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The overall prognosis of thyroid cancer is excellent, but some patients have grossly invasive disease and distant metastases with lim-
ited responses to systemic therapies. Thus, relevant preclinical models are needed to investigate thyroid cancer biology and novel 
treatments. Different preclinical models have recently emerged with advances in thyroid cancer genetics, mouse modeling and new 
cell lines. Choosing the appropriate model according to the research question is crucial to studying thyroid cancer. This review will 
discuss the current preclinical models frequently used in thyroid cancer research, from cell lines to mouse models, and future per-
spectives on patient-derived and humanized preclinical models in this field.
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INTRODUCTION

Thyroid cancer is the most common endocrine malignancy and 
generally has an excellent prognosis. The overall 10-year sur-
vival rate is over 95%, but 5% to 10% of patients have distant 
metastatic disease, and one-third of these patients have radioac-
tive iodine resistance with progressive disease [1,2]. Anaplastic 
thyroid cancer (ATC) is the most dedifferentiated and lethal of 
all cancers. Median survival of patients with ATC was reported 
as 5 to 6 months, even with multimodal treatment [3]. Over the 
past few years, targeted therapies have shown significant clini-
cal benefit for patients with differentiated thyroid cancer (DTC) 

and ATC [4-7]. However, these therapies are not curative, and 
most patients eventually progress, underlying the critical need 
for more effective therapies [8]. Recent studies using immuno-
therapies also showed limited efficacy [9-12]. Preclinical exper-
imental models are crucial for investigating thyroid cancer 
pathogenesis and developing novel effective therapies.

Recent progress in genetics and molecular biology has led to 
the development of many preclinical models with genetic char-
acterization of these models [2,13,14]. Choosing the suitable 
model to ask specific questions is critical in understanding thy-
roid cancer pathogenesis and treatment. This review focuses on 
the preclinical models of follicular cell-derived thyroid cancer. 
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We will provide the overview of available thyroid cancer cell 
lines and mouse models with a summary of their characteristics, 
advantages, and disadvantages. 

CELL LINES 

Cancer cell lines are the most widely used tool for in vitro and in 
vivo cancer research. Many thyroid cancer cell lines from differ-
ent origins with various genetic characteristics are available for 
research, and the genomic landscape of the cell lines is well es-
tablished (Table 1) [15]. It is critical to get cell lines form a trust-
ed source that carefully validates the cell lines on a regular basis 
[16]. The University of Colorado Cancer Center has a repository 
of many of the authenticated thyroid cancer cell lines (https://
medschool.cuanschutz.edu/colorado-cancer-center/research/
shared-resources/cell-technologies/cell-culture-services). Thy-
roid cancer cells have driver mutations similar to those in prima-
ry human tumors: BRAF V600E is the most common driver mu-

tation, and mutations in RAS genes are also frequently observed. 
However, thyroid cancer cell lines are profoundly dedifferentiat-
ed and have gene expression profiles similar to ATCs even 
though many originated from differentiated cancers. Further-
more, telomerase reverse transcriptase (TERT) promoter and tu-
mor protein p53 (TP53) mutations appear to have been acquired 
or enriched under cell culture conditions [15].

Cancer cell lines have a significant limitation as they acquire 
genetic changes needed for immortalization and are not always 
representative of the original tumor. There are also issues of 
cross-contamination with other cell lines and infection with my-
coplasma that can affect cell metabolism and other properties. 
Furthermore, the effect of the tumor microenvironment can’t be 
assessed in these cancer cell lines [15,17]. However, cell lines 
are useful for large drug screens, and understanding the effects of 
cell signaling on proliferation, apoptosis, migration/invasion and 
anchorage-independent growth [15,17]. Cell lines are also gener-
ally easy to grow and provide a nearly limitless research tool. 

Table 1. Commercially Available Thyroid Cancer Cell Lines according to the Origin of Tumor and Genetic Characteristics

Origin of 
tumor Cell lines BRAF NRAS HRAS KRAS PTEN Other driver TERT promoter TP53

Anaplastic 8305C V600E ●a -146C>T ●b

8505C V600E -146C>T; -149C>T ●b

BHT101 V600E -124C>T ●b

HTC-C3 V600E -124C>T ●b

HTH104 V600E -124C>T

IHH4 V600E -124C>T

KHM-5M V600E -124C>T ●b

KTC2 V600E -124C>T

SW1736 V600E -124C>T ●a

TCO1 V600E -124C>T ●b

THJ21T V600E -124C>T ●b

THJ560 V600E -124C>T ●b

CUTC60 V600E -124C>T ●b

THJ-16T Fusion -124C>T ●b

ASH3 Q61R ●a -146C>T ●b

KMH2 Q61R -124C>T

HTH7 Q61R -146C>T ●b

HTH83 Q61R -124C>T ●b

C643 G13R ●b -124C>T ●b

JEM493 Q61R -124C>T

CAL62 G12R ●b

THJ29T       FGFR2-OGDH fusion -146C>T ●a

(Continued to the next page)
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Table 1. Continued

Origin of 
tumor Cell lines BRAF NRAS HRAS KRAS PTEN Other driver TERT promoter TP53

Papillary BCPAP V600E -124C>T; -125C>T ●b

K1 V600E -124C>T

KTC1 V600E -146C>T

LAM1 V600E -124C>T ●c

LAM136 V600E -146C>T ●b

MDA-T32 V600E -124C>T ●b

MDA-T41 V600E ●a

MDA-T85 V600E -124C>T

MDA-T120 V600E -124C>T ●b

CUTC5 V600E ●b

CUTC48  CCDC6-RET fusion -124C>T

TPC1      CCDC6-RET fusion -124C>T

Follicular FTC133     R130*  NF1 p.C167* -124C>T ●b

FTC236 R130* -124C>T ●b

FTC238 R130* -124C>T ●b

SDAR1 V54fs -146C>T ●a

SDAR2 V54fs -146C>T ●a

TT2609-CO2 Q61R -124C>T ●b

CUTC61   Q61R    -124C>T ●a

PTEN, phosphatase and tensin homolog; TERT, telomerase reverse transcriptase; TP53, tumor protein p53.
aTruncated; bMissense; cIn frame mutation.

To overcome some of the problems of cancer cell lines, re-
searchers have established organoid models or cell lines from 
patient-derived xenografts (PDXs) that show gene expression 
profiles similar to the original tumor [18-20]. Papillary thyroid 
carcinoma (PTC) organoids also preserve most of the microen-
vironment of the originating tumors and better approximate pa-
tient drug responses [20].

MOUSE MODELS 

Preclinical animal models are critical in cancer research, and the 
mouse model is considered most useful due to their short lifes-
pan, small body size, and genetic similarities to humans [21]. In 
the past, thyroid cancer studies were mainly performed in vitro 
with thyroid cancer cell lines, then confirmed in vivo using im-
munosuppressed xenograft models. The traditional technique of 
the xenograft model has been subcutaneous human tumor im-
plants on the flank of an immunocompromised mouse. More re-
cently, investigators have used orthotopic implants of human 
thyroid cancer cells into the thyroid bed as well as intracardiac 

injections in immunocompromised mouse [22,23]. Currently, 
genetic manipulation using the Cre-loxP system developed vari-
ous genetically engineered mouse models (GEMMs) for thyroid 
cancer, and the mouse models continue to evolve [2,24]. The 
summary of each mouse model’s characteristics is shown in Ta-
ble 2 and the advantages and challenges of different types of 
mouse models are summarized in Table 3.

Xenograft models
The xenograft model is established by implanting human cancer 
cell lines or tissues into immunodeficient mice, which can pre-
serve genetic alterations of human cancers [25,26]. According 
to the location where those were implanted, xenograft models 
are further classified into ectopic (subcutaneous), orthotopic 
(thyroid bed), and metastatic (tail vein or intracardiac) [27,28]. 
The most commonly used immunocompromised mice are athy-
mic nude, severely combined immune-deficiency (SCID) and 
NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice [19,22,27].

The flank xenograft model is relatively easy to generate and 
monitor tumor growth and treatment response. However, this 
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model lacks the local tumor microenvironment and distant me-
tastasis [26]. The orthotopic xenograft model is more physio-
logic and tumorigenic than the flank models and has distant 
metastatic potential [25,27]. Nucera et al. [22] generated the 
8505C orthotopic tumor which showed palpable neck tumors at 
20 days post-transplantation and miliary multifocal lung micro-
metastasis. Morrison et al. [28] generated orthotopic tumors us-
ing various thyroid cancer cell lines and reported different take 
rates or tumor volumes. 8505C, T238, and K1 cell lines showed 
100% take rate, but HTH7, C643, SW1736, MDA-T41, and 
TPC-1 cells failed to form orthotopic tumors. The orthotopic 
xenograft model also has an advantage in stimulating thyroid 
stromal cells, and the local innate immune system [25]. Some 
limitations of this model include rapid growth, which is differ-
ent than many relatively slow growing advanced human can-
cers, the lack of an adaptive immune system and the deposition 
of cell not only in the thyroid, but around the thyroid, making 
assessment of extrathyroidal invasion difficult.

Patient-derived xenograft models
PDX models directly use patient-derived tissues, recreate hu-
man cancer gene expression, tumor heterogeneity, and microen-
vironment, and are expected to inform drug response better than 
standard xenograft models [19]. These models are successfully 
established in many cancers but are still limited in thyroid can-
cer research. Maniakas et al. [19] generated PDX model using 
six ATC tumors: the tumor implanted in the flank of immunode-
ficient athymic mice and expanded for at least four generations. 
Mutation, histopathological characterization of PDX models 
showed good fidelity with the original tumor. The take rate was 
about 30% [19]. This group of researchers reported the result of 
high-throughput screening multiple drugs using these models 
and matching cell lines and suggested the feasibility of using 
this systematic approach for preclinical in vivo drug testing or 
personalized therapeutics development [29].

Table 2. Characteristics of Mouse Models of Cancer

Model Host immune status Implants Location implanted

Xenograft model Immunocompromised Human cancer cell lines 
Patient-derived tissues 

Ectopic or flank (subcutaneous)
Orthotopic (thyroid bed)
Metastatic (tail vein or intracardiac)Syngeneic model Immunocompetent (same genetic background 

with implanted cells/tissues)
Mouse cancer cells or tissues

Genetically engineered model Immunocompetent None None

Table 3. The Advantages and Challenges of Different Types of Mouse Models for Thyroid Cancer

Advantages Challenges

Ectopic (flank) xenograft model Preserved genetic mutations of human thyroid cancers or 
in vitro tested condition

Easy to generate
Easy to monitor tumor growth and response

Lack of tumor microenvironment
No distant metastases

Orthotopic (thyroid) xenograft model Preserved genetic mutations of human thyroid cancers or 
in vitro tested condition

Mimic innate immune microenvironment including  
stromal cells or vessels

Rapid tumor expansion
Reproducible distant metastasis

Lacking full immune system
Cannot assess the effect of immunotherapies

Syngeneic (orthotopic) model Fully functional immune system
Can assess tumor immunology and the effect of  

immunotherapy
Rapid tumor expansion

Not enough time for immune-editing process or 
development of distant metastasis because of 
rapid tumor growth

Genetically engineered mouse models 
(GEMMs)

Gradual tumor development model
Best for assessing the interaction between tumor and  

microenvironmental cells
Reproducible distant metastasis

Long latency to tumorigenesis 
Expensive
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Syngeneic models
The syngeneic model is established by implanting mouse cancer 
cells or tissues into immunocompetent mice of the same genetic 
background. Like the xenograft model, the syngeneic model can 
be ectopic (subcutaneous), orthotopic (thyroid bed), or meta-
static (tail vein or intracardiac) [21]. Vanden Borre et al. [30] re-
ported the development of syngeneic ATC orthotopic mouse 
model using cell lines derived from tumors arising in GEMM 
with thyroid-specific expression of mutant BRAF and deletion 
of either TP53 or phosphatase and tensin homolog (PTEN), 
which were implanted into immunocompetent syngeneic 
B6129SF1/J mice. Caperton et al. [31] reported the develop-
ment of syngeneic follicular thyroid cancer (FTC) ectopic 
mouse model using tumor cells from GEMM with mutant HRas 
and PTEN inactivation. These models showed very rapid tumor 
formation with significant immune cell infiltration in the tumor 
[30-32]. The syngeneic model has a significant advantage over 
the xenograft model in that researchers can study tumor growth 
with an intact immune system and investigate the immune-
modulatory effect of therapies. The short latency of tumor de-
velopment also makes this an attractive model [21,30]. The ma-
jor drawback of this model is that the immunoediting process, 
so critical in human tumor development, may not proceed due 
to very rapid tumor formation, which introduces a model bias in 
the response of immunotherapeutic agents [33]. Because of very 
rapid tumor growth in most syngeneic mouse models, distant 
metastasis cannot be easily studied [30].

Genetically engineered models
The GEMM is established by genetic engineering tools and the 
Cre-loxP system is the most widely used [34]. The expression 
of oncogenes and/or loss of tumor suppressor genes can be spa-
tially edited by controlling the expression of Cre recombinase 
using cell-specific regulatory elements such as thyroglobulin 
(Tg) or thyroid peroxidase (TPO), as well as temporally con-
trolled by further engineering of Cre and exogenous inducers 
like tamoxifen (Table 4) [35].

As BRAF V600E mutations account for the majority in PTC 
and ATC tumors, many GEMMs contain BRAF V600E [2]. The 
first BRAF GEMM used the Tg promoter and constitutive BRAF 
V600E cDNA overexpression resulting PTC with high pene-
trance. However, the BRAF transgene led to dedifferentiation, 
which exhibited a loss of Tg expression, causing a negative feed-
back loop on the Tg-BRAF transgene [36]. To overcome this, a 
subsequent model used tamoxifen-inducible Cre (CreERT2) un-
der the control of the Tg promoter and Cre-activating BRAF 
V600E (Braf CA) allele. PTCs were seen 6 months after tamoxi-
fen injection and progressed to advanced DTC at 12 months. 
However, distant metastases were not detected [37]. Chakravarty 
et al. [38] also reported that conditional activation of BRAF 
V600E with doxycycline in the thyroid under the control of the 
Tg promoter resulted in mitogen-activated protein kinase kinase 
(MEK) and extracellular signal-regulated kinase (ERK) activa-
tion and PTC formation after 1 week of drug exposure. The 
treatment with a MEK inhibitor in this model restored tumor ra-
dioiodine uptake [38], leading to many human studies exploring 

Table 4. Summary of Genetically Engineered Mouse Models for Follicular Cell-Derived Thyroid Cancer

Mouse alleles Histopathology Time of tumor development and/or survival

Tg-CreERT2/Braf CA [37] PTC 6 months post-induction

Tg-rtTA/tetO-BRAF [38] PTC 1 week post-induction

TPO-CreERT2/Braf CA/+ [42] PTC 12 weeks post-induction

TPO-CreERT2/Braf CA/Trp53f/f [42] ATC 100 days post-induction

Tg-CreERT2/Braf CA/ PIK3CAH1047R [43] PTC/ATC PTC induced 3–6 months post-induction and progressed to ATC

Tg-CreERT2/Braf CA/PTENf/f [43] PTC/ATC PTC induced 1.5 months post-induction and progressed to ATC

TPO-Cre/LSL-K-RasG12D/PTENf/f [53] FTC 50% of the mice died within 7 weeks from birth

TPO-Cre/PRKAR1Af/f/PTENf/f [54] FTC All showed tumor at 8 weeks of age

TPO-Cre/H-RasG12V/PTENf/f [55] FTC/PDTC 81% developed tumors by 1 year of age

Tg, thyroglobulin; CreERT2, Cre/estrogen receptor ligand binding domain fusion; BrafCA, Cre-activated BRAF V600E allele; PTC, papillary thyroid car-
cinoma; rtTA, reverse tetracycline transcription activator; tetO-BRAF, tetracycline resistant operator-MYC proto-oncogene tagged BRAFV600E; TPO, 
thyroid peroxidase; Trp53, transformation related protein 53; f/f, floxed/floxed; ATC, anaplastic thyroid carcinoma; PIK3CA, phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha; PTEN, phosphatase and tensin homolog; LSL, lox-stop-lox; FTC, follicular thyroid cancer; PRKAR1A, 
protein kinase cAMP-dependent type I regulatory subunit alpha; PDTC, poorly differentiated thyroid carcinoma.
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BRAF and MEK inhibition to improve radioiodine uptake in 
humans with DTC [39,40]. All these BRAF tumor models 
showed decreased thyroid function and elevated thyroid stimu-
lating hormone (TSH) due to dedifferentiation [36-38,41]. Many 
investigators treat these mouse models with levothyroxine to 
mitigate the effect of high TSH on the model and better approxi-
mate the human condition. McFadden et al. [42] reported that 
BRAF V600E initiates PTC in the adult mouse thyroid and addi-
tional TP53 loss enables the progression to ATC. PTC tumors 
developed in mice with TPO-CreERT2/BrafCA/+ at 12 weeks post-
induction. Crossing this strain with the mice with homozygous 
deletion of p53 (Trp53f/f) further accelerated to overt ATC. This 
model is referred to as TBP. An explosive tumor growth was 
seen approximately 100 days after tamoxifen treatment. They 
also showed that the selective BRAF inhibitor was not effective 
in controlling these ATC tumors and the combination of MEK/
BRAF inhibitor was more effective [42]. Additional activation 
of phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic sub-
unit alpha (PI3KCA) (Tg-CreERT2/Braf CA/ PIK3CAH1047R) or 
knock-out of PTEN (Tg-CreERT2/Braf CA/PTENf/f) also resulted 
in the development of ATCs [43]. 

RET/PTC or neurotrophic tyrosine receptor kinase (NTRK) 
rearrangement are also drivers of PTC [44,45]. The RET/PTC1 
[46,47] and RET-PTC3 [48] transgenic mouse models using Tg 
promoter were reported, and both resulted in the development 
of PTC. However, these RET/PTC rearrangement in mice are 
germline, and PTC development and tumor progression may be 
more advanced in these mouse models compared with sporadic 
genetic alterations in humans. Buckwalter et al. [49] reported 
that mutation of major tyrosine signaling sites in RET/PTC1 
transgenic mice didn’t block the development of the tumor. This 
suggests that other signaling pathways, or the microenviron-
ment may play a major role in tumor formation [49]. The fusion 
of translocated promoter region (TPR) with NTKR1 (TRK-T1) 
developed follicular hyperplasia or PTC in about 50% of the 
mice [50]. 

RAS activation is a well-known driver in FTC. An early mouse 
model containing a mutant K-RasG12V gene under the control of 
rat Tg promoter showed no thyroid cancer development, and 
only one of these mice developed FTC following treatment with 
goitrogens (aminotriazol and sodium perchlorate in the drinking 
water) for 6 months [51]. This result suggests that RAS mutation 
alone or this degree of RAS signaling is insufficient to induce 
FTC and other alterations are required. One study using trans-
genic mice harboring the human N-RasQ61K under the control of 
the bovine Tg promoter reported that approximately 40% of the 

mice developed invasive FTC, in some with a mixed papillary 
morphology and about 25% showed de-differentiation with dis-
tant metastases [52]. These data suggest that secondary muta-
tions may occur, or multiple copies of the transgene could be in-
corporated and lead to the abnormally high transcript expression 
[24]. These older transgenic mouse models of FTC have a limi-
tation in that the cancer phenotype resulting from overexpres-
sion of a mutated RAS gene is different from the endogenous 
mutant RAS expressed at the physiological level. Miller et al. 
[53] crossed a mouse strain with TPO-Cre and an oncogenic K-
RasG12D which is conditionally expressed through Cre-mediated 
deletion of a floxed STOP cassette preventing K-RasG12D expres-
sion (lox-stop-lox [LSL]-K-Ras), with a mouse strain with 
PTEN loss (PTENf/f). All of the double-mutant mice (TPO-Cre/
LSL-K-RasG12D/PTENf/f) rapidly developed FTC and none sur-
vived over age 4 months [53]. Thyroid-specific double protein 
kinase cAMP-dependent type I regulatory subunit alpha 
(PRKAR1A)-PTEN knock-out mice also developed FTC [54]. 
Serum TSH levels were suppressed and thyroxine was elevated 
in these double-mutant mice, indicating development of thyro-
toxicosis from functional FTC [53,54]. Thyroid-specific expres-
sion of H-RasG12V and PTEN inactivation (TPO-Cre/H-RasG12V/
PTENf/f) also leads to the development of high grade FTCs or 
poorly differentiated thyroid cancer (PDTC) showing gross ex-
trathyroidal extension and/or lymphovascular invasion, and 
lung metastasis [55].

A dominant negative mutation (PV) into the thyroid hormone 
nuclear receptor β (TRβ) generates another FTC mouse model. 
TRβPV/PV mice reproduce human thyroid hormone resistance 
syndrome. T3 is unbale to bind mutant TRβ, and follicular cells 
become hyperplastic with elevated TSH levels. Invasive FTC 
was observed at 4 to 5 months of age and distant metastases to 
lung or heart was seen over 5 months of age. TRβPV/− mice from 
crossing TRβPV/PV mice with TRβ−/− mice also showed spontane-
ous FTC with lung metastasis [56]. The phosphoinositide 3-ki-
nase (PI3K)-AKT signaling was activated in this model and 
PI3K inhibitor treatment inhibited FTC progression in these 
mice [57]. 

The GEMM model best interrogates the tumor microenviron-
ment and the interaction between the tumor and immune system 
because the tumor is developed more slowly over time, not 
grafted [25,26,33]. Furthermore, this model helps to dissect the 
effect of each genetic alteration on tumor initiation and progres-
sion [2]. This model has limitations including long latency to tu-
mor formation, complex breeding schemes, and high costs [25].
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CONCLUSION AND FUTURE 
PERSPECTIVES

These different preclinical models have greatly improved our 
understanding of thyroid carcinogenesis and the development of 
new therapeutic strategies. Thyroid cancer cell lines and mouse 
models have different strengths and challenges, and any single 
model can’t accurately reproduce all features found in human 
cancer. Understanding the characteristics and challenges of each 
model and applying the best model to specific research ques-
tions is important.

The humanized mouse model is one of the newer techniques 
in cancer research [58] and could be an important future pre-
clinical model in thyroid cancer research. This model is estab-
lished by transplanting human-derived peripheral polymorpho-
nuclear cells or hematopoietic stem cells into severe combined 
immunodeficient mice to promote the development of the func-
tional human immune system in mice. This model can repro-
duce the human tumor microenvironment, enabling a better to 
study immunotherapy. However, this model still faces many 
challenges, including frequent engraftment failure, MHC in-
compatibility between immune cells and tumors, the residual 
murine innate immunocytes, and the lack of specific cytokines 
[58]. These future models, including more advanced GEMM, 
PDX, and organoid models, will help bench-to-bedside studies 
in thyroid cancer research.
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