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Abstract
Thyroid carcinomas, the most common endocrine tumors in humans, have an increasing incidence
in the U.S. and worldwide. There are four major types of thyroid cancers: papillary, follicular,
anaplastic, and medullary carcinomas. In recent years, significant progress has been made in the
identification of genetic alterations in thyroid carcinomas, particularly, papillary and medullary
thyroid cancers. Mouse models of thyroid cancer are valuable tools in elucidating molecular
genetic changes underlying thyroid carcinogenesis and in identifying potential molecular targets
for therapeutic intervention. Representative mouse models of papillary, follicular, and medullary
carcinomas are reviewed here with particular emphasis on those for follicular thyroid carcinomas.
Challenges for further development in the modeling of thyroid cancer will also be discussed.
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Introduction
Thyroid carcinomas are the most common endocrine neoplasms in humans, affecting
approximately 1 % of the population [1]. Thyroid cancer is one of the few cancer types with
increasing incidence in the United States and around the globe, particularly among women
[2]. The neoplasms originate from two distinct endocrine cell types of thyroid glands:
thyroid hormone producing follicular epithelial cells and calcitonin producing parafollicular
cells (C-cells). There are four major types of thyroid cancers: papillary, follicular,
anaplastic, and medullary thyroid carcinoma. The majority of thyroid tumors including
papillary, follicular, and anaplastic carcinomas are derived from follicular epithelial cells.
Only about 3% of thyroid tumors are from parafollicular cells.

Among the thyroid carcinomas derived from follicular epithelial cells, more than 80 % of
them are papillary thyroid carcinomas (PTCs). In most cases, PTCs are well-differentiated
types of tumors that metastasize only to local lymph nodes and respond well to radioactive
iodide treatment with a favorable 98 % 10-year survival outcome. Follicular thyroid
carcinomas (FTCs) accounts for about 15 % of thyroid carcinomas. Compared to PTCs,
FTCs metastasize more likely via the vascular system to distant organs and are less likely to
take up therapeutic radioactive iodide. FTCs have poorer outcome than PTCs with a 93%
10-year survival rate. Although anaplastic thyroid carcinomas (ATCs) account for only 2 %
of thyroid cancers, they often have an unfavorable outcome as a result of local invasion,
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distant metastases, and the loss of the ability to take up radioactive iodide. ATCs could
develop from existing well-differentiated FTCs [1].

Of thyroid carcinomas, 2–3% are derived from parafollicular cells. Medullary thyroid
carcinomas (MTCs) metastasize to local lymph nodes as well as distant organs. MTCs are
treated with either surgery and/or external beam radiation. The 10-year survival rate for
MTC is between 40 % and 95 %, depending mainly on whether patients have distant
metastasis [3].

Morphology and Functions of the Thyroid Gland
Two types of cells responsible for the dual endocrine functions of the thyroid gland are
thyroid follicular and parafollicular cells. They have distinct structures, functions, origins,
and gene expression patterns. Thyroid follicular cells form the thyroid follicles, spherical
structures serving as storage sites for controlled release of thyroid hormones [4]. The
parafollicular cells are scattered in the interfollicular space. The two cell types originate
from two different embryological structures of the thyroid anlage and the ultimobranchial
bodies, respectively. The cells of the thyroid anlage and the ultimobranchial bodies migrate
from their respective sites of origin and ultimately merge in the thyroid gland. The cells
originating from the anlage organize the thyroid follicles, whereas the parafollicular cells
scatter within the interfollicular space [5].

Thyroid follicular cells express specific proteins essential for thyroid hormone biosynthesis.
Genes encoding thyroglobulin (TG), thyroperoxidase (TPO), sodium/iodide symporter
(NIS), and TSH receptor (TSHR) are expressed in the thyroid. Iodine is captured and
transported by NIS from the bloodstream to iodinate tyrosine residues of TG in the presence
of TPO to form T3 and T4. Upon release, T4 is converted to more active T3 by deiodinases
in the target tissues (Fig. 1).

During embryonic development, the proteins appear at a precise stage: Tg, Tpo, and Tshr
genes are expressed by E14.5 [6]; the NIS gene is detected by E16 [7]. T4 is first detected at
E16.5 [8]. The signals for the proliferation and differentiation of the thyroid follicles in
adults and embryos are different. Although TSH is the most important growth stimulus for
thyroid follicular cells, it is not involved in embryonic development of follicular cells.
Instead, the genes encoding for the transcription factors Titf1/Nkx2–1 Foxe1, Pax8, and
Hhex express both in mature thyroid cells and in their precursors. These factors express at
the very beginning of thyroid morphogenesis and play crucial roles in the organogenesis of
the thyroid gland. These factors are also present in other embryonic tissues, but all four are
co-expressed only in the thyroid anlage. The expression of these four factors is required for
the early stages of thyroid morphogenesis. Among four transcription factors, PAX8 that is
fused to the peroxisome proliferator-activated receptor-γ (PPARγ; PAX8-PPARγ) has been
identified to be involved in tumorigenesis. The PAX8-PPARγ is frequently found in FTC,
but rarely in adenomas. The Tg promoter is frequently used to specifically target exogenous
genes to the follicular cells.

The development of parafollicular cells is less well understood. It seems that a membrane
bound tyrosine kinase receptor RET that binds glial-derived neurotrophic factors is
important for parafollicular cell development. The Ret gene is highly expressed in
parafollicular cells. Ret-deficient mice have less calcitonin-immunoreactive cells than do
wild-type littermates at birth [9].
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Etiology and Genetic Alteration in Thyroid Carcinogenesis
Thyroid follicular cells can undergo neoplastic transformation to carcinomas of three
histotypes: papillary, follicular, and anaplastic. PTCs frequently have mutations in genes
involved in MAPK signaling pathways, such as RET, BRAF, and RAS. Genetic alterations
in thyroid cells such as RET translocation, NTRK1 translocation, and BRAF or RAS
mutations cause constitutive activation of the MAPK pathway, disrupt TSH-mediated
signaling, and induce papillary thyroid tumorigenesis (Fig. 2). The RET protooncogene
located on chromosome 10q11.2 encodes a receptor tyrosine kinase highly expressed in the
parafollicular cells, but less in thyroid follicular cells. RET is a component of a cell-surface
complex that binds glial-derived neurotrophic factor (GDNF), neurturin, artemin, and
persephin. The binding of ligand causes receptor dimerization and initiation of intracellular
signaling. However, in PTCs, the RET protooncogene is fused to one of the constitutively
expressed genes in thyroid follicular cells [10, 11]. The paracentric inversion of the long arm
of chromosome 10 leads to the fusion of RET either with the coiled-coil domain containing
gene 6 or with the nuclear receptor coactivator gene-4, resulting in the formation of the RET
oncogenes RET/PTC1 [12] and RET/PTC3 [13], respectively. Therefore, the RET
rearrangement results in chimeric oncoproteins with constitutive tyrosine kinase activity in
thyroid follicular cells.

It is now well recognized that ionizing radiation exposure causes RET rearrangements,
particularly in children [10, 14]. After the Chernobyl nuclear reactor accident in 1986, the
marked increase in the incidence of thyroid carcinomas in children in affected areas was
reported to have risen to 90 per million [15, 16]. RET expression resulting from
chromosome rearrangement is found in about 30 % of all PTCs, but frequently in PTC with
a history of radiation exposure [16]. RET/PTC1 and RET/PTC3 account for approximate
70% and 30%, respectively, of RET rearrangements found in PTCs. For the patients without
radiation exposure, RET/PTC1 is most frequently detected while RET/PTC3 is common for
the patients with radiation exposure. NTRK1 is a receptor tyrosine kinase normally involved
in nerve growth factor signaling [17]. Like RET rearrangements, NTRK1 can fuse to other
genes and form a constitutively active oncogene, such as TRK-T1, leading to PTC [18].
However, NTRK1 rearrangements are less frequent than RET rearrangements and are not
associated with radiation exposure.

Sporadic PTC unrelated to radiation exposure make up more than two thirds of all cases, and
mutations of BRAF and RAS are found in about 40% and 10–20% of PTCs, respectively
[1,19–21]. BRAF is an intracellular effector of MAPK signaling pathway. Upon activation
triggered by RAS binding and recruitment of other proteins to the cell membrane, this kinase
phosphorylates and activates MAPK/ERK kinase and downstream effectors. A point
mutation of BRAF results in V600E conversion [22] that is associated with poor prognosis.
In the unphosphorylated BRAF protein, the hydrophobic interactions between the activation
loop and the ATP binding site maintain the protein in an inactive conformation. The V600E
substitution disrupts these interactions, resulting in sustained phosphorylation of MEK and
activation of the signaling pathway [23].

RAS is a guanine nucleotide binding protein that is a key intermediate in signal transduction
pathways. The activation state of RAS depends on whether it binds to GTP or GDP. When it
binds to GDP, it is inactive; when it binds to GTP, it initiates a downstream signaling
pathway [24]. Mutations of RAS often involve codons 12, 13, and 61 of all three HRAS,
KRAS, and NRAS genes [1, 20]. The impaired ability in the conversion of GTP to GDP by
RAS mutations results in constitutive activation of signaling in this pathway [24]. Although
BRAF mutations, RAS mutations as well as RET rearrangements are all detected in PTCs,
these genetic alterations are mutually exclusive [25].
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MTCs arise from the calcitonin-secreting parafollicular cells of the thyroid gland. Of thyroid
carcinomas, 2 – 3% are due to MTC. Twenty to twenty-five percent of MTCs are inheritable
[26]. Both inheritable and up to 50 % of sporadic MTCs have been identified with the gain-
of-function point mutation of RET [27], which also undergoes rearrangements in PTC as
described earlier [10]. The point mutations often occur in one of several possible codons
[26,28]. RET is highly expressed in parafollicular cells. However, in unstimulated
conditions, the kinase is inactive due to an inhibition of kinase domain resulting from
intramolecular structures. Mutations disrupt the interaction of intramolecular domains,
leading to a conformation with active kinase activity. Similar to the RET rearrangement, the
mutated RET is constitutively active in the parafollicular cells or other neuroendocrine cells
[9].

For FTCs, point mutations of the RAS gene and PAX8-PPARγ rearrangement are the most
frequent genetic alterations. Less frequent mutations and other alterations of the genes in the
PI3K/AKT signaling pathway can be found in these tumors, although their contribution to
FTC remains to be elucidated. RAS mutations are found in 40–50% of conventional
follicular carcinomas and in 20–40% of adenomas [29–31]. The most frequently affected
hotspots are NRAS codon 61 and HRAS codon 61. The presence of a RAS mutation has
been found to correlate with tumor dedifferentiation and a less favorable prognosis [32]. The
more aggressive biological properties of these tumors may be due to the effect of the mutant
RAS protein on promoting chromosomal instability, which has been demonstrated at least in
in vitro experiments [33].

PAX8-PPARγ rearrangement occurs in approximately 35% of FTC [34–36]. Different from
RAS mutations, which are frequent in both PTC and FTC, PAX8-PPARγ rearrangement
occurs frequently in FTC. The rearrangement results in the translocation t(2;3)(q13;p25),
leading to the fusion of the thyroid transcription factor PAX8 gene to the PPARγ gene [37].
Therefore, the rearrangement results in overexpression of the PPARγ protein [37]. Tumors
harboring PAX8-PPARγ tend to occur in younger patients and more frequently reveal
vascular invasion [35, 36]. However, how the fusion protein causes FTC is still not well
understood [38].

As for the etiology of FTC, no link to environmental ionizing radiation exposure and
inheritable cancer has been reported. Whether TSH is the initiator of FTC is still
controversial. Several lines of evidence, however, have implicated the role of TSH in
thyroid tumorigenesis. The follicular carcinomas are most prevalent in iodine-deficient
regions [39–42]. An increase in the risk of thyroid tumorigenesis in patients with
multinodular goiter has been reported [39, 43–45]. In laboratory animals, it is known that
xenobiotics could result in thyroid tumors by lowering T4 levels, leading to an increase in
circulating TSH and proliferation of thyroid follicular cells [46, 47]. The xenobiotics
inducing a higher TSH level include hepatic Cyp2B inducers as well as inhibitors of
thyroperoxidase, 5′-deiodinase and the sodium/iodide symporter [47]. In experimental mice,
TSH promotes development of FTC [48, 49]. Recent evidence, however, does not support
the role of TSH as an initiator of FTC [50–53]. The identification of multiple pathways
associated with thyroid carcinogenesis suggests that additional genetic changes need to
occur for the transformation of the TSH-stimulated hyper-proliferative thyroid cells to
cancer cells [54, 55]. In support of this notion, Kato et al. reported that in a spontaneously
developed mouse model of FTC (TRβPV/PV mice; see section: Follicular Thyroid
Carcinoma), PPARγ insufficiency more aggressively promotes the progression of FTC as
compared to TRβPV/PV mice with PPARγ. However, TRβPV/PV mice with or without
PPARγ insufficiency have similarly highly elevated serum TSH levels [56]. These results
indicate that it is less likely TSH alone is sufficient to induce FTC, but collaboration of
multiple genetic events is necessary in conferring the cancer phenotype.
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In mutant Ki-Ras expressing mice, thyroid glands developed adenomas, though at very low
frequency after a long latency. It is believed that the action of an activated Ras gene alone is
not sufficient for malignant transformation of follicular cells in vivo. Instead, mutant Ras
expression in follicular cells probably represents a favorable genetic ground for tumor
development.

Other genetic alterations are also found in thyroid carcinomas. For example, loss of p53
function is the primary genetic alteration identified in the development of anaplastic thyroid
carcinomas [57–59], but β-catenin activating mutations have also been detected in these
anaplastic thyroid carcinomas, where the protein likely mediates loss of cell-cell adhesions
and also acts as a transcription factor in upregulating growth-promoting genes [60].

Mouse Models of Thyroid Cancer
Papillary thyroid carcinoma

The binding of proliferation signal molecules to receptors such as RET and NTRK1 leads to
receptor phosphorylation and activation of downstream effectors such as RAS. As a result,
BRAF is recruited to phosphorylate and to activate the MEK-ERK signaling. After the
activated ERK translocates from cytoplasm into the nucleus, it regulates the transcription of
genes involved in cell differentiation, proliferation, apoptosis, and survival. The genetic
alteration in thyroid cells such as RET translocation, NTRK1 translocation and BRAF or
RAS mutations cause constitutive activation of the MAPK pathway resulting in PTC (Fig.
2). Most mouse models are based on the genetic alterations identified in human tumor cells.
The mouse models of PTCs harbor activating genes such as RET/PTC1, RET/PTC3, and
TRK-T1 or mutated genes such as BRAF and RAS.

RET/PTC1—RET/PTC1 is one of the most common genetic alterations in PTC and
accounts for 70% of RET rearrangement found in that carcinoma. In FVB/N mice, the
fusion gene under the control of bovine thyroglobulin promoter was targeted to the thyroid.
The mice expressing RET/PTC1 protein consistently developed bilateral PTCs with
pathological features similar to human carcinomas [61]. The onset of hyperplasia and
carcinomas varied depending on copy numbers of the RET/PTC1 fusion gene expressed in
the mice. All mice with low copy number developed the bilateral thyroid carcinomas
between 1 and 6 months of age. Mice with high copy numbers had dysplastic thyroid glands
at birth. All mice examined developed carcinomas comparable to human PTC as young as 1
month of age [62]. The promoter used to target the gene to the thyroid also affects the
manifestation of the phenotypes. For example, when a mouse line expressing RET/PTC1
was created under the control of the rat thyroglobulin promoter, less than half of the mice
developed tumors even after 8–16 months [63]. Mice from the high-copy lines had profound
congenital hypothyroidism, as indicated by dwarfism, low serum T4 and T3 levels, and
marked elevation in serum TSH. T4 supplementation was able to correct the phenotypic
dwarfism and was essential for the survival and efficient breeding of these mice.
Maintaining the mice on a low iodide diet resulted in persistent elevation of TSH levels and
enhanced tumorigenesis [64]. Despite the fact that local invasion was present in all mice
examined, distant metastases in mice were not observed up to 5 months of age. The
occurrence of metastasis was rare even in the absence of p53 alleles [65]. The lack of
metastases is a limitation of this model to mimic human thyroid carcinomas.

RET/PTC3—RET/PTC3 accounts for 30% of all RET/PTC rearrangements. Thyroid-
targeted RET/PTC3 gene expression led to follicular cell hyperplasia starting at 2 months of
age. PTC occurs in up to 55 % of mice aged 3 months or older [66]. An examination of
auxiliary lymph modes in a 10-month-old mouse identified a 1 cm3 mass with features
reminiscent of human differentiated PTC with RET/PTC3 immunostaining. In all, two of six
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mice examined showed evidence of metastases. The dedifferentiation often seen in human
carcinomas with RET/PTC3 translocation was not observed in RET/PTC3-induced thyroid
tumors.

Recently, microarray gene profiling was used to assess the similarity in the altered gene
expression patterns between PTC in humans and RET/PTC3 mice [67,68]. Several human
PTC characteristics were observed in RET/PTC3 mice: overexpression of many immune-
related genes, regulation of human PTC markers, upregulation of EGF-like growth factors
and significant regulation of angiogenesis, and extracellular matrix remodeling-related genes
[67, 68]. However, similarities were incomplete in the overall gene expression and the age-
dependent gene expression [67]. Therefore, RET/PTC3 mice are partial and transient models
of human PTC. But RET/PTC3 mice at younger age could be a useful mouse model to study
the biological processes shared between human and mouse PTCs.

BRAFV600E—Mutation of the BRAF gene is the most common genetic alterations in PTCs
(occurring in about 45 % of all PTCs). Though at least 20 mutations were identified in the
BRAF gene, more than 90 % of all mutations involved the nucleotide 1799 and resulted in a
valine-to-glutamic acid substitution at residue 600 (V600E). The expression of BRAFV600E

was targeted to thyroid cells of the FVB/N mice by using a bovine thyroglobulin promoter.
The mice displayed 2-fold increased TSH, but had a normal level of T3 and somatic growth.
A majority of mice with a higher level of BRAFV600E expression developed multifocal
bilateral PTC [69, 70]. Invasive carcinomas were frequently observed. Approximately half
of the mice aged 12 to 22 weeks revealed focal areas of dedifferentiation composed of solid
sheets of spindle cells lacking characteristic nuclear features of papillary carcinoma and
showing no evidence of follicular architecture or colloid formation. In the transgenic line
with expression of BRAFV600E at a higher level, tumors frequently invaded the vascular
vessels and adjacent adipose tissue and skeletal muscle, sometimes leading to tracheal
compression. The carcinomas in mice were associated with a 30 % decrease in survival at 22
weeks. However, no evidence of metastasis to distant tissues was found [69].

TRK-T1—Transgenic B6C3F1 mice expressing the fusion protein TRK-T1 were prepared
by using the bovine thyroglobulin promoter. Overall, 54 % of transgenic mice with thyroid-
targeted TRK-T1 expression displayed a loss of normal thyroid structure. For the mice aged
7 months or younger, 38 % of the thyroids were normal. For mice older than 7 months, all
thyroids showed pathological abnormalities. Hyperplasia was evident as early as age 3
months in some mice, but could appear as late as age 10 months in others. Twenty-three
percent of the mice aged 7 months or younger and 78 % of the transgenic mice older than 7
months developed thyroid carcinoma with the characteristics of human differentiated
carcinomas [71]. However, no local or distant metastases were observed. Nor were
lymphocytic infiltrates detected. It appears that the expression of TRK-T1 alone is not
sufficient for the manifestation of these advanced tumor phenotypes in the mice. However,
the mice provide a model to further study the role of NTRK1 rearrangement in local thyroid
tumorigenesis.

RAS—Although HRAS mutations were frequently detected in PTCs, mice that have stable
integration of mutated RAS transgenes in the genome are not yet available [72,73].
Transgenic mice that harbor the human mutant RASG12V specifically expressed in the
thyroid follicular cells directed by the bovine thyroglobulin promoter were reported [73].
Four independent founder lines of transgenic mice designed as M1, M2, M3, and M4 were
generated. Except the M3 mice, the founder mice developed unifocal or unilateral papillary
thyroid tumors similar to those observed in the patients with PTC in a range of size between
0.5 and 1.0 cm. The lung metastatses were also observed in two founder mice. But
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intriguingly, none of them could transmit the phenotypes to offspring. Therefore, the utility
of these mice for the study of thyroid cancer is limited.

Recently, a transgenic mouse model expressing a mutated human NRAS(Gln61Lys)
specifically in thyroid follicular cells was also established directed by using thyroglobulin
promoter [74]. These mice developed carcinomas with mixed papillary-follicular malignant
characteristics. The detailed description of this mouse model is provided in the section of
follicular thyroid carcinomas (see Section Follicular Thyroid Carcinoma).

Adenosine A2 receptor/papillomavirus type 16 E7 oncogene
Cyclic AMP (cAMP) is an intracellular second messenger to mediate TSH stimulated
growth and differentiation of thyroid follicular cells. The adenosine A2 receptor, which
activates adenylyl cyclase via coupling to the stimulating G protein (Gs), has been shown to
promote constitutive activation of the cAMP cascade when transfected into various cell
types. Transgenic mice expressing the canine adenosine A2 receptor were generated under
control of the bovine thyroglobulin gene promoter. Thyroid-specific expression of the
adenosine A2 receptor promotes thyroid hyperplasia, goiter, and severe hyperthyroidism
causing premature death of these mice [50].

The oncogenic functions of human papillomavirus E7 protein are attributed to its interaction
with the retinoblastoma susceptibility gene product, RB1, and other related proteins. Mouse
model expressing the E7 oncogene was generated under the control of the bovine
thyroglobulin gene promoter. When these mice aged, they developed well-differentiated
follicular and papillary carcinomas [49].

Interbreeding two transgenic lines generated mice expressing both the adenosine A2 receptor
and the E7 oncogene. These mice developed larger goiters and more severe hyperthyroidism
as compared with the respective parental mice. The mice rapidly developed malignant
thyroid tumors similar to those of human PTC and disseminated through the blood stream,
generating multiple differentiated tumors in the lung. These metastatic tumors appeared as
early as 2 months after birth and their frequency increased to 75 % in mice older than 3
months [75]. Due to the high incidence of metastatic tumors at the earlier stage, these mice
may be potentially useful to dissect the multiple signaling pathways required for distant
metastasis.

Follicular Thyroid Carcinoma
Most models for FTC were established based on the genetic alterations discovered in human
tumors. Ras mutations and PAX8-PPARγ rearrangement are common genetic alterations
observed in FTC. However, mouse models based on these genetic alterations have not been
documented to fully recapitulate human FTC. Instead, the models established from several
mutant genes such as the gene encoding α1B-adrenergic receptor, Rap1bG12V, or thyroid
hormone receptor β mutant (TRβPV) have been used to study the development of FTC.

Mutant α1B-adrenergic receptor
The main regulator of thyroid function and growth is TSH. The signals from three pathways
control the TSH-stimulated proliferation of thyroid follicular cells: cAMP cascade,
phospholipase C pathway, and thyrosine kinase/RAS/mitogen-activated protein kinase
pathway. TSH receptor activation leads to the stimulation of the cAMP cascade. It is well
established that activation of the cAMP cascade maintains differentiation of thyrocytes and
leads to the activation of both their function and proliferation. A second cascade that has
been shown to promote proliferation while inducing dedifferentiation in thyroid cells in
culture is the diacylglycerol (DAG)/protein kinase C branch of the phospholipase C
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pathway. Phospholipase C can be stimulated in rodent cells by α1-adrenergic agonists. The
third cascade stimulating proliferation is the thyrosine kinase/RAS/mitogen-activated
protein kinase pathway.

In a transgenic model, the bovine thyroglobulin gene promoter was used to direct the
expression of a constitutively active mutant of the α1B-adrenergic receptor gene that
stimulated both the adenylyl cyclase and phospholipase C pathways in thyroid follicular
cells [48]. The thyroids were increased in size in the first few weeks, and some reached a
weight of 130 mg by 12 months. The enlarged gland preserved the general organization of
follicles at the early stage. The mean size and number of the nodules increased as mice aged.
The organization of the gland became increasingly heterogeneous, with the appearance of
actively proliferating nodules. In larger nodules, foci of cells were found with large nuclei
with morphological criteria that characterize human papillary carcinomas. In a few cases, all
morphological criteria of thyroid follicular cell differentiation were lost; spindle cell foci
were found without formation of identifiable follicles. They frequently acquired structural
characteristics considered malignant criteria for human thyroid tumors. Some growing
nodules invaded muscular tissues. Some nodules appeared highly vascularized.
Differentiated lung metastases were observed at an overall frequency estimated to be 20% in
mice older than12 months. The manifestation of the advanced tumor features in this mouse
model may be useful for the studies of the invasion and metastasis mediated by cAMP and
phospholipase C signaling pathways in FTC.

RAS—RAS is one of the frequent mutations detected in FTC. A mouse model was
generated bearing a fusion construct of rat thyroglobulin promoter and the mutant KRAS
gene. Up to age 20 months, all mice examined were apparently healthy with a normal
growth rate and serum levels of thyroid hormones, although histological examination
identified some abnormalities such as disorganized follicles and adenomas. The treatment of
the mice with goitrogen increased the number of adenomas. One mass with the characteristic
of carcinomas was also identified in the mouse treated with goitrogen for 6 months [76],
suggesting that while RAS mutation alone is not sufficient to induce follicular thyroid
carcinomas, it acts as a predisposing factor [76]. TSH could promote the manifestation of
RAS genotypes in these mice. The observations in this mouse model suggest that multiple
genetic alterations could contribute to the development of FTC. The mice could be used for
the study of the genetic actors that promote the development of FTC.

Recently, a transgenic mouse model expressing a mutated human NRAS(Gln61Lys)
specifically in thyroid follicular cells was also established directed by the thyroglobulin
promoter [74]. Thyroid histology of transgenic mice was compared to that of wild type
littermate controls at 6, 12, and 18 months of age. Progressive lesions from follicular cell
hyperplasia to adenoma and carcinoma were observed in these transgenic mice. Among the
88 mice examined, 26 mice developed follicular carcinomas and 9 had invasive carcinomas
with large poorly differentiated areas closely resembling those observed in human patients.
Mice with carcinomas displayed well-differentiated follicular or mixed papillary-follicular
malignant features. Furthermore, distant metastases were observed in the livers of three
mice, lung of two mice, and the right femur of one mouse. Although the aggressive features
require long latency, the mice are potentially useful for the studies of thyroid carcinogenesis.

Rap1bG12V

Rap1 GTPases are members of the Ras superfamily of G-proteins, which regulate cell
proliferation and differentiation. cAMP signaling leads to activation and phosphorylation of
Rap1b. In the model, the expression of Cre-floxed active Rap1bG12V or the dominant
negative mutant Rap1bS17N was driven by the thyroglobulin promoter. These mice express
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Rap1bG12V specifically in thyrocytes. They were crossed with CRE-ER-Tx mice to generate
a tamoxifen-inducible switch model. Upon stimulation of Cre activity by tamoxifen, these
mice ceased to express active Rap1bG12V and instead produced the inactive Rap1bS17N [77].

Mice expressing Rap1bG12V showed no signs of hypo- or hyper-thyroidism and exhibited
normal growth profiles, indicating normal physiological levels of thyroidal, growth, and
gonadal hormones. Further analysis of these mice did not detect signifficant differences in
TSH levels and thyroid histology. Thus, under basal low thyroidal cAMP signaling,
expression of Rap1bG12V does not interfere with differentiation of the gland and does not
produce any mitogenic advantage in either heterozygous or homozygous mice. However,
chronic elevation of thyroidal cAMP by increasing circulating levels of TSH produced a
switch to mitogenic action in Rap1bG12V heterozygous mice. Exposure of Rap1bG12V mice
to a 6-month goitrogen program led to marked thyroid enlargements with nodular lesions.
The hyperplastic and nodular phenotype observed in the Rap1bG12V mouse thyroids after 6
months of sustained elevation of thyroidal cAMP was completely reversed after removal of
the goitrogenic stimulus for 2 months. The serum TSH concentrations and thyroid hormones
returned to normal levels, followed by re-establishment of typical follicular structures.
However, after long-term goitrogenic treatment, all Rap1bG12V transgenic but not the WT
mice developed very large multi-lobular and hyperemic glands. These glands exhibited signs
of FTC characterized by the presence of invasion of the thyroid capsule, surrounding tissues,
and blood vessels. Both extracapsular invasion and vascular invasion were verified by
tagged HA staining, but no evidence of metastasis could be found despite a complete
necropsy. The absence of correlation between invasion and metastasis is not well explained.
Despite initial vascular invasion, it seems that most of the malignant cells are destroyed in
the circulation, though any evidence of apoptotic cells or HA stain in vessels of several
potential metastatic targets were not established. When the Rap1b “switch” was made from
constitutively active Rap1bG12V to dominant negative Rap1bS17N, the thyroid gland size
was reduced by 50 % in the face of continued goitrogen treatment. Ki67, BrdU, and PCNA
labeling indices and terminal deoxynucleotidyltransferase-mediated dUTP nick end-labeling
indicated that decreased cellular proliferation, rather than increased apoptosis, accounted for
the decrease in thyroid hyperplasia. It seems that Rap1b is oncogenic in the presence of
elevated TSH-mediated signaling. The model might be useful in studies of multiple factors
for their contribution to the development of thyroid cancer.

TRβPV/PV—The TRβPV/PV knockin mouse was initially created to model an inheritable
disease called resistance to thyroid hormone (RTH). RTH is a syndrome of reduced tissue
sensitivity to thyroid hormone. The hallmark of RTH is elevated serum thyroid hormone
levels associated with non-suppressible TSH. Other clinical signs are goiter, short stature,
decreased weight, tachycardia, hearing loss, attention-deficit hyperactivity disorder,
decreased IQ, and dyslexia. Most patients are heterozygous and the clinical symptoms are
mild [78]. Only one patient homozygous for mutant THRB has been reported [79]. This
patient, who died at a young age, displayed an extraordinary and complex phenotype of
extreme RTH with high levels of thyroid hormone and TSH [79]. Thyroid hormone
receptors (TRs) are members of the ligand-dependent transcription factor family encoded by
the THRA and THRB genes. Alternative splicing of the TRβ gene transcript gives rise to
three T3-binding proteins (β1, β2 and β3). TRβPV/PV mice were created by targeting the PV
mutation to the TRβ gene locus via homologous recombination and the Cre-lox system [80].
The PV mutation was identified in a patient with RTH [81] with a frameshift mutation in the
C-terminal 14 amino acids of TRβ, resulting in a complete loss of T3 binding and
transcriptional capacity. The loss of negative feedback by T3 on the hypothalamus-pituitary-
thyroid axis due to PV mutation led to persistent upregulation of TSH and elevated thyroid
hormones [80].
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Remarkably, as TRβPV/PV mice aged, a significant increase in their morbidity was observed
when compared with wild-type and TRβPV/+ mice. The cumulative survival analysis showed
that less than 10% of the TRβPV/PV mice survived at the age of 14 months whereas 95% of
TRβPV/+ heterozygous mice survived. Detailed histopathological examination of thyroid
glands led to the discovery that TRβPV/PV mice spontaneously develop FTC resembling the
pathological progression of human thyroid cancer. In homozygous (TRβPV/PV) mice,
follicular cell hyperplasia appears around 3 weeks of age. As early as 2 months of age, the
mutant mice exhibited papillary hyperplasia. By 4–5 months of age, the extent of
hyperplasia was increased and signs of FTC such as capsular and vascular invasion were
already apparent. Distant metastases via vascular vessels to the lungs and heart were
common in the mice over 5 months of age. The pathological progression was sequentially
from hyperplasia (100 % of all mice examined), capsular invasion (91%), vascular invasion
(74%), anaplasia (35%) to eventual distal metastasis (30%) (Fig. 3). Metastasis involves
mainly the lung and occasionally the endocardium, but not the local lymph nodes. The
small, round, and dark nuclei of the developed thyroid carcinomas are characteristic of
follicular carcinoma. These characteristics are significantly different from that of papillary
carcinoma [82]. The findings that TRβPV/PV mice spontaneously develop FTC similar to
human cancer indicate that these mice could be used as a model to elucidate the molecular
genetic changes underlying FTC and to identify potential molecular targets for treatment and
diagnosis. Indeed, consistent with human FTC, PPARγ was shown to be a tumor suppressor
in TRβPV/PV mice [56,83]. Treatment of TRβPV/PV mice with a PPARγ agonist,
rosiglitazone, delays the progression of thyroid carcinogenesis, indicating the PPARγ
agonists could be tested as a therapeutic agent for FTC [56]. Moreover, similar to human
FTC, activation of the PI3K-AKT signaling was demonstrated in thyroid tumors of
TRβPV/PV mice [84–86], suggesting that PI3K could be a potential molecular target. Indeed,
treatment of TRβPV/PV mice with a specific PI3K inhibitor, LY294002, delays tumor
progression and blocks metastatic spread [87]. Thus, PI3K and its downstream effectors
could be explored as therapeutic targets for the treatment of human FTC. In addition,
consistent with observations in studies of human thyroid cancer, PTTG1 was found to be
highly elevated in the thyroid tumors of TRβPV/PV mice. Further studies indicate that
overexpression of PTTG1 not only inhibits mitotic progression and causes chromosomal
aberrations [88, 89], but also promotes angiogenesis to contribute to thyroid carcinogenesis
[90].

TRβPV/PV mice proved to be a useful mouse model to uncover novel genetic changes during
FTC. Using TRβPV/PV mice, Kim et al. found that gelsolin, a novel TRβ interacting protein,
exhibits the function of modulating tumor progression [91]. Importantly, using TRβPV/PV

mice, Ying et al. showed that the steroid hormone receptor coactivtor-3, an oncogene in
breast cancer [92], is a tumor promoter in thyroid carcinogenesis [93]. Moreover, with the
use of TRβPV/PV mice, novel nongenomic actions of TRβ mutants were discovered,
including the regulation of the stability of key cellular regulators, β-catenin and PTTG1, and
the identification of AKT as a novel interacting protein of TRβ [88,94,95].

Beside the TRβPV/PV mouse, spontaneous development of FTC was also consistently
observed in the mice with one mutated TRβ (TRβPV), but in the absence of the wild-type
TRβ allele [96]. This TRβPV/− mouse was generated by cross-breeding TRβPV/+ mice with
TRβ knockout mice [96]. The pathological progression of thyroid carcinomas in TRβPV/−

mice was indistinguishable from that in TRβPV/PV mice. These results indicate that in the
absence of a wild-type allele, the mutation of one TRβ allele is sufficient for the mutant
mice to spontaneously develop follicular thyroid carcinoma. These results provide, for the
first time, in vivo evidence to suggest that the TRβ gene could function as a tumor
suppressor gene. Importantly, these findings present the possibility that the TRβ receptor
could serve as a novel therapeutic target in thyroid cancer.
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Anaplastic Thyroid Carcinoma
SV40 Large T antigen

Anaplastic thyroid carcinoma was modeled in mice expressing an oncogene derived from
the polyomavirus SV40. SV40 large T antigen (TAg) is an oncoprotein capable of
transforming a variety of cell types. The transforming activity of TAg is due to its
perturbation of activities of the retinoblastoma protein (pRB), p53 tumor suppressor, and
other cellular factors, including transcriptional co-activators p300 and CBP. The coding
region for the simian virus-40 large T-antigens fused to bovine thyroglobulin gene promoter
was directed to its expression in thyroid follicular cells. The mice developed a dramatic
enlargement of the thyroid gland accompanied by compression of trachea and esophagus,
dyspnea, inspiratory stridor, dysphagia and hypothyroidism, frequently leading to premature
death. The thyroid of these transgenic mice exhibited hyperplasia at birth, and the mice
developed poorly differentiated thyroid adenocarcinomas at an early age. The cultured
follicular cells derived from these large T-expressing thyroids lost expression of both
thyroglobulin and thyroperoxidase, though low levels of TSH receptors were detected. Local
invasion was frequently observed in these mice with rare distant lung metastasis [97]. Due to
the lack of the fully developed thyroid follicles, mice were severely hypothyroid and
required supplementation of T4 for growth and survival to produce offspring. Although the
severe hypothyroidism observed in this model is not common in human thyroid carcinomas,
the mouse model is useful for studying the mechanism of the dedifferentiation of aggressive
thyroid cancer.

Medullary Thyroid Carcinoma
RET is highly expressed in parafollicular cells. Binding of its ligands, the glial-derived
neurotrophic factors, triggers RET homodimerization and tyrosine phosphorylation and
subsequent activation to increase cell proliferation [3]. In parafollicular cells, mutations of
RET have been found to constitutively activate cellular signaling, resulting in persistent cell
proliferation and parafollicular carcinomas. The models for MTCs were generated by over-
expressing oncogene v-Ha-ras or mutated oncogenic RET in transgenic mice. Mice deficient
in the expression of tumor suppressor Rb and/or p53 were also reported as models of
medullary thyroid carcinoma.

RETC634R

Both inheritable and sporadic MTCs were found to have the mutations in the RET gene. In
patients with MEN-2A, a point mutation in the RET gene (C634R) was identified [98]. A
transgenic mouse model was generated that targeted the expression of RETC643R in the C
cells under the control of the C cell-specific calcitnonin/calcitonin gene-related peptide
promoter (CGRP) [28]. Mice in two established transgenic lines developed MTC at age 14
months with elevated circulating calcitonin levels three times higher than that of
nontransgenic mice. Of interest is that one of the two lines (designated as #5319) developed
bilateral C cell hyperplasia as early as 3 weeks of age and subsequently progressed to
multifocal and bilateral medullary thyroid carcinomas [28]. Microscopic foci of MTC were
detected in the mice between 2 and 7 months of age. In the mice older than 8 months,
bilateral and multifocal MTC were readily detected with the tumor size ranging from 5 to 30
mm. In this line, distant metastasis to liver with multiple nodes as observed in the advanced
stage of human MTC was detected in one of eight mice examined [28]. These tumors were
morphologically indistinguishable from patients with MEN-2A. This model could be useful
to further study the mechanism of the tumorigenesis induced by the mutant RET gene.
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Rb and p53
The retinoblastoma susceptibility (RB) and p53 genes encode tumor suppressors involved in
the control of cell growth. Loss or mutations of these tumor suppressor genes have been
reported in many types of human cancers. It was found that almost all examined single Rb
mutant allele developed pituitary adenoma. However, the heterozygous Rb mice with the
combination of p53 homozygous or heterozygous deficiency developed multiple endocrine
tumors in addition to lymphomas and sarcomas, with a 40% incidence of medullary
carcinomas. Approximately 37% of mice with simultaneous heterozygous deletional
mutation of both tumor suppressors developed C-cell hyperplasia and medullary thyroid
carcinomas [99]. Tumors were well differentiated and distant metastases were rare [100,
101]. The tumor types seen in this model are similar to those observed in MEN-2. Although
the mice with a deficiency of tumor suppressors are not the correct genetic model for this
syndrome, they may be useful to further study the inheritable endocrine tumorigenesis.

v-Ha-ras
Though mutated RAS have not been detected in MTC, it is known that v-Has-ras mutated at
residues 12 and 69 induce neuroendocrine differentiation of MTC cell lines in vitro [102].
The majority of hemizygous mice expressing v-Ha-ras in C cells under control of the CGRP
promoter developed uni- or bilateral medullary thyroid carcinoma within one year of age
[103]. The tumors grew from small nodules of C-cell hyperplasia into locally invasive and
hemorrhagic metastatic foci. Two of 22 thyroid tumors were associated with lung
metastases; another thyroid tumor was associated with local nodal metastases; no other
metastases were evident. Tumors in these mice secreted calcitonin. However, the roles of
RAS mutations in MTC remain to be elucidated.

Perspectives and Future Challenges in Modeling Thyroid Cancer
In the last decade, significant progress has been made in the creation of rodent models of
thyroid cancers. Still, modeling of thyroid cancer could be further improved to faithfully
recapitulate human thyroid cancer not only to elucidate molecular genetic changes
underlying cancer development and progression, but also to develop novel agents for
diagnosis and treatment.

The transgenic mouse models of PTC expressing activated kinases such as RET, BRAF or
RAS, capture many pathological characteristics of human thyroid cancer. Unfortunately,
these models often lack the desirable advanced features of dedifferentiation and metastasis
that are the main causes for failed radioactive iodine treatment [61, 69].

MEN-2A is a subtype of multiple endocrine neoplasia type 2 characterized by familial MTC
associated with pheochromocytomas and hyperparathyroidism. The features of bilateral and
multicenteric tumors with hyperparathyroidism of the inheritable MEN-2A syndrome were
reproduced in the mice using RETC634R though pheochromocytoma was not observed [28].
In the RETC634R model, variations in tumor penetrance between mouse background strains
were observed [104]. While tumors were observed in 98% of CBA/ca mice, the FVB/N
mice expressing RETC634R backcrossed from the same founder did not develop any tumor
[104]. This study highlights the concerns about the impact of mouse background strains on
the manifestation of phenotypes.

Many features of human FTC have been recapitulated in the TRβPV/PV mouse. The
TRβPV/PV mouse is an unique mouse model as it closely resembles human FTC in terms of
pathological progression and its underlying genetic alterations [55,56,82–91], yet it is not
known whether the only reported patient with homozygous mutation of the TRβ gene [79]
developed thyroid cancer. The other concern for this model is the presence of
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hyperthyroidism and highly elevated TSH due to thyroid hormone resistance displayed in
TRβPV/PV mice. Currently, the roles of thyroid hormones and TSH in thyroid tumorigenesis
remain to be fully elucidated. Since FTC are often associated with dietary iodide deficiency
or perturbations of the pituitary-thyroid axis [46, 47], it is important to understand whether
chronic TSH stimulation and disturbance of the pituitary-thyroid axis could contribute to
thyroid carcinogenesis. Thus, the TRβPV/PV mouse presents an opportunity to dissect the
crosstalk in the pathways of a TRβ mutant-and TSH-signaling and to clarify whether TSH is
involved in the initiation of thyroid carcinogenesis.

Current models for thyroid papillary or medullary carcinomas are based on the genetic
alterations discovered in human thyroid tumors. By using target tissue specific-promoters,
mutant genes are directed to the target tissues of transgenic mice. One of the perplexing
observations pertaining to these transgenic mouse models is that they frequently lack
advanced tumor features such as dedifferentiation. One possible explanation is that
transgenes are under the control of a cell-specific promoter such as the thyroglobulin
promoter. Since the cell-specific promoter is not active in undifferentiated cells, the
expression of a transgene would be suppressed once a cell becomes undifferentiated. A
possible approach to overcome this difficulty would be to use a promoter that could be
activated in undifferentiated cells or a promoter that could be independent of the status of
cell differentiation. The promoter that could be induced by an exogenous agent such as an
inducible promoter in the undifferentiated cells might also be useful.

For mouse models that were generated using genetic alterations found in human cancer, the
altered gene is expected to express and initiate phenotypic changes at the early stages of
development. Therefore, this approach is suitable for mouse models for an inheritable
thyroid cancer such as MEN-2A. Indeed, in the mouse model expressing RETC634R

transgene, the development of MTC and hyperparathyroidism was similar to that observed
in the patient with MEN-2A [28]. However, inheritable medullary cancer only accounts for
less than 3% of all thyroid carcinomas [1,3,9]. More than 97% of naturally occurring human
thyroid tumors result from somatic mutations that occur in a person born with a normal
functional thyroid gland [1]. Unfortunately, for most of the transgenic mice, normal
development of thyroids was disturbed, often with abnormal thyroid functions such as
hyperthyroidism or hypothyroidism since the expression of the activated oncogenes is turned
on at an early embryonic stage [61, 97]. To model thyroid cancer derived from somatic
mutations, it is logical that the mutation be introduced at a single cell to initiate
carcinogenesis at a specific stage after the full development of the thyroid gland.

Recent publications have demonstrated several approaches that could be used to introduce a
somatic mutation into cells at a specific developmental stage. One strategy is to use a
recombinase-mediated activation [105, 106]. In this approach, an oncogene placed
downstream of a stop codon signal is introduced into the mouse embryonic cell genome by
using a microinjection gene transfer procedure. Although an oncogene is integrated into the
mouse genome at an early embryonic stage, the mRNA of this introduced gene is
transcribed, but it cannot be translated into proteins unless the signal to suppress the gene
translation is removed. This approach was exemplified in a model of lung cancer [105]. The
sequence containing K-Ras was first introduced into the site downstream of a stop signal
within recombinase recognizing sequences. The silent K-Ras oncogene was then activated
by a Cre-recombinase in an adenovirus vector locally delivered to the lung [105]. The
advantages of this approach over transgenic embryonic activation are that the number of the
activated cells, activation sites and timing could be well controlled according the purposes
of the studies. As compared with the mouse model in which mutant RAS is expressed
throughout the lung, this model provides a closer recapitulation of human lung cancer, in
which tumor forms and progresses from a single individual somatic cell harboring an
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activated oncogene gene [105]. However, the activation of the oncogene in the recombinase-
mediated model does not naturally occur, in that the recombinase expressing adenovirus is
required to remove the stop codon sequence element. Another mouse model for lung cancer
that closely mimics sporadic somatic mutations occurring in human tumors has also been
reported [107]. In this approach, endogenous intra-chromosomal recombination mechanisms
were utilized to simulate the random somatic activation of K-Ras oncogene. To make the
chromosome susceptible for a mutagenic recombination event, one additional nonfunctional
partial K-Ras gene copy was inserted into the genomic site of the endogenous K-Ras allele
in tandem. Intra-chromosomal recombination between homologous sequences was estimated
to occur at a frequency between 10−3 and 10−7 per cell generation and generated a single
functional oncogenic K-Ras allele. In the model, 100 % of these mice developed early onset
lung adenocarcinomas [105].

In thyroid cancer, gene translocation/fusion is commonly observed. Several mouse models
were established based on the activated oncogene resulting from gene translocation such as
RET/PTC1. In these models, copies of the activated oncogene were integrated into the
mouse genome. A problem associated with transgenic mouse models is the marked
variability in the manifestation of the phenotypes of the different founder mouse lines [61–
63,69]. The different copies of the inserted oncogene or different integration sites of the
oncogene could explain the markedly variable phenotypes in lines derived from different
founders. One approach to reduce the variability would be to mimic the translocation to
direct the expression of the oncogene as observed in human thyroid carcinomas. The
induced translocation could be experimentally achieved in the transgenic model [108–110].
To induce translocation, sequences such as loxP sites were inserted into two separate
nonhomologous chromosomal sites to make them susceptible to the homologous
recombination. Recombinase expression activates the translocation event [108]. This
approach has been used to generate better models of human leukemia-associated
translocations, such as the t(8;21)(q22;q22) [109] and t(9;11)(p22;q23) [110] translocations,
which cause acute leukemia [109, 110].

Thyroid cancer patients have better 5-year and 10-year survival rates than patients with other
cancers. However, thyroid cancer is one of the few cancer types with increasing incidence in
the United States and around the globe, particularly among women [111]. Though surgery or
radiation therapy or both are effective against local differentiated carcinomas, the choices of
successful treatments are limited for dedifferentiated, invasive, or meta-static cancers. The
need for further therapeutic development for such cancer is clear. Small molecules of the
inhibitors against RET, RAS, BRAF, and ERK in the proliferation signaling pathways in
tumors of follicular and C cell origin have been extensively examined. These inhibitors are
usually tested in mouse xenograft models of thyroid cancer before investigators move on to
clinical trials. The most commonly used cell lines in SCID mouse models of thyroid cancer
are papillary thyroid carcinoma cell lines: TPC-1, FB2, K1, B-CPCP and NPA; follicular
thyroid carcinoma cell lines: FRO, RTC-R2, FTC-133 and FTC-238; anaplastic thyroid
carcinoma cell lines: DRO, WRO, KAT-4 and ARO; and medullary thyroid carcinoma cell
lines: TT and rMTC. Although these xenograft models are easy to produce and the
progression of tumors can be easily monitored, increasing evidence indicates that the
xenograft models might not be adequate for the prediction of a clinical response. While it
seems that transgenic models are valid alternative systems for preclinical tests to evaluate
the feasibility, efficacy, and safety of new therapeutic candidates against thyroid cancer,
some important issues should thoroughly be taken into consideration: (1) One obstacle is the
difficulty in evaluating the tumor growth in a transgenic mouse except for a surface tumor
such as skin cancer. One way to circumvent this difficulty is to use an in vivo imaging
system such as fluorescence imaging or bioluminescence imaging. (2) Another obstacle is
the high cost involved in developing new drugs. Therefore, more convenient and less
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expensive approaches would be desirable to assess tumor formation. One possible approach
would be to integrate enzymes such as β-galactosidase into the genome of tumor cells so
that the growth of the tumor and the efficacy of the treatment against the tumorigenesis
could be monitored simply by β-galactosidase activity in the serum. (3) One of the most
important issues for preclinical application of mouse models is that the potential targets for
therapeutic intervention should be humanized so that the therapeutic agents such as
monoclonal antibodies or small molecular kinase inhibitors could be tested in the mouse
model and applied directly to treat human subjects. Only then would the transgenic models
be more likely to become part of effective screening procedures for drugs against cancer.
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Fig. 1.
Schematic representation of PKA and PI3K signaling pathways in normal thyroid follicular
cells under the control of TSH. TSH is the major growth regulator of thyroid follicular cells.
Binding of TSH to TSHR activates the PKA, PI3K and other signaling pathways, leading to
proliferation and differentiation of follicular cells. The differentiated follicular cells produce
thyroid specific proteins such as thyroglobulin (TG), thyroid peroxidase (TPO), thyroid-
stimulating hormone receptor (TSHR), and sodium/iodide symporter (NIS) to direct
synthesis and release of thyroid hormones, T3 and T4. I-TG: iodinated-TG.
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Fig. 2.
Aberrant activation of the MAPK signaling pathway in papillary thyroid tumor cells. In
normal follicular cells, binding of proliferation signal molecules to membrane receptor
tyrosine kinases (RTK) such as RET and NTRK1 leads to receptor phosphorylation and
activation of the downstream effector RAS. The phosphorylation cascade in the downstream
effectors leads to the translocation of ERK to the nucleus to affect genes involved in cell
differentiation, proliferation, apoptosis, and survival. In PTC, fusion genes such as RET/
PTCs and TRK-T1 and mutated genes such as BRAFV600E and RAS constitutively activate
MAPK signaling, thereby leading to the development of carcinogenesis.
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Fig. 3.
TR3PV/PV mice spontaneously develop follicular thyroid carcinogenesis with pathological
progression similar to human thyroid cancer. Panel A shows capsular invasion (arrows) in
the thyroid, panel B shows a focus of vascular invasion (arrow), panel C shows an area of
anaplasia (formation of spindle cells) in the thyroid, and panel D shows a low magnification
of a metastatic lesion (arrow) in the lung.
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