptor expression levels suggesting resistance via other 

mechanisms.66 In summary, VitD receptor targeting in PDTC represents a treatment 

strategy, but mechanisms of action are still unclear and markers to predict sensitivity are 

lacking.

Vandetanib (ZD6474) is a non-selective small-molecule tyrosine kinase inhibitor able to 

target EGFR, VEGFR2 and RET. Several studies have correlated RET with PTC 

development67 and EGFR and VEGF (the activating ligand of VEGFR) with tumor 

progression and disease aggressiveness.68–71 The ability of vandetanib to inhibit EGFR and 

VEGFR activation was investigated in seven STR-validated ATC cell lines in vitro. Also, its 

ability to inhibit tumor growth (of two of the seven lines, Hth83 and 8505c) was studied in 

vivo in an orthotopic mouse model.72 In vivo tumor growth was precisely evaluated by 

luminescence using cell lines transfected with luciferase. Tumor volume of Hth83 or 8505c 

xenografts was inhibited by 69.3% and 66.6% after 3 and 4 weeks of daily treatment with 

vandetanib, respectively. In addition, in vivo vascular permeability and vascular volume 

fraction, evaluated by dynamic contrast enhanced magnetic resonance imaging (DCE-MRI), 

significantly diminished after 1 week of treatment in both cell line xenografts, indicating 

that vandetanib was able to disrupt tumor angiogenesis.72 In a clinical trial for metastatic 

medullary thyroid cancer, vandetanib improved progression-free survival from 19.3–30.5 

months compared with a placebo. However, adverse effects were frequent, patients were not 

made disease free and exact mechanisms of drug action on tumor and normal tissue remain 

to be determined.73

Dasatinib (BMS-354825) has demonstrated non-selective inhibitory effects on Src, BCR-

ABL, DDR2 and PDGF and others.74,75 Src family of protein tyrosine kinases (SFKs) 

regulate processes of growth, survival, migration and invasion.76 SFKs are overexpressed or 

activated in several tumor types77 and can activate different downstream effectors, including 
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MAPK, PI3K and focal adhesion kinase.78 SFKs are activated in PTC and ATC cell lines, 

and phosphorylated focal adhesion kinase is detected in the invasive edge of human PTCs.79 

Altogether this data made SFKs of interest for invasive thyroid cancer treatment. In a recent 

study,55 the effects of dasatinib were evaluated in vitro in a number of authenticated cell 

lines representing PTC and ATC (that is, C643, TPC1, SW1736, BCPAP, K1, 8505c, 

HTh74 and HTh7). Therapeutic potential was also evaluated in vivo using an orthotopic and 

a bone metastasis model. In vitro, dasatinib treatment inhibited SFK signaling, decreased 

growth and induced cell-cycle arrest and apoptosis in a subset of thyroid cell lines, although 

8505C, HTh7 and HTh74 were found to be resistant. A sensitive (BCPAP) and an 

insensitive cell line (8505c) stably expressing a luciferase-IRES-GFP reporter were chosen 

to check dasatinib effects in vivo in an orthotopic model. Daily treatment (50 mg/kg) 

initiated on day 10 after cell implantation resulted in tumor growth inhibition by more than 

90% for BCPAP cells (PTC-derived cell line). Conversely, xenografts of 8505c (ATC-

derived cell line) were found resistant to treatment in vivo, similarly to in vitro data. 

Dasatinib was further tested for its ability to inhibit metastasis formation in a preventive 

manner or block metastasis growth of already established metastasis. Animals pretreated 

with 50 mg/kg by daily oral gavage 48 h before intracardiac injection of BCPAP cells 

showed total inhibition of bone metastasis formation respective to controls. To test its 

efficacy on established metastasis, mice were similarly treated, but on day 11 after 

intracardiac cells inoculation. Treated animals showed significant slowdown of metastatic 

growth. This data provided the first evidence that Src has a role in thyroid cancer growth and 

metastasis in PTC, indicating that Src inhibitors can be used as both antitumor and 

antimetastatic agents.55 Importantly, in the pre-treatment paradigm, although overall 

survival was improved (63 versus 123 days of mean), after treatment suspension in dasatinib 

versus vehicle, animals were not made disease free, designating dasatinib as an adjuvant. 

Accordingly, in another work,80 exclusive inhibition of the SFKs signaling was effective in 

reducing PTC tumor volume in an orthotopic model (TPC1 and K2 thyroid cancer cell 

lines). In addition to the MEK/ERK signaling transduction pathway, Src may have an 

important role in regulating growth in PTC cells. Inhibition of the Src signaling transduction 

pathway alone was effective in reducing PTC tumor volume but did not improve survival. 

Combined therapy targeting other intracellular signaling transduction pathways may be 

crucial to improve overall survival.

Sorafenib (Nexavar, BAY 43-9006) is a multikinase inhibitor that has been shown to inhibit 

CRAF, VEGFRs, BRAF and others.81–84 Studies using subcutaneous models have shown 

that sorafenib can inhibit in vivo tumor growth of cancer cell lines of different origin, 

including thyroid cell lines.83–85 The antitumor effects of sorafenib were evaluated in vitro 

and in vivo using an orthotopic mouse model of PTC carrying the RET/PTC1 rearrangement 

(TPC1).86 For in vivo experiments, animals were treated, on orthotopic tumor establishment 

(2 or 3 weeks after cell inoculation), with 40 mg/kg twice daily by oral gavage for 5 

consecutive days/week for 3 weeks. In mice inoculated with cells carrying the RET/PTC1 

rearrangement, sorafenib treatment lead to a 94% tumor volume reduction or no tumor 

growth compared with controls. In summary, PTC cells carrying the RET/PTC1 

rearrangement were arrested in vitro and in vivo in G1 by sorafenib, indicating that tumor 

volume reduction was via cytostasis. These results support the clinical use of this drug for 
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patients with RET/PTC1-positive PTC. However, they indicate that there is no cancer cell 

clearance and after treatment suspension disease might progress.

Thiostrepton is a thiazole antibiotic that has been identified as an anticancer agent in a cell-

based screening to identify molecules targeting the oncogenic transcription factor forkhead 

box M1 (FoxM1).87 FoxM1 is upregulated in several different carcinomas,88 including 

ATC,59 and regulates genes that critically control cell proliferation.89 Bellelli et al.59 

showed that thiostrepton could reduce, in a dose-dependent manner, FOXM1 transcriptional 

activity as well as its protein levels in vitro. Cell viability was reduced and cells were 

arrested in G2/M. Also cell invasion and motility were reduced. In an orthotopic mouse 

model of ATC (8505c cell line), thiostrepton treatment (twice weekly with 500 mg 

thiostrepton/kg per day for 21 days) resulted in an 80% tumor burden reduction and lung 

metastasis inhibition. This study showed in an early-intervention model (7 days after tumor 

implantation) that FOXM1 could represent a potential therapeutic target for ATC.

PLX4720 is a potent and highly selective inhibitor of BRAFV600E kinase able to act 

selectively in BRAFV600E-positive human cancer cells.90 In a xenograft model of 

BRAFV600E melanoma, PLX4720 treatment delayed or induced regression of tumor growth, 

without evident toxicities.90 Similar results were obtained in an orthotopic model of 

BRAFV600E ATC (8505c cell line).54 Animals were treated by oral gavage (30 mg/kg per 

day for 21 days) 1 week after cell implantation, resulting in a 90% tumor volume reduction 

and a more than 80% decrease in the number of lung metastases compared with control 

mice, with no evident toxicity. Another study, comparing the PLX4720 effects on the 

BRAFV600E-positive 8505c ATC cell line and the RET/PTC1-positive and BRAF wild-type 

TPC1 PTC cell line, confirmed that PLX4720 treatment in a BRAFV600E 8505c ATC tumor 

model can greatly reduce tumor volume, reduce tumor aggressiveness and virtually inhibit 

metastatic spread to the lungs without any obvious toxicity.91 A subsequent work, taking 

advantage of the same orthotopic model, tested PLX4720 in a late-intervention model.58 

Animals were treated with PLX4720 or vehicle by oral gavage 28 days after 8505c ATC cell 

implantation, when tumors are already growing around the trachea with invasion into the 

esophagus and the non-injected thyroid lobe. Non treated animals died due to widespread 

metastatic lung disease and neck compressive symptoms by day 35 and were severely 

cachectic. PLX4720-treated mice showed a significant decrease in tumor volume and lung 

metastases, cachexia was reverted and survival was extended to 49 days.

PLX4032 (RG7204, vemurafenib) is a small-molecule inhibitor of BRAFV600E kinase 

activity that displays high selectivity, similarly to PLX4720, and is able to reduce tumor 

growth and improve survival in preclinical models of melanoma, without major 

toxicities.92–96 Despite auspicious results for the phase I–II clinical trials, melanoma patients 

were not rendered disease free and the duration of the response ranged from 2–18 months, 

with 4/16 patients still having partial or complete response at the data cutoff date.96 Indeed, 

melanomas can develop resistance to PLX4032. Potential mechanisms could include 

gatekeeper mutations in BRAF, overexpression of wild-type RAF isoforms98 or activating 

mutations in parallel signaling pathways or downstream effectors, such as RAS or 

MEK.99–101 PLX4032 has also been confirmed as an effective BRAFV600E mutation-

selective therapeutic agent in PDTC cell lines102 but no studies using thyroid cancer 
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orthotopic models have been performed so far. Nevertheless, owing to its high selectivity 

(similar to PLX4720) and its promising results for melanoma, it has been tested in a three-

patient phase I clinical trial for thyroid cancer.103 In this study, two patients had stable 

disease and relatively long progression time, and the other had partial response for 7.6 

months with 31% reduction of pulmonary metastasis before the disease progressed. 

PLX4032 has been also used in a patient with ATC, with extensive lungs metastatization. 

On 28 days of treatment, the patient, which presented the BRAFV600E mutation, had nearly 

complete clearing of metastatic disease.104

PLX4720 and thyroidectomy—Using the same orthotopic ATC model based on 8505c, 

PLX4720 was tested as an adjuvant to thyroidectomy.57 PLX4720 or vehicle administration 

started 7 days after tumor implantation and thyroidectomy or sham surgery was performed at 

day 14. Mice were kept under treatment until day 21. All animals treated with PLX4720 

were alive and well-appearing at day 50, whereas controls had large tumors and cachexia. 

Mice receiving only PLX4720 presented small tumors and rescue of cachexia, whereas three 

out of six animals receiving PLX4720 and thyroidectomy didn’t present tumor at day 35; 

two mice were still disease free at day 50. In addition, PLX4720 reduced 2.7-fold the 

number of lung metastasis at 50 days and 18-fold when in combination with thyroidectomy. 

Importantly, despite inhibition of tumor progression in the PLX4720-treated groups, there 

was reactivation of tumor growth after the drug was stopped at day 21, indicating that 

PLX4720 must be continued for lasting effects.

These results highlight the importance of the use of combinatorial therapies, which can be 

tested in orthotopic models of human thyroid cancers.

CONCLUSION

Current therapies for metastatic, recurrent or inoperable/unresectable thyroid cancers are not 

curative and compounds tested in clinical trials are still showing partial responses.105,106 

Preclinical data based on orthotopic animal models indicate that single compounds are 

mainly able to retard disease progression through reduction of invasive properties, reduction 

of angiogenesis, cytostatic effects or even inducing tumor cell death54,55,57,59,72,86,91 (Table 

2). However, drugs are not able to reach total clearance of cancer cells, leading inexorably to 

resistance and recurrence.

Recent research has focused on the development of selective compounds (that is, PLX4032 

or PLX4720) that have effectively decreased side effects and toxicities, which were a major 

problem of non-selective multi-target drugs, however, strategies to overcome resistance and 

recurrence are lacking. Single-compound approaches might fail in treating aggressive 

thyroid tumors because, similarly to other types of tumors, they can depend on more than 

one altered pathway (and/or rapidly develop resistance via feedback mechanisms.107–109 

Inhibition of MAPK (for example MEK1/2-ERK1-2) signaling by PLX4032 has been shown 

to be transient in thyroid cancer cell lines that can quickly develop resistance via a complex 

feedback mechanism involving an autocrine activation of the ErbB/HER pathway. In vitro, 

the combined use of HER kinase inhibitor lapatinib and MAP-ERK kinase inhibitors 

prevented MAPK rebound and sensitizes BRAF-mutant thyroid cancer cells.108 In vitro, 
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although sensitivity to MAPK inhibitors were not predicted by coexisting mutations in 

PIK3CA or by PTEN status,110 similar synergistic effects were observed in others studies 

targeting MAPK and AKT pathways in thyroid cancer cell lines harboring both the 

activating BRAFV600E and PIK3CA mutations.111,112 Thus, most likely similar to other 

cancers, combinatorial therapies are expected to be more successful in treating aggressive 

thyroid cancers and preliminary studies in vitro on thyroid cancer cell lines support this 

perspective. In addition, many inhibitors have significant toxicity at their effective dosage 

(that is, AKT inhibitors)113 but lower doses of individual drugs in combination are expected 

to be less harmful, giving similar or better therapeutic efficacy than single compounds.

The use of orthotopic models of human thyroid cancer to test novel compounds and 

combinatorial therapies will increase proportionally to the discovery of novel targets, the 

identification of co-occurring genetic alterations and the understanding of drug-resistance 

mechanisms. Development of high-throughput oncogene mutation profiling in human cancer 

is providing a more comprehensive view of the oncogenic abnormalities, leading to a more 

precise patient stratification.32 In this perspective, it is likely that the number of possible 

treatment regimens will increase, as treatment will be adjusted according to the type of 

mutations and pathways deregulated in the tumor (personalized medicine).

Human thyroid cancer orthotopic mouse models have demonstrated to be effective in 

modeling human disease in an affordable and tractable manner and be valuable tools for 

single-compound testing in different setups, that is, in early- or late-intervention 

models55,58,91 (Table 1), but also in combination with surgical intervention.57 Combinatorial 

use of compounds will be a central matter of future preclinical/translational and clinical 

trials on thyroid cancers, and it becomes evident that biomedical research will increase the 

demand of rapid and cost-effective preclinical/coclinical model systems such as orthotopic 

thyroid cancer models. Collectively, orthotopic mouse models seem to be ideal for 

preclinical and translational studies of compounds and therapies not only because they may 

mimic key aspects of complex genetic alterations of human cancer, but also for their 

reproducibility. In addition, they might provide the possibility to evaluate systemic effects of 

treatments.
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Figure 1. 
Orthotopic mouse models of human thyroid carcinoma growth and metastasis. (a) Cartoon 

of an orthotopic mouse model of human anaplastic thyroid carcinoma (ATC) recapitulating 

local invasion and distant metastasis. Human thyroid carcinoma cell lines (black) are 

injected into the right thyroid. Inset shows in detail the mouse thyroid gland, blood vessels 

(arteries, red; veins, blue), lymph nodes (green) and lungs (pink). After few days, tumors 

invade locally and metastasize to the lymph nodes (micrometastasis, black) and lungs 

(micrometastasis, black). (b) Gross image of an orthotopic human ATC mass with tracheal 

impingement, 35 days post tumor implantation in the right thyroid of an SCID mouse. (c) 

Histological section (hematoxylin and eosin) of an orthotopic human ATC mass showing 

high-grade features and marked cellular pleomorphism. (d) Histological section 

(hematoxylin and eosin) of ATC cells intravascular invasion (arrow) from an orthotopic 

mouse model of BRAFV600E-human ATC (asterisk highlights skeleton muscle tissue). (e) 

Histological section (hematoxylin and eosin) of neck lymph node ATC cell micrometastasis 

(arrow) from an orthotopic mouse model of BRAFV600E-human ATC. (f) Histological 

section (hematoxylin and eosin) of lungs micrometastasis (arrow) from an orthotopic mouse 

model of BRAFV600E-human ATC.
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Table 1

Properties of genetically engineered mouse (GEM), subcutaneous and orthotopic mouse models of thyroid 

cancer

GEM Subcutaneous Orthotopic

Model type Genetically defined Human cell line based Human cell lines based

Model purposes Define the role of specific 
mutations in tumor initiation 
and progression

Define the role of specific 
genes in local tumor growth 
and drug testing

Define the role of specific 
genes in in situ tumor growth, 
invasion, metastasis and drug 
testing

Establishment Difficult (genetic engineering 
and animal crossing)

Very easy (under skin 
inoculation)

Easy (surgical intervention for 
in situ inoculation)

Costs Very high Low Low

Genetic alterations Defined, simple Multiple (or sometime single) 
aberrations, extremely 
complex

Multiple (or sometime single) 
aberrations and extremely 
complex

Timing for tumor development Slow Fast or slow Fast or slow

Tumor growth monitoring Requiring specific equipment 
(that is, PET and MRI)

By caliper Requiring specific equipment 
(that is, PET, MRI, 
fluorescence and luciferase)

Tumor growth reproducibility Low, variable between GEM 
models

Very high High

Local invasion reproducibility/target 
tissues

Low/neck mesenchyme and 
neck muscles,

High/skin mesenchyme and 
vessels

High/neck mesenchyme, neck 
muscles and lymph nodes, 
Frequent to lymph nodes, 
lungs and so onReproducible distant metastasis Rare Rare

Tissue microenvironment/immune system In situ/wild type Ectopic/immunocompromised In situ/immunocompromised

Preclinical drug testing for tumor growth 
and metastasis inhibition

Limited by costs/design/time Suited for local growth 
inhibition

Suited for in situ growth and 
metastasis inhibition

Abbreviations: GEM, genetically modified models; PET, positron emission tomography; MRI, magnetic resonance imaging.
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Table 2

Compounds and treatments tested in mouse orthotopic thyroid cancer models based on STR-validated cell 

lines

Drug Cell lines (type) Molecular targets Study (author, year) Response

Calcitriol WRO (FTC) Unknown Dackiw et al.65 38% reduction of tumor 
growth, block of metastatic 
growth and restoration of 
differentiated phenotype

Vandetanib (ZD6474) Hth83 (ATC) and 8505c 
(ATC)

EGFR, VEGFR2 and 
RET

Gule et al.72 60–70% reduction of tumor 
growth, reduction of 
vascular permeability and 
angiogenensis and 
metastasis not evaluated

Dasatinib (BMS-354825) BCPAP (poorly 
differentiated PTC) and 
8505c (ATC)

Src, ABL, DDR2, 
and PDGF kinases

Chan et al.55 90% growth blockage for 
BCPAP, no effect for 
8505C. Reduction of 
metastatic growth in 
preventive- and late-
intervention protocols. 
Extended survival. Tumor 
reactivation.

Sorafenib (Nexavar, BAY 
43-9006)

TPC1 (RET/PTC1) (PTC) BRAF, c-RAF, RET, 
c-kit, PDGFR and 
VEGFR

Henderson et al.86 Over 90% block of tumor 
growth and metastasis for 
TPC1 via cytostasis.

Thiostrepton 8505c (ATC) FoxM1 Bellelli et al.59 Inhibition of tumor growth 
and metastasis blockage.

PLX4720 8505c (ATC) BRAFV600E Nucera et al.54

Nucera et al.91

Nehs et al.58

Inhibition of tumor growth 
and metastasis with early- 
and late-intervention 
protocols. Extended 
survival. Reversal of 
cachexia.
No evident toxicity.

PLX4720 and thyroidectomy 8505c (ATC) BRAFV600E Nehs et al.58 Reduction of tumor growth 
and reduction of metastasis 
by PLX4720 alone, no 
detectable tumor and 
synergic reduction of 
metastasis when in 
combination with 
thyroidectomy. Extended 
survival. Reversal of 
cachexia. No evident 
toxicity. Tumor reactivation 
when treatment is stopped.
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