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Abstract

Thyroid cancer is the most common endocrine neoplasm, and its rate is rising at an alarming pace.
Thus, there is a compelling need to develop in vivo models which will not only enable the
confirmation of the oncogenic potential of driver genes, but also point the way towards the
development of new therapeutics. Over the past 20 years, techniques for the generation of mouse
models of human diseases have progressed substantially, accompanied by parallel advances in the
genetics and genomics of human tumors. This convergence has enabled the development of mouse
lines carrying mutations in the genes that cause thyroid cancers of all subtypes, including
differentiated papillary and follicular thyroid cancers, poorly differentiated/anaplastic cancers, and
medullary thyroid cancers. In this review, we will discuss the state of the art of mouse modeling of
thyroid cancer, with the eventual goal of providing insight into tumor biology and treatment.
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2. INTRODUCTION

Thyroid carcinoma is the most common endocrine malignancy. It affects about 1% of the
population (Nikiforova and Nikiforov, 2008) and its incidence is on the rise across the globe
and in United States, particularly in women (Jemal, Siegel, Ward et al., 2008). Although
modern imaging techniques including ultrasonography, CT scanning, and nuclear imaging
provide significantly enhanced detection of thyroid lesions, the rise in incidence appears to
be greater than would be predicted solely from improved case finding (Enewold, Zhu, Ron
et al., 2009).

The thyroid itself is composed of epithelial cells (thyrocytes), which form the thyroid
follicles and secrete thyroid hormone, and C-cells, neuroendocrine-derived cells which
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inhabit the interfollicular spaces and secrete calcitonin. Cancers can arise from either cell
type, although epithelial thyroid cancers make up 95-97% of human thyroid cancer.
Epithelial thyroid cancers (also referred to as non-medullary thyroid cancers, NMTC) are
divided into three types based on histology: papillary, follicular, and anaplastic. Of these
subtypes, papillary thyroid cancer (PTC) is the most common, comprising about 80% of all
thyroid cancers. Follicular thyroid cancer (FTC) accounts for another 10-15%, and
anaplastic thyroid cancer (ATC) makes up to about 5%. The remaining few percent are
medullary thyroid cancers (MTC).

Although the overall survival of patients with localized thyroid cancer is >95% at 5 years,
there is a subset of patients who develop metastatic disease. The prognosis of these patients
with metastatic thyroid cancer of any histopathologic subtype drops significantly, as thyroid
cancers respond poorly to systemic therapy. By historical measures, the use of RAI can be
considered the first example of ‘targeted’ therapy, but patients that are not cured by initial
surgery followed by an appropriate RAI dose typically are not cured by subsequent doses. In
the new era of targeted therapies, there has been significant excitement about the
development of tyrosine kinase inhibitors targeted to the molecular abnormalities in thyroid
(and other) cancer subtypes. In practice, these treatments have provided significant benefit,
but the time of response tends to be self-limited. Thus, there is a pressing need for the
development of new therapies which will be effective in the patient arena.

In the past, much of the work on new drug development relied on the use of cell line models,
and there are well-established human cell line models for each of the major thyroid cancer
subtypes. Drug studies can be performed in vitro in the tissue culture lab, or can be
performed in vivo using xenografts into immunosuppressed mice. Traditional techniques
have used subcutaneous tumor implants (Kim, Park, Schiff et al., 2005), although recent
efforts to develop more physiologic systems have described the use of eutopic implants of
thyroid cancer cells into the thyroid bed (Kim et al., 2005, Nucera, Nehs, Mekel et al.,
2009). As a model of metastasis, thyroid cancer cells have also been injected into the tail
vein or into the cardiac vasculature to produce widespread tumors (Li, Reeb, Sewell et al.,
2013, Zhang, Gaskins, Yu et al., 2014). However, the limited effectiveness of agents which
work well in these models points to the need to develop new therapies based on tumors
which arise in situ in the immune competent host. To this end, there has been substantial
interest over the past few years to develop genetically engineered mouse models for thyroid
cancer. Not only do these models provide an in vivo confirmation of the genetic drivers of
thyroid cancer, but they also provide an optimal setting for pre-clinical testing of new drug
treatment paradigms. In the age of personalized medicine, it has been possible to generate
mouse lines with the most common human mutations driving thyroid cancer. If a drug can
be effective at treating a cancer in such a model system, there would then be a much
stronger expectation that the drug would be effective in the corresponding patients, an
approach supported by early data (Chakravarty, Santos, Ryder et al., 2011, Ho, Grewal,
Leboeuf et al., 2013).

In this review, we will discuss the current state-of-the-art in the development of genetically
engineered mouse models for human thyroid cancer. While traditional mouse modeling has
relied on the production of transgenic lines by pro-nuclear DNA injection into blastocysts

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirschner et al.

Page 3

(Hanahan, Wagner and Palmiter, 2007) and of knockout lines (either conventional or
conditional) by homologous recombination in mouse embryonic stem (ES) cells (Capecchi,
1989), newer technologies have expanded the repertoire of possible models. The techniques
include the introduction of cre-inducible alleles (using a so-called lox-STOP-lox cassette)
(Soriano, 1999), the use of inducible exogenous genes (generally using a tetracycline/
doxycycline inducible or suppressible system) (Schonig, Bujard and Gossen, 2010) and
drug-inducible cre activity (generally the Cre-ERT2 transgene, which is activated by
tamoxifen treatment) (Indra, Warot, Brocard et al., 1999). In addition, the capabilities of
genome editing techniques such as TALENs (Hermann, Cermak, Voytas et al., 2014), zinc-
finger nucleases (Sung, Baek, Seong et al., 2012), and the CRISPR/Cas9 system (Wang,
Yang, Shivalila et al., 2013) are only beginning to be explored. Thus, although mouse
modeling has reached a certain level of sophistication, the field should continue to evolve
rapidly.

For now, a current survey of mouse models for NMTC resulting from single gene mutations
and multi-gene mutations are presented in Tables 1 and 2, respectively, and models for MTC
are presented in Table 3. The details of these models are discussed in the text. However, it is
worthwhile recalling that once alleles are generated, they can be crossed to other mice in
order to study tumor promotion or suppression. The sheer number of potential crosses makes
fully cataloging all published crosses an endeavor which would only serve to cloud the value
of the information presented. Thus, although we have tried to describe the major thyroid
cancer models, this review is not meant to be an exhaustive list of all mice which have
thyroid cancer as part of their phenotype. The key consideration is that as these models and
the tools with which to analyze them become more sophisticated, it is expected that their
value as pre-clinical models for therapeutic evaluation will continue to grow. Eventually,
these mice should enable the development of new therapies which will improve our ability
to treat patients with aggressive forms of thyroid cancer.

3. MOUSE MODELS OF PAPILLARY THYROID CANCER
3.1 Phenotype of human PTC

Papillary thyroid cancer (PTCs) are typically unencapsulated tumors characterized in
humans by papillary architecture and a specific nuclear feature called “nuclear grooves”,
which are easily noted by experienced thyroid pathologists. These tumors frequently exhibit
overlapping nuclei with ground-glass appearance and invaginations of cytoplasm into the
nuclei (Schlumberger, 1998). PTC exhibits histopathologic heterogeneity, and includes
classic PTC (cPTC), follicular variant PTC (fvPTC), tall cell variant PTC (tcvPTC), and
Hurthle cell carcinoma (HC). When metastatic, PTC typically spreads through lymphatic
channels to lymph nodes, leading to involvement of neck nodes and then typically the lungs,
although metastatic disease can also be observed in the liver, bones, or brain.

3.2 Molecular pathways and the Genetics of human PTC

The signaling hallmark of PTC is activation of the ERK signaling pathway, although levels
of activation vary somewhat depending on tumor histology. ERK is the downstream effector
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for membrane signaling through specific tyrosine kinase receptors, which in turn activate the
RAS-RAF-MEK-ERK signaling cascade.

Of the components of this pathway, it has become clear over the past few years that the
BRAFVY600E mytation, which causes constitutive activation of the BRAF kinase, is the most
common mutation driving sporadic PTC. This mutation is found in upwards of 40% of
PTCs, and the most recent data from the cancer genome atlas (TCGA) suggests the number
may be greater than 60%, at least in well-differentiated PTCs (Cancer Genome Atlas
Research, 2014). The incidence of the BRAFVY600E mutation varies by histotype, with a
predominance of cPTC (60%) and tcvPTC (80%) but only 10% of fvPTC (Nikiforov, 2011).

Early studies of the genetics of PTC identified the presence of translocations of the RET
tyrosine kinase, such that the C-terminal kinase domain was fused to another protein
providing an N-terminal dimerization domain. RET-PTC gene fusions are thought to be
responsible for 15-20% of PTC, and most of these arise in individuals with a history of
radiation exposure (Nikiforova and Nikiforov, 2009). There are at least 11 fusion genes of
RET which have been described (Santoro, Melillo and Fusco, 2006), the most common of
which are designated as RET-PTC1 and RET-PTC3. Many of these fusions represent
intrachromosomal rearrangements involving chromosome 10, where the RET gene is located
(Santoro et al., 2006).

In RET-PTC1 fusions, the RET N-terminal kinase domain is fused to the 5" end of the H4
gene, whereas RET-PTC3 is a fusion between the RET kinase domain and the ELE1
(NCOAA4) 5" end. In these (and other) RET fusion proteins associated with thyroid cancer,
the N-terminal domain of the RET fusion partner promotes dimerization and
transphosphorylation, which appears to be required for cellular transformation (Fusco,
Grieco, Santoro et al., 1987, Tong, Xing and Jhiang, 1997). Dissection of the activation of
the RET kinase domain has demonstrated that the tyrosine 1062 residue is responsible for
activating RAS/ERK, p38MAPK, JNK and PI3K/Akt pathways (Ichihara, Murakumo and
Takahashi, 2004). Tyrosine 1062 is also important for activation of CREB and NF-xB
transcription factors through RAS/ERK and PI3K pathways (Hayashi, Ichihara, lwashita et
al., 2000).

Similar to these observations with RET fusion proteins, the TRK family of oncogenes
results from the fusion of carboxy terminus of NTRK1 with amino terminus of partner genes
(Rabes, Demidchik, Sidorow et al., 2000). TRK fusions have been reported to occur with
Chromosome 1 inversions which lead to the fusion of the TRK kinase domain with either
the Tropomyosin gene TPM3 or the TPR gene (TRK-T1, T2, and T4) as well as with the
TFG gene on chromosome 3. NTRK fusions are very rare compared to the incidence of
RET-PTC fusion oncogenes, although they also couple to the RAS-RAF-MEK-ERK
signaling pathway.

Between receptor tyrosine kinases and BRAF lies the RAS family of oncogenes, which are
well-known for their role in promoting multiple types of cancer. In the thyroid, RAS
oncogenes are thought to account for ~10% of cases of PTC, with N-RAS most common
(8.5%), then H-RAS (3.5%), and K-RAS (1%). These mutations tend to be observed in
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patients with fvPTC. High throughput sequencing analysis done as part of the TCGA project
has also suggested other potential drivers of PTC, including EIF1AX, PPM1D, and CHEKZ2;
however, these have not yet been experimentally tested in thyroid models (Cancer Genome
Atlas Research, 2014).

3.3 MOUSE MODELS OF PTC

3.3.1 BRAF tumor models—As described above BRAFY690E mutations account for
majority of PTC cases and are also a sign of poor prognosis due to aggressive behavior of
the tumors (Xing, Alzahrani, Carson et al., 2013) (Xing et al., 2013). There are currently
multiple mouse models of BRAF activation, and the overall picture is highly consistent
across models. The most straightforward model is a transgenic line targeting of BRAFV600E
to the thyroid by the use of the bovine thyroglobulin (Tg) promoter (Knauf, Ma, Smith et al.,
2005). Two different lines were generated using this strategy, differing in the level of
overexpression of the transgene. In one line, thyroid cancer was highly penetrant, with PTC
detected in >90% of animals by 12 weeks. The other line was similar, but with a reduced
incidence of neoplasia (25% at 12 weeks). PTCs arising in these animals were most
commonly the tall cell variant of PTC, and the more aggressive variant (the Tg-BRAF2 line)
exhibited a 30% decrease in survival at 5 months. Cancers were locally invasive, although
distant metastasis was not observed. It was felt in the majority of animals that death was due
to compression of structures in the neck (i.e. esophagus and trachea). Two factors
complicate the analysis of the TG-BRAF mouse lines. First, expression of the BRAF
transgene led to dedifferentiation of cells, such that TG-BRAF mice exhibited significant
elevation of TSH levels, likely as a result of ineffective production of hormones from the
glands. Second, as the cells de-differentiated, they tended to lose expression of the Tg-
driven transgene.

To overcome these issues, a second model was derived in which a thyroid-targeted
BRAFV600E 3|jele was driven by the tetO transactivator protein, which was exclusively
expressed in the thyroid under the control of the Tg promoter (Tg-rtTA/tetO- BRAFV600E
mice) (Chakravarty et al., 2011). This model enables expression of oncogenic BRAF in
response to tetracycline (or doxycycline) treatment; notably, transgene expression ceases
when the drug is withdrawn from the mice. BRAFV600E expression led to MEK and ERK
activation and to tumor formation (8 fold increase in thyroid mass) after just one week of
doxycycline exposure. The thyroid mass regressed significantly within 72 hours of
doxycycline withdrawal, reaching normal size 1 week later. The histological features
resembled solid growth pattern with nuclear features characterizing PTC such as nuclear
grooves, enlargement of nucleus, overcrowding, overlapping and irregularity of nuclear
contours. Interestingly, no metastatic lesions were observed. As in the constitutive model
(Knauf et al., 2005), one week of doxycycline treatment led to global downregulation of
thyroid-specific gene expression suggesting BRAF activation interferes with key regulatory
factors important for their transcription. As an alternative approach to the same issue, mice
were generated in which Tpo-driven cre was used to activate BRAF. Mice generated with
this approach were runted and did not survive long, likely due to profound hypothyroidism
and large goiters (Charles, lezza, Amendola et al., 2011, Franco, Malaguarnera, Refetoff et
al., 2011). To circumvent this issue, the group of McMahon developed a tamoxifen-
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inducible cre allele (Cre-ERT2), which were then crossed to mice with a cre-activatable
BRAFV600E 3|jele (Charles et al., 2011). Mice were treated with Tamoxifen at 1 month of
age, and followed for 12 months, during which time 100% of animals developed features of
PTC. As in the other models, these mice exhibited loss of thyroid-specific differentiated
functions caused by expression of the oncogenic BRAF transgene.

As with human PTC, these mice exhibit strong activation of ERK signaling. In order to test
the viability of these models as potential tools for development of therapeutic strategies,
mice were treated with agents in development, including the MEK inhibitor PD325901,
which demonstrated reduction in tumor size as well as increases in tumor radioiodine uptake
(Chakravarty et al., 2011, Charles et al., 2011). These studies eventually led to a similar trial
in human patients, where the MEK inhibitor selumetinib caused increased therapeutic
efficiency of RAI in patients (Ho et al., 2013). This model has also been used to assess the
role of the microenvironment, where targeting of macrophages to the tumor reduced tumor
growth in this mouse model (Ryder, Gild, Hohl et al., 2013).

To address the role of elevated TSH and the resultant TSHR/GNAS/cCAMP signaling in this
model, the TSH receptor was knocked out in the mice, resulting in significant attenuation of
the phenotype. Similar findings were made when the Gsa subunit was knocked out the
thyroid, suggesting that although BRAF signaling results in cellular hyperproliferation,
TSH/GNAS/cAMP/PKA signaling is necessary for oncogenic transformation (Franco et al.,
2011).

3.3.2 RTK FUSION PROTEIN MODELS

3.3.2.1 RET-PTC1 tumor models: The first model of the RET-PTC1 oncogene was
published in 1996, in which the RET-PTC1 transgene was driven by the bovine
Thyroglobulin (Tg) promoter. These mice developed thyroid overgrowth with malignant
features in 100% of animals, with abnormalities detected as early as embryonic day 18 (Cho,
Sagartz, Capen et al., 1999, Jhiang, Cho, Furminger et al., 1998, Jhiang, Sagartz, Tong et al.,
1996). A similar model using the rat Tg promoter to drive transgene expression produced
tumors with much longer latency, with about 30% of mice developing PTC by 16 months
(Santoro, Chiappetta, Cerrato et al., 1996). Aside from the use of the Tg promoter from
different animals, there were also strain differences between the mouse models which may
account for the variations in phenotype. Efforts have also been made to develop a
doxycycline-inducible allele of thyroid-specific RET-PTC1 expression, although the
expression levels of the transgene were low and cancers did not develop (Knostman,
Venkateswaran, Zimmerman et al., 2007).

To investigate the tyrosine sites in RET-PTC1 deemed important for transformation,
transgenic mice were developed where key tyrosine sites were mutated (Buckwalter,
Venkateswaran, Lavender et al., 2002). The mutated sites were pY294, pY404 and pY451 in
RET-PTCL, corresponding to pY905, pY1015 and pY1062 in RET. In comparison to wild-
type RET-PTC1, the rate of tumor formation was significantly decreased, demonstrating that
although these sites play a major role in transformation, they were not completely necessary
for the tumor formation. The signaling pathways may be redundant or complementary,
where combined signaling leads to maximum transforming activity. More interestingly,
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there was no correlation between the transgene expression level (for RET-PTCL) and the
histological grade of the tumors. The authors opined that high level of RET-PTC1
expression may be necessary for the earlier stages of transformation but its continued
presence is not necessary for the tumor formation. This finding is akin to similar findings in
RET-PTC3 which are discussed below. In this scenario, the tumor microenvironment and
additional factors may play a major supporting role in tumor formation.

3.3.2.2 RET-PTC3 tumor models: Similar to the approach with RET-PTCL, a transgenic
mouse model of RET-PTC3 was created in which expression of the fusion oncogene was
targeted to the thyroid using the bovine Tg promoter, leading to tissue-specific expression
(Powell, Russell, Nibu et al., 1998). Mice developed thyroid neoplasia, with 69% of animals
demonstrating thyroid hypercellularity by 3 months of age. The primary tumors in these
animals had a generally solid appearance, with large regions devoid of follicles or papillae,
suggesting similarity to the solid type PTC as had been reported in humans. Interestingly, in
a small cohort of animals studied at advanced age, 2/6 (33%) were observed to exhibit
lymph node metastasis, which were identified as thyroid cells by staining for both the RET-
PTC3 transgene as well as for thyroglobulin. Although metastasis was observed, these
tumors failed to grow in SCID or normal mice following transplantation.

3.2.2.3 TRK-T1 tumor models: To understand the role of theTRK1-T1 fusion protein in
PTC development, constitutive thyroid-specific expression of this product was achieved
using the bovine Tg promoter linked to the fusion cDNA (Russell, Powell, Cunnane et al.,
2000). 100% of mice aged 7 months or above exhibited thyroid abnormalities such as
hyperplasia, micro-papillary structures and further characteristics of differentiated
carcinomas. Although 78% of mice developed solid tumors, they did not exhibit the nuclear
abnormalities characteristic of PTC. Further, unlike the human PTC cases, where around
30% of the cases are accompanied by inflammation, these transgenic mice and PTCs were
devoid of them. It was proposed that the T-cell tolerance against NTRK1 antigens due to the
constitutive expression at early neonatal stage is responsible for this loss of immune
response to the tumor. In this model, it was further observed that ablation of the p27 tumor
suppressor gene increased PTC prevalence and decreased latency, suggesting that this tumor
suppressor is an essential regulator of the PTC phenotype, at least due to TRK-T1 fusions
(Fedele, Palmieri, Chiappetta et al., 2009).

3.3.3 Models of Ras activation—Because RAS mutations have been observed in about
10% of PTC, a number of labs have produced mice expressing activated isoforms Ras in the
thyroid gland, either via transgenesis (Rochefort, Caillou, Michiels et al., 1996, Santelli, de
Franciscis, Portella et al., 1993, Vitagliano, Portella, Troncone et al., 2006)or via targeted/
cre-activated knock-in (Charles et al., 2011, Chen, Mitsutake, LaPerle et al., 2009, Miller,
Yeager, Baker et al., 2009). Surprisingly, although these alleles may induce mild thyroid
proliferation, PTC is not observed, at least with K-RAS and H-RAS. In mice with thyroid-
specific expression of activated K-RASCG12D only rare follicular hyperplasia was seen
(Charles et al., 2011, Miller et al., 2009, Santelli, de Franciscis, Chiappetta et al., 1993). In
one study (Santelli et al., 1993), treatment of the mice with a goitrogen led 1/23 to develop
“FTC’ based on the presence of abnormal appearing cells, although no local or distant
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invasion was seen. H-RASCG12V which is thought to have lower signaling intensity than
activated K-RAS alleles, has also been used to produce thyroid-specific expression of
activated H-Ras (Chen et al., 2009, Rochefort et al., 1996). No thyroid tumors were
observed, although the mice did appear to be more prone to mutations in thyroid cells
carrying the activated RAS allele (Chen et al., 2009). In contrast to the observations with H-
RAS or K-RAS, use of the bTG promoter to drive N-RasQ61K led to the production of
invasive thyroid cancer in 40% of the mice (Vitagliano et al., 2006). Interestingly, tumors
exhibited a mixed papillary/follicular morphology (see below), and about 25% of the tumors
exhibited areas of de-differentiation. Although secondary mutations were not identified in
the tumor samples, expression of the same oncogene into the PCCI3 rat thyroid cell line
induced genomic instability, suggesting that secondary mutations may account for these
observations. It is worth noting that this tumorigenic N-Ras line was generated as a
transgenic, such that it may be less “physiological” than targeted knockins. For example,
transgenics may incorporate multiple copies of the transgene, leading to abnormally high
levels of transcript; alternately, the site of transgene integration may affect phenotype
expression. Neither of these aspects has been fully explored in this model.

4. FOLLICULAR THYROID CANCER

4.1 Phenotype of human Follicular Thyroid Cancer

Follicular thyroid cancers (FTCs) are characterized by the retention of follicular or micro-
follicular tumor architecture, and are often difficult to distinguish from follicular thyroid
adenomas on fine needle aspiration biopsy, as they lack characteristic nuclear features as
observed in PTC. FTC is more common in areas of dietary iodine deficiency and this
pathology generally has a poorer prognosis than PTC due to reduced radioactive iodine
effectiveness (Jonklaas, Sarlis, Litofsky et al., 2006, Schlumberger, 1998). FTC exhibits a
pattern of hematogenous spread, where metastasis to the lung and other tissues is observed
without intervening lymph node involvement; once disseminated, FTC rapidly becomes
non-responsive to standard therapies (Ruegemer, Hay, Bergstralh et al., 1988, Zhang et al.,
2014).

4.2 Molecular pathways and the Genetics of human FTC

Because FTC is much less common, there has been less work on the genetics of these
tumors, including exclusion to date of this tumor subtype from the TCGA dataset. Single
point mutations in a RAS gene family are observed in about 45% of FTC, most commonly
N-Ras activating mutations at codon 61 (Nikiforov, 2004, Vasko, Ferrand, Di Cristofaro et
al., 2003). The other commonly observed mutation in FTC is a gene fusion between the
PAX8 and PPARG genes, resulting in the so-called PAX8-PPARG fusion protein (PPFP)
(DeLelllis, Lloyd, Heitz et al., 2004, Kroll, 2004, Lacroix, Lazar, Michiels et al., 2005). This
mutation is observed in approximately 35% of FTC (Nikiforova and Nikiforov, 2009). Other
mutations that are observed infrequently in FTC are amplification or mutation of PIK3CA
encoding the catalytic subunit of the P13-dependent protein kinase and mutation in PTEN,
the dual purpose phosphatase which converts PIP3 to PIP2 (Nikiforova and Nikiforov,
2009). Mutations in the latter are observed in ~5% of sporadic FTC (Nagy, Ganapathi,
Comeras et al., 2011).
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Focus on FTC has also come from two inherited syndromes which include FTC as part of
their tumor spectrum. Cowden syndrome (CS) is caused by heterozygous mutations in
PTEN, and carries a standardized incidence ratio of 72 for thyroid cancer, including
enhanced risk for both FTC and PTC; (Ngeow, Mester, Rybicki et al., 2011) however,
because the population risk for FTC is much lower, the relative risk for FTC for these
patients is significantly higher. Carney Complex (CNC) is another autosomal dominant
tumor syndrome which includes an enhanced susceptibility to FTC. CNC is caused by
mutations in PRKAR1A, encoding the type 1A regulatory subunit of PKA, leading to
enhanced activation of PKA (Bertherat, Horvath, Groussin et al., 2009, Kirschner, Carney,
Pack et al., 2000). These patients have about a 25% incidence of thyroid nodules, and about
10 % of these will undergo malignant degeneration, making the incidence of thyroid cancer
about 2.5% overall in these patients. Analysis of spontaneous thyroid tumor shows that loss
of PRKAR1A can occur in tumors, either through genetic or non-genetic means (Sandrini,
Matyakhina, Sarlis et al., 2002).

4.3 MOUSE MODELS FOR FTC

4.3.1 SINGLE GENE MUTATION MODELS

4.3.1.1 Ras and Rapl models: As described above, introduction of activated Ras alleles
into the thyroid gland often fails to recapitulate thyroid carcinogenesis. These studies
suggested that additional events are required for initiating FTC, as discussed below. The
small G protein Raplb has also been proposed to be important in thyroid tumorigenesis. To
study this effect in mice, a transgenic mouse was developed which expressed a
constitutively active Rap1b®12V isoform. (Ribeiro-Neto, Leon, Urbani-Brocard et al., 2004)
Like the activated Ras mutants, these mice had a minimal phenotype. However, when
Rap1bC12V mice were treated with a goitrogenic protocol (methimazole and perchlorate) for
1 year to invoke substantial TSH-TSHR signaling, they developed locally invasive FTC.

4.3.1.2 PPFP models: A transgenic mouse was generated which expressed the PAX8-
PPARG fusion cDNA expressing the PPFP fusion gene in the thyroid. Surprisingly, these
mice had a minimal phenotype at one year, with only mild thyroid hyperplasia observed in a
subset of mice (Diallo-Krou, Yu, Colby et al., 2009). Use of the strong CAG promoter to
drive PPFP resulted in significant thyroid hyperplasia by 6 months, although frank cancers
were not seen. These authors argue that these high levels of transcript are more similar to
what is observed in human thyroid tumors (Dobson, Diallo-Krou, Grachtchouk et al., 2011)

4.3.1.3 Pten KO models: Because of its connection to Cowden syndrome, it was expected
that mice with KO of Pten would exhibit thyroid carcinogenesis. Mice that have complete
KO of Pten exhibit embryonic lethality; however, heterozygotes are viable and fertile.
Multiple groups generated such mice, and the thyroid phenotype was highly variable,
ranging from thyroid cancer in over 50% of mice by 1 year to minimal-no thyroid disease
(Di Cristofano, De Acetis, Koff et al., 2001, Podsypanina, Ellenson, Nemes et al., 1999,
Stambolic, Tsao, Macpherson et al., 2000, Suzuki, de la Pompa, Stambolic et al., 1998).

As mouse phenotypes can be accented by tissue-specific KO compared to the heterozygote
state, the effect of complete KO of Pten in the thyroid has also been described. The initial
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description of the Pten thyroid specific KO suggested that these animals developed only
mild follicular hyperplasia (Yeager, Klein-Szanto, Kimura et al., 2007), an observation
which has also been made in our lab (Pringle, Vasko, Yu et al., 2014). However, subsequent
studies from the di Cristofano labs have suggested that Pten loss is sufficient to drive
metastatic FTC (Antico-Arciuch, Dima, Liao et al., 2010). Strain specific effects may
account for these effects (Tiozzo, Danopoulos, Lavarreda-Pearce et al., 2012), although the
explanation is not yet clear. Intriguingly, there was a gender bias where 52% of the Pten™'~
female mice and only 12% of the males developed follicular adenomas by one year of age
(Antico-Arciuch et al., 2010).

4.3.1.4 Prkarla KO models: In the initial characterization study of Prkarla */~ mice,
thyroid tumors were observed in about 10% of mice aged up to 2 years, and the majority of
such tumors were identified as solid-pattern thyroid carcinomas (Kirschner, Kusewitt,
Matyakhina et al., 2005). Subsequent to that study, mice were generated with a tissue-
specific KO of Prkarla in the thyroid. Mice in that cohort developed locally invasive
follicular thyroid cancer in about 45% of animals by 1 year of age (Pringle, Yin, Lee et al.,
2012). Interestingly, the mice were also hyperthyroid due to TSH-independent activation of
PKA signaling, although the role of excess thyroid hormone signaling in the cancer
phenotype is currently unknown.

4.3.1.5 TRB-PV mice: Another interesting mouse model of follicular thyroid carcinoma was
developed by introduction of a dominant-negative mutation into the thyroid hormone
receptor B (THRB) in a 129/Sv X C57BL/6J background strain. This mutation was called PV
after the patient in whom it was first identified. This mutation caused loss of TRp binding to
active T3 hormone and hence no transcriptional activation. As there was no negative
feedback by T3 on the hypothalamus and pituitary gland, TSH was upregulated and
follicular cell hyperplasia was seen in these mice (Suzuki, Willingham and Cheng, 2002). At
4-5 months of age, invasive follicular thyroid carcinoma was seen in THRBPV/PV
homozygotes (known as TRB-PV mice). The majority of the mice had distant lung and heart
metastases over the age of 5 months. These metastases have foci consisting of spindle-
shaped cells. Even though this mouse model recapitulated human thyroid cancer, they
exhibit elevated circulating T3 and T4 levels unlike human FTC (Kaneshige, Kaneshige,
Zhu et al., 2000, Kato, Ying, Willingham et al., 2004). TRB-PV mice were crossbred with
THRB™~ mice, and THRBPY/~ mice developed FTC spontaneously with lung metastasis
(Kato et al., 2004).

It is well established that there is activation of AKT in thyroid tumors in humans (Ringel et
al 2001). It has also been shown that PI3BK/AKT pathway is activated in thyroids as well as
metastatic lesions of TRB-PV mice. This pathway has been shown to contribute to thyroid
carcinogenesis and is a potential therapeutic target for FTC. When TRB-PV mice were
treated with LY294002, inhibitor of PI3K, there was a decrease in tumor growth,
proliferation and increased survival (Furuya, Lu, Willingham et al., 2007). This was the first
in vivo study for preclinical testing of PI3K inhibitor for FTC. Recently, TRB-PV mice were
bred with Akt1~/~ mice (Saji, Narahara, McCarty et al., 2011). There was delayed thyroid
cancer development and reduced tumor invasiveness in KO mice. At 12-15 months of age,
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WT mice developed lung metastasis compared to KO mice. It was also shown that thyroid
tumor development and progression was dependent on Aktl in this mouse model system.

4.3.1.6 PIK3CA activation models: Phospho-inositide-3-kinase signaling is activated by
many membrane receptors, and is normally suppressed by Pten. Although multiple isoforms
exist, the major isoform is PIK3CA, which acts by through a signaling cascade that leads to
Akt activation, causing increased proliferation and survival. Mutations or amplification of
PIK3CA have been described in FTC, so efforts have been made to study the role of this
kinase in mouse thyroid cancer. Using a tamoxifen-inducible system to express the
constitutively active PIK3CAH1047R jn the thyroid caused only a minimal phenotype, even
after 1 year of oncogene expression, suggesting that activation of this enzyme by itself was
insufficient to cause FTC (Charles, Silva, lezza et al., 2014).

4.3.2 DUAL-HIT FTC MODELS—The genetic landscape of cancer is complicated, and
many of the single gene models for FTC did not produce a cancer phenotype, with the
exception of transgenic N-Ras, or knockouts of Prkarla and Pten, as described above.
However, in an effort to generate more pronounced cancer phenotypes, two-hit models for
FTC have been generated, and these have generally been much more carcinogenic than the
single-hit approaches.

Specifically, introduction of Pten KO into the PPFP model led to the presence of FTC with
an aggressive phenotype within 5 months (Dobson et al., 2011). At the age of analysis, over
50% of a small cohort of animals (7/12) exhibited lung metastasis in a fashion similar to that
observed in human cancers. Intriguingly, treatment of these mice with the PPARG agonist
pioglitazone induced a marked anti-tumor effect where cells instead exhibited signs of
adipocyte differentiation. To model cross-talk between the Ras/MAPK and PI3K pathways,
a K-Ras mutant allele was conditionally expressed in thyroids of Pten knock out mice.
Simultaneous activation of both pathways led to invasive and metastatic thyroid carcinoma
(Miller et al., 2009). Similarly, creation of mice carrying double KO for Prkarla and Pten
exhibited 100% penetrance of FTC by 2 months of age, and about 30% of the mice
developed frank lung metastasis (Pringle et al., 2014). Intriguingly, each of these models
was associated with TSH-independent hyperthyroidism, an observation which has not yet
been fully explored in these models.

5. MOUSE MODELS FOR ANAPLASTIC THYROID CANCER
5.1 Phenotype of ATC

Poorly differentiated and anaplastic thyroid carcinomas are relatively uncommon. These
types of cancer are responsible for a few percent of all thyroid cancers in the United States,
but unfortunately they have one of the worse prognoses of any solid malignancy (Santarpia,
El-Naggar, Cote et al., 2008). The average age of patients diagnosed with ATC is 65 years
or older with median survival less than 6 months. ATC is a very aggressive tumor than can
exhibit significant local invasion (including the trachea and esophagus) as well as metastatic
spread. Fortunately, it accounts for very small percentage of thyroid cancer (Nagaiah,
Hossain, Mooney et al., 2011). ATC may arise spontaneously or progress from well
differentiated thyroid carcinomas (DTC). The evidence for ATC originating from DTC (by
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progressive malignant degeneration of a pre-existing differentiated PTC) includes
coexistence of ATC and PDTC within the same tumor specimens (Nucera et al., 2009,
Santarpia et al., 2008). Another theory suggests that undifferentiated thyroid carcinoma
arises from the transformation thyroid stem cells (Todaro, lovino, Eterno et al., 2010).
Cancer stem cell markers CD133 and ALDH have been used to isolate thyroid cancer stem
cells by flow cytometry, and those cells recapitulate the behavior of the parental tumor in
vivo (Todaro et al., 2010). ATC is typically accompanied by cell proliferation and
chromosomal instability, and morphological features including the gradual loss of papillary
and follicular growth patterns, biphasic spindle, solid growth squamoid pattern, areas of
necrosis and hemorrhage, and nuclear pleomorphism (Parenti, Salvatorelli and Magro, 2014,
Salvatore, Nappi, Salerno et al., 2007). The two common signaling pathways have been
implicated in ATC are PI3K and MAPK (Champa and Di Cristofano, 2015). Differentiated
thyroid cancers often have mutations in these pathways and undifferentiated thyroid cancer
has additional mutations such as p53. Likewise, anaplastic thyroid carcinoma (ATC) mouse
models are relatively recent, and most of the significant advancements have been based on
differentiated thyroid carcinomas mouse models (Parenti et al., 2014).

5.2 Single gene models for PDTC/ATC

Ledent and others developed an ATC mouse model by expressing SV 40 T-antigen under
thyroglobulin promoter. Moderately to poorly differentiated thyroid adenocarcinomas were
developed in older animals that progressed from hyperplasia at birth (Ledent, Dumont,
Vassart et al., 1991). However, severe hypothyroidism was observed in this model that is
unlike human thyroid carcinomas (Zhu and Cheng, 2012).

5.3 Double hit models

Another rationale for thinking that ATC arises out of PTC or FTC is the fact that most
mouse models that develop ATC require two distinct genetic hits.

5.3.1 Pten + P53—Antico Arciuch et al. (2011) developed a mouse model combining two
hallmarks of human ATC, Pten deletion and P53 inactivation. In 75% of the mice, pre-
existing follicular hyperplasia and carcinoma developed aggressive and undifferentiated
thyroid tumors by 9 months of age (Antico Arciuch, Russo, Dima et al., 2011). These
tumors recapitulated features to human ATC including pleomorphism, epithelial-
mesenchymal transition, aneuploidy, local invasion, and metastases (Antico Arciuch et al.,
2011). Analyses of the Pten/p53 model, as well as the Pten/K-RAS mutant described above,
demonstrated upregulation of the mitotic kinase PLK1, suggesting common downstream
pathways; Treatment with a PLK1 inhibitor produced some therapeutic benefit in both
models (Russo, Kang and Di Cristofano, 2013)

5.3.2 RET-PTC1 + P53—ATC also harbors the highest frequency of TP53
mutations(McFadden, Vernon, Santiago et al., 2014). It is well known that losing p53
protein alone is not sufficient to induce malignancy in the thyroid (Russo, Antico Arciuch
and Di Cristofano, 2011). Earlier models of ATC were generated using transgenic mice
expressing somatic rearrangements of the RET proto-oncogene (RET-PTC1) (Champa and
Di Cristofano, 2015, La Perle, Jhiang and Capen, 2000). The RET proto-oncogene encodes a
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transmembrane glycoprotein belonging to the receptor tyrosine kinase family. The fusion of
the 3’-terminal kinase-encoding domain of RET to the 5’-terminal regions of genes forms a
chimeric oncogene. RET-PTC1 under thyroglobulin promoter in a p53~/~ background
developed anaplastic-like tumors in a model by La Perle et al. (La Perle et al., 2000).
Although this model was useful, the mice developed extra-thyroidal tumors because of
systemic deletion of p53 (Champa and Di Cristofano, 2015). Similar findings were made
when RET-PTC3 transgenic mice were crossed into a p53 knockout background;
interestingly, it was shown that aggressive tumors in this model eventually lost expression of
the RET-PTC3 fusion protein, indicating that late stage progression did not require
continued expression of the oncogene (Powell, Russell, Li et al., 2001).

5.3.3 BRAF + P53—MCcFadden et al. showed that BRAFV800E [nitiates PTC in the adult
murine thyroid and p53 loss enables the progression to ATC (McFadden et al., 2014).
Homozygous deletion of p53 further accelerated disease progression to PDTC and to ATC
with a median survival of 6 months following tumor induction. 19% of mice developed
microscopic metastases, which mimicked the invasive nature of human undifferentiated
thyroid cancer. It was also shown that combination treatment with MEK and BRAF
inhibitors results in enhanced antitumor activity as compared to treatment with a BRAF
inhibitor alone (McFadden et al., 2014).

5.3.4 THRB + K-RAS—Adding K-Ras®12P mutation to TRP PV, mice exhibited frequent
anaplastic foci with complete loss of normal thyroid follicular morphology(Zhu, Zhao, Park
et al., 2014). These mice had even poorer survival due to more aggressive thyroid tumors
with capsular invasion, vascular invasion, and distant metastases.

5.3.5 B-RAF + PIK3CA—Although induction of constitutively active PIK3CA was unable
to cause significant thyroid neoplasia, combining this mutation with B-RAF activation led to
the production of ATC. However, the time course of tumorigenesis was relatively modest,
with mice succumbing to their tumors between 6 and 12 month after induction of the
oncogenes (Charles et al., 2014).

6. MEDULLARY THYROID CANCER
6.1 Phenotype of MTC

Medullary thyroid cancer most often presents as a palpable neck mass located within the
thyroid on examination. It is one of the defining tumors of multiple endocrine neoplasia type
2 (MEN2), and individuals affected with the condition have essentially 100% penetrance of
this cancer. Approximately 20% of cases of MTC are found as an inherited form of the
disease, in which there is a germline activating mutation of the RET proto-oncogene. Of
sporadic cases of MTC, between 40 and 50% of sporadic MTC cases are found to carry RET
mutations (Elisei, Cosci, Romei et al., 2008). Normal C-cells secrete calcitonin, and blood
levels of this hormone are a good marker for MTC. Because this is a neuroendocrine-derived
tissue, patients can develop significant diarrhea, either from calcitonin itself or from other
gut peptides secreted by the tumors. Tumors can also secrete other neuropeptides, including
ACTH, leading to ectopic Cushing syndrome. MTC also is a metastatically aggressive
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tumor, with frequent bulky liver involvement, as well as involvement of local lymph nodes
and other distant organs.

6.2 MOUSE MODELS FOR MTC

6.2.1 RET transgenic models for MTC—Since the discovery of mutations in the RET
gene causing multiple endocrine neoplasia type 2 (MEN2) and Familial MTC (FMTC), the
creating of a transgenic mouse expressing mutated Ret in the thyroid was an obvious target.
Mice carrying RETC634R ynder the control of the rat calcitonin/calcitonin gene related
peptide (Ct/CGRP) promoter were described in 1997 (Michiels, Chappuis, Caillou et al.,
1997). Mice from three independent lines were studied, and they expressed the transgene
primarily in the thyroid and the adrenal gland, although low-level expression was also
observed in the brain and kidney. Mice developed C-cell hyperplasia as early as 3 weeks of
age in the line with highest expression of the transgene, and MTC was observed by 8
months. Lines with fewer copies/lower expression of the transgene had a much longer
latency for the development of tumors.

In another effort, the same C634R RET allele was driven the Moloney murine leukemia
virus (MoMLV) LTR. Expression of this transgene was less restricted, but expression in C-
cells was sufficient to drive C-cell hyperplasia as well as tumorigenesis in the mammary and
parotid glands, although other expressing tissues did not develop tumors. To date, two mice
have been made using the RETM918T MENZ2B mutation, although neither was targeted
specifically to the thyroid (de Graaff, Srinivas, Kilkenny et al., 2001, Sweetser, Froelick,
Matsumoto et al., 1999). A constitutive knock-in of RETM918T (M919T in mice) was
made, demonstrating many of the features of MENZ2, including C-cell hyperplasia,
pheochromocytomas, and sympathetic ganglioneuroma-like tumors (Smith-Hicks, Sizer,
Powers et al., 2000). MTCs were not observed in this model. In a transgenic model which
used the human calcitonin gene promoter to express human RET 918T, MTC were
observed, but only with an incidence of 13% in mice older than 11 months. Use of a similar
construct to drive expression of WT human RET did not result in any tumorigenesis (Acton,
Velthuyzen, Lips et al., 2000).

6.2.2. Mutations in cell-cycle control genes—The Rb1 tumor suppressor was one of
the first mammalian genes knocked out of the mouse as a model for the well-established role
of Rb1 as causing Retinoblastoma in humans. This condition, which is inherited as an
autosomal dominant trait, is due to somatic loss of the RB1 gene in retinoblastomas, and was
one of the paradigms of the inheritance of tumor suppressor genes as causing inherited
human cancers. In mice, complete KO of Rb1 caused embryonic lethality. However,
heterozygous mice are born and are tumor prone, although they do not develop
retinoblastomas.

Interestingly, mice heterozygous for Rb1 mutations develop intermediate pituitary lobe
tumors with high frequency. Subsequently, it was observed that these mice also develop
MTC with high frequency. In the Jacks’ labs, MTC was observed in up to 75% of animals
(Williams, Remington, Albert et al., 1994), and similar findings were made in Wen-Hwa
Lee’s lab, where tumors were observed in 68% of morbid mice. However, in a third
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independent lab, MTCs’ were not observed at all in Rb*/~ animals (Harvey, Vogel, Lee et
al., 1995). Studies of genetic interaction indicated that introduction of a null allele for Tp53
into the Rb*/~ line (i.e. Rb*/~;Tp53*/~mice) enhanced the generation of MTC, typically
associated with loss of the WT Rb1 and Tp53 alleles (Harvey et al., 1995, Nikitin, Liu,
Flesken-Nikitin et al., 2002, Williams et al., 1994). However, Rb*/~; Tp53~/~ mice actually
exhibited reduced MTC, often because they were dying from other tumors before the onset
of this phenotype. In one study analyzing the mechanism of this observation, it was
observed that MTCs arising in this model frequently exhibited Ret mutations, suggesting
that enhanced somatic mutation rate may play a role in the process (Coxon, Ward, Geradts et
al., 1998).

Phospho-Rb is known to exert its tumor suppressor effects through interactions with the
Cyclin dependent kinases (CDKSs), which are also inhibited by a 7-gene family known as the
CDK inhibitors (CDKNs). Analysis of KO mice for CDKN2C (also known as p18/NK4C)
demonstrated the spontaneous development of C-cell hyperplasia in 10-14% of mice by one
year of age (Franklin, Godfrey, O’Brien et al., 2000, van Veelen, van Gasteren, Acton et al.,
2008). Mice lacking CDKN1B (p27XIP1 which is also associated with multiple endocrine
neoplasia syndrome in humans and in a spontaneous rat model)(Pellegata, Quintanilla-
Martinez, Siggelkow et al., 2006) also develop low frequency (<5%) C-cell hyperplasia
(Franklin et al., 2000). Interestingly mice lacking Cdkn2c who also have ablation of one or
both Cdkn1b alleles develop C-cell lesions in over 50% and 85% of mice by 1 year of age,
respectively. Cancers are uncommon, possibly because the mice develop aggressive
pituitary tumors that do not enable long-term follow up of the thyroids. In contrast, ablation
of Cdknla (p21CiPL/Wafly qoes not induce C-cell proliferation, either by itself or in
combination with p18 KO (Franklin et al., 2000). Mutations in p18 have been found in a
population of MTC in human patients with RET mutations (van Veelen, Klompmaker,
Gloerich et al., 2009), and the ability of p18 mutations to facilitate RET-mediated MTC
tumorigenesis has also been observed in a mouse model (van Veelen et al., 2008).

Lastly, in a more recent model, direct overexpression of the Cdk5 co-factor p25 (encoded by
CDKB5R1) in C-cells (under the control of the neuron-specific enolase promoter!) drove the
development of MTC (Pozo, Castro-Rivera, Tan et al., 2013). In this inducible system,
overexpression of p25 caused tumorigenesis by 16 weeks, and mice did not survive past 30
weeks. Analysis of the mechanism demonstrated that p25 overexpression led to enhanced
Cdk5 kinase activity, leading to phosphorylation and inactivation of Rb.

7. CONCLUSIONS AND FUTURE DIRECTIONS

Although the prognosis for most patients with thyroid cancer remains good, there has been
recent focus on patients with more aggressive forms of the disease, including those with
metastatic papillary, follicular, and medullary thyroid cancers, as well as all patients with
anaplastic disease. Genetic analysis and mouse modeling have both reached the point where
the mutations that drive thyroid cancer have been generated and studied in the mouse. This
confluence provides the opportunity for significant advancement in the development of
therapeutic strategies. Although genetic models generally take longer to develop tumors and
to analyze therapy effects, they have significant advantages over other techniques. First,
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these studies are carried out in the intact animal without the need for immunosuppression as
required for xenograft models. Second, drug effects can be studied in the intact animal, such
that unexpected toxicity (or benefit) can be identified before moving to human studies.
Finally, genetic mouse models can be used for analysis at any stage of progression, up to
and including metastatic disease for some models. It is not an unreasonable expectation that
current models will be subject to further refining, but that the major thrust for these studies
over the next few years will be in the development of new therapies to treat patients with
thyroid cancer.

Acknowledgments

We would like to acknowledge the collegiality and valuable discussions with the members of the OSU Thyroid
Cancer Group, including Drs. M. Ringel, A. de la Chapelle, S. Jhiang, K. La Perle, and M. Saji. We would also like
to thank Dr. D. Huk for her careful reading and thoughts on the manuscript. This work was supported in part by
Grants CA170249 (to LSK) and CA124570 (Matthew Ringel, PI), and by grant CA016058 to the Ohio State
University Comprehensive Cancer Center.

Abbreviations

PTC Papillary thyroid cancer

MTC Medullary thyroid cancer

FTC Follicular thyroid cancer

RAI radioactive iodine

TCGA The Cancer Genome Atlas

Tg Thyroglobulin

TSH Thyroid stimulating hormone

MEN2 Multiple Endocrine Neoplasia, type 2
References

Acton DS, Velthuyzen D, Lips CJ, Hoppener JW. Multiple endocrine neoplasia type 2B mutation in
human RET oncogene induces medullary thyroid carcinoma in transgenic mice. Oncogene. 2000;
19:3121-5. [PubMed: 10871866]

Antico-Arciuch VG, Dima M, Liao XH, Refetoff S, Di Cristofano A. Cross-talk between PI3K and
estrogen in the mouse thyroid predisposes to the development of follicular carcinomas with a higher
incidence in females. Oncogene. 2010; 29:5678-86. [PubMed: 20676139]

Antico Arciuch VG, Russo MA, Dima M, Kang KS, Dasrath F, Liao XH, Refetoff S, Montagna C, Di
Cristofano A. Thyrocyte-specific inactivation of p53 and Pten results in anaplastic thyroid
carcinomas faithfully recapitulating human tumors. Oncotarget. 2011; 2:1109-26. [PubMed:
22190384]

Bertherat J, Horvath A, Groussin L, Grabar S, Boikos S, Cazabat L, Libe R, Rene-Corail F,
Stergiopoulos S, Bourdeau I, Bei T, Clauser E, Calender A, Kirschner LS, Bertagna X, Carney JA,
Stratakis CA. Mutations in regulatory subunit type 1A of cyclic adenosine 5’-monophosphate-
dependent protein kinase (PRKARZ1A): phenotype analysis in 353 patients and 80 different
genotypes. J Clin Endocrinol Metab. 2009; 94:2085-91. [PubMed: 19293268]

Buckwalter TL, Venkateswaran A, Lavender M, La Perle KM, Cho JY, Robinson ML, Jhiang SM. The
roles of phosphotyrosines-294, -404, and -451 in RET/PTC1-induced thyroid tumor formation.
Oncogene. 2002; 21:8166-72. [PubMed: 12444552]

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirschner et al.

Page 17

Cancer Genome Atlas Research N. Integrated genomic characterization of papillary thyroid carcinoma.
Cell. 2014; 159:676-90. [PubMed: 25417114]

Capecchi MR. Altering the genome by homologous recombination. Science. 1989; 244:1288-92.
[PubMed: 2660260]

Chakravarty D, Santos E, Ryder M, Knauf JA, Liao XH, West BL, Bollag G, Kolesnick R, Thin TH,
Rosen N, Zanzonico P, Larson SM, Refetoff S, Ghossein R, Fagin JA. Small-molecule MAPK
inhibitors restore radioiodine incorporation in mouse thyroid cancers with conditional BRAF
activation. J Clin Invest. 2011; 121:4700-11. [PubMed: 22105174]

Champa D, Di Cristofano A. Modeling anaplastic thyroid carcinoma in the mouse. Horm Cancer.
2015; 6:37-44. [PubMed: 25420535]

Charles RP, lezza G, Amendola E, Dankort D, McMahon M. Mutationally activated BRAF(V600E)
elicits papillary thyroid cancer in the adult mouse. Cancer Res. 2011; 71:3863-71. [PubMed:
21512141]

Charles RP, Silva J, lezza G, Phillips WA, McMahon M. Activating BRAF and PIK3CA mutations
cooperate to promote anaplastic thyroid carcinogenesis. Mol Cancer Res. 2014; 12:979-86.
[PubMed: 24770869]

Chen X, Mitsutake N, LaPerle K, Akeno N, Zanzonico P, Longo VA, Mitsutake S, Kimura ET, Geiger
H, Santos E, Wendel HG, Franco A, Knauf JA, Fagin JA. Endogenous expression of Hras(G12V)
induces developmental defects and neoplasms with copy number imbalances of the oncogene.
Proc Natl Acad Sci U S A. 2009; 106:7979-84. [PubMed: 19416908]

Cho JY, Sagartz JE, Capen CC, Mazzaferri EL, Jhiang SM. Early cellular abnormalities induced by
RET/PTCL1 oncogene in thyroid-targeted transgenic mice. Oncogene. 1999; 18:3659-65.
[PubMed: 10380889]

Coxon AB, Ward JM, Geradts J, Otterson GA, Zajac-Kaye M, Kaye FJ. RET cooperates with RB/p53
inactivation in a somatic multi-step model for murine thyroid cancer. Oncogene. 1998; 17:1625-8.
[PubMed: 9794240]

de Graaff E, Srinivas S, Kilkenny C, D’Agati V, Mankoo BS, Costantini F, Pachnis V. Differential
activities of the RET tyrosine kinase receptor isoforms during mammalian embryogenesis. Genes
Dev. 2001; 15:2433-44. [PubMed: 11562352]

DeLelllis, RA.; Lloyd, RV.; Heitz, PU.; Eng, C., editors. Pathology and Genetics of Tumours of
Endocrine Organs. WHO Press; Geneva: 2004.

Di Cristofano A, De Acetis M, Koff A, Cordon-Cardo C, Pandolfi PP. Pten and p27KIP1 cooperate in
prostate cancer tumor suppression in the mouse. Nat Genet. 2001; 27:222-4. [PubMed: 11175795]

Diallo-Krou E, Yu J, Colby LA, Inoki K, Wilkinson JE, Thomas DG, Giordano TJ, Koenig RJ. Paired
box gene 8-peroxisome proliferator-activated receptor-gamma fusion protein and loss of
phosphatase and tensin homolog synergistically cause thyroid hyperplasia in transgenic mice.
Endocrinology. 2009; 150:5181-90. [PubMed: 19797117]

Dobson ME, Diallo-Krou E, Grachtchouk V, Yu J, Colby LA, Wilkinson JE, Giordano TJ, Koenig RJ.
Pioglitazone induces a proadipogenic antitumor response in mice with PAX8-PPARgamma fusion
protein thyroid carcinoma. Endocrinology. 2011; 152:4455-65. [PubMed: 21952241]

Elisei R, Cosci B, Romei C, Bottici V, Renzini G, Molinaro E, Agate L, Vivaldi A, Faviana P, Basolo
F, Miccoli P, Berti P, Pacini F, Pinchera A. Prognostic significance of somatic RET oncogene
mutations in sporadic medullary thyroid cancer: a 10-year follow-up study. J Clin Endocrinol
Metab. 2008; 93:682—7. [PubMed: 18073307]

Enewold L, Zhu K, Ron E, Marrogi AJ, Stojadinovic A, Peoples GE, Devesa SS. Rising thyroid cancer
incidence in the United States by demographic and tumor characteristics, 1980-2005. Cancer
Epidemiol Biomarkers Prev. 2009; 18:784-91. [PubMed: 19240234]

Fedele M, Palmieri D, Chiappetta G, Pasquinelli R, De Martino I, Arra C, Palma G, Valentino T,
Pierantoni GM, Viglietto G, Rothstein JL, Santoro M, Fusco A. Impairment of the p27kipl
function enhances thyroid carcinogenesis in TRK-T1 transgenic mice. Endocr Relat Cancer. 2009;
16:483-90. [PubMed: 19261681]

Franco AT, Malaguarnera R, Refetoff S, Liao XH, Lundsmith E, Kimura S, Pritchard C, Marais R,
Davies TF, Weinstein LS, Chen M, Rosen N, Ghossein R, Knauf JA, Fagin JA. Thyrotrophin

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirschner et al.

Page 18

receptor signaling dependence of Braf-induced thyroid tumor initiation in mice. Proc Natl Acad
Sci U S A. 2011; 108:1615-20. [PubMed: 21220306]

Franklin DS, Godfrey VL, O’Brien DA, Deng C, Xiong Y. Functional collaboration between different
cyclin-dependent kinase inhibitors suppresses tumor growth with distinct tissue specificity. Mol
Cell Biol. 2000; 20:6147-58. [PubMed: 10913196]

Furuya F, Lu C, Willingham MC, Cheng SY. Inhibition of phosphatidylinositol 3-kinase delays tumor
progression and blocks metastatic spread in a mouse model of thyroid cancer. Carcinogenesis.
2007; 28:2451-8. [PubMed: 17660507]

Fusco A, Grieco M, Santoro M, Berlingieri MT, Pilotti S, Pierotti MA, Della Porta G, Vecchio G. A
new oncogene in human thyroid papillary carcinomas and their lymph-nodal metastases. Nature.
1987; 328:170-2. [PubMed: 3600795]

Hanahan D, Wagner EF, Palmiter RD. The origins of oncomice: a history of the first transgenic mice
genetically engineered to develop cancer. Genes Dev. 2007; 21:2258-70. [PubMed: 17875663]

Harvey M, Vogel H, Lee EY, Bradley A, Donehower LA. Mice deficient in both p53 and Rb develop
tumors primarily of endocrine origin. Cancer Res. 1995; 55:1146-51. [PubMed: 7867001]

Hayashi H, Ichihara M, Iwashita T, Murakami H, Shimono Y, Kawai K, Kurokawa K, Murakumo Y,
Imai T, Funahashi H, Nakao A, Takahashi M. Characterization of intracellular signals via tyrosine
1062 in RET activated by glial cell line-derived neurotrophic factor. Oncogene. 2000; 19:4469-75.
[PubMed: 11002419]

Hermann M, Cermak T, VVoytas DF, Pelczar P. Mouse genome engineering using designer nucleases. J
Vis Exp. 2014

Ho AL, Grewal RK, Leboeuf R, Sherman EJ, Pfister DG, Deandreis D, Pentlow KS, Zanzonico PB,
Haque S, Gavane S, Ghossein RA, Ricarte-Filho JC, Dominguez JM, Shen R, Tuttle RM, Larson
SM, Fagin JA. Selumetinib-enhanced radioiodine uptake in advanced thyroid cancer. N Engl J
Med. 2013; 368:623-32. [PubMed: 23406027]

Ichihara M, Murakumo Y, Takahashi M. RET and neuroendocrine tumors. Cancer Lett. 2004;
204:197-211. [PubMed: 15013219]

Indra AK, Warot X, Brocard J, Bornert JM, Xiao JH, Chambon P, Metzger D. Temporally-controlled
site-specific mutagenesis in the basal layer of the epidermis: comparison of the recombinase
activity of the tamoxifen-inducible Cre-ER(T) and Cre-ER(T2) recombinases. Nucleic Acids Res.
1999; 27:4324—-7. [PubMed: 10536138]

Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray T, Thun MJ. Cancer statistics, 2008. CA Cancer J
Clin. 2008; 58:71-96. [PubMed: 18287387]

Jhiang SM, Cho JY, Furminger TL, Sagartz JE, Tong Q, Capen CC, Mazzaferri EL. Thyroid
carcinomas in RET/PTC transgenic mice. Recent Results Cancer Res. 1998; 154:265-70.
[PubMed: 10027006]

Jhiang SM, Sagartz JE, Tong Q, Parker-Thornburg J, Capen CC, Cho JY, Xing S, Ledent C. Targeted
expression of the ret/PTC1 oncogene induces papillary thyroid carcinomas. Endocrinology. 1996;
137:375-8. [PubMed: 8536638]

Jonklaas J, Sarlis NJ, Litofsky D, Ain KB, Bigos ST, Brierley JD, Cooper DS, Haugen BR, Ladenson
PW, Magner J, Robbins J, Ross DS, Skarulis M, Maxon HR, Sherman SI. Outcomes of patients
with differentiated thyroid carcinoma following initial therapy. Thyroid. 2006; 16:1229-42.
[PubMed: 17199433]

Kaneshige M, Kaneshige K, Zhu X, Dace A, Garrett L, Carter TA, Kazlauskaite R, Pankratz DG,
Wynshaw-Boris A, Refetoff S, Weintraub B, Willingham MC, Barlow C, Cheng S. Mice with a
targeted mutation in the thyroid hormone beta receptor gene exhibit impaired growth and
resistance to thyroid hormone. Proc Natl Acad Sci U S A. 2000; 97:13209-14. [PubMed:
11069286]

Kato Y, Ying H, Willingham MC, Cheng SY. A tumor suppressor role for thyroid hormone beta
receptor in a mouse model of thyroid carcinogenesis. Endocrinology. 2004; 145:4430-8.
[PubMed: 15231697]

Kim S, Park YW, Schiff BA, Doan DD, Yazici Y, Jasser SA, Younes M, Mandal M, Bekele BN,
Myers JN. An orthotopic model of anaplastic thyroid carcinoma in athymic nude mice. Clin
Cancer Res. 2005; 11:1713-21. [PubMed: 15755992]

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirschner et al.

Page 19

Kirschner LS, Carney JA, Pack SD, Taymans SE, Giatzakis C, Cho YS, Cho-Chung YS, Stratakis CA.
Mutations of the gene encoding the protein kinase A type I-alpha regulatory subunit in patients
with the Carney complex. Nat Genet. 2000; 26:89-92. [PubMed: 10973256]

Kirschner LS, Kusewitt DF, Matyakhina L, Towns WH 2nd, Carney JA, Westphal H, Stratakis CA. A
mouse model for the Carney complex tumor syndrome develops neoplasia in cyclic AMP-
responsive tissues. Cancer Res. 2005; 65:4506-14. [PubMed: 15930266]

Knauf JA, Ma X, Smith EP, Zhang L, Mitsutake N, Liao XH, Refetoff S, Nikiforov YE, Fagin JA.
Targeted expression of BRAFV600E in thyroid cells of transgenic mice results in papillary thyroid
cancers that undergo dedifferentiation. Cancer Res. 2005; 65:4238-45. [PubMed: 15899815]

Knostman KA, Venkateswaran A, Zimmerman B, Capen CC, Jhiang SM. Creation and
characterization of a doxycycline-inducible mouse model of thyroid-targeted RET/PTC1 oncogene
and luciferase reporter gene coexpression. Thyroid. 2007; 17:1181-8. [PubMed: 18004977]

Kroll TG. Molecular events in follicular thyroid tumors. Cancer Treat Res. 2004; 122:85-105.
[PubMed: 16209039]

La Perle KM, Jhiang SM, Capen CC. Loss of p53 promotes anaplasia and local invasion in ret/PTC1-
induced thyroid carcinomas. Am J Pathol. 2000; 157:671-7. [PubMed: 10934169]

Lacroix L, Lazar V, Michiels S, Ripoche H, Dessen P, Talbot M, Caillou B, Levillain JP,
Schlumberger M, Bidart JM. Follicular thyroid tumors with the PAX8-PPARgammal
rearrangement display characteristic genetic alterations. Am J Pathol. 2005; 167:223-31.
[PubMed: 15972966]

Ledent C, Dumont J, Vassart G, Parmentier M. Thyroid adenocarcinomas secondary to tissue-specific
expression of simian virus-40 large T-antigen in transgenic mice. Endocrinology. 1991; 129:1391—
401. [PubMed: 1714832]

Li W, Reeb AN, Sewell WA, Elhomsy G, Lin RY. Phenotypic characterization of metastatic anaplastic
thyroid cancer stem cells. PLoS One. 2013; 8:65095. [PubMed: 23724124]

McFadden DG, Vernon A, Santiago PM, Martinez-McFaline R, Bhutkar A, Crowley DM, McMahon
M, Sadow PM, Jacks T. p53 constrains progression to anaplastic thyroid carcinoma in a Braf-
mutant mouse model of papillary thyroid cancer. Proc Natl Acad Sci U S A. 2014; 111:E1600-9.
[PubMed: 24711431]

Michiels FM, Chappuis S, Caillou B, Pasini A, Talbot M, Monier R, Lenoir GM, Feunteun J, Billaud
M. Development of medullary thyroid carcinoma in transgenic mice expressing the RET
protooncogene altered by a multiple endocrine neoplasia type 2A mutation. Proc Natl Acad Sci U
S A. 1997; 94:3330-5. [PubMed: 9096393]

Miller KA, Yeager N, Baker K, Liao XH, Refetoff S, Di Cristofano A. Oncogenic Kras requires
simultaneous PI3K signaling to induce ERK activation and transform thyroid epithelial cells in
vivo. Cancer Res. 2009; 69:3689-94. [PubMed: 19351816]

Nagaiah G, Hossain A, Mooney CJ, Parmentier J, Remick SC. Anaplastic thyroid cancer: a review of
epidemiology, pathogenesis, and treatment. J Oncol. 2011; 2011:542358. [PubMed: 21772843]

Nagy R, Ganapathi S, Comeras I, Peterson C, Orloff M, Porter K, Eng C, Ringel MD, Kloos RT.
Frequency of germline PTEN mutations in differentiated thyroid cancer. Thyroid. 2011; 21:505—
10. [PubMed: 21417916]

Ngeow J, Mester J, Rybicki LA, Ni Y, Milas M, Eng C. Incidence and clinical characteristics of
thyroid cancer in prospective series of individuals with Cowden and Cowden-like syndrome
characterized by germline PTEN, SDH, or KLLN alterations. J Clin Endocrinol Metab. 2011;
96:E2063-71. [PubMed: 21956414]

Nikiforov YE. Genetic alterations involved in the transition from well-differentiated to poorly
differentiated and anaplastic thyroid carcinomas. Endocr Pathol. 2004; 15:319-27. [PubMed:
15681856]

Nikiforov YE. Molecular diagnostics of thyroid tumors. Arch Pathol Lab Med. 2011; 135:569-77.
[PubMed: 21526955]

Nikiforova MN, Nikiforov YE. Molecular genetics of thyroid cancer: implications for diagnosis,
treatment and prognosis. Expert Rev Mol Diagn. 2008; 8:83-95. [PubMed: 18088233]

Nikiforova MN, Nikiforov YE. Molecular diagnostics and predictors in thyroid cancer. Thyroid. 2009;
19:1351-61. [PubMed: 19895341]

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirschner et al.

Page 20

Nikitin AY, Liu CY, Flesken-Nikitin A, Chen CF, Chen PL, Lee WH. Cell lineage-specific effects
associated with multiple deficiencies of tumor susceptibility genes in Msh2(-/-)Rb(+/-) mice.
Cancer Res. 2002; 62:5134-8. [PubMed: 12234974]

Nucera C, Nehs MA, Mekel M, Zhang X, Hodin R, Lawler J, Nose V, Parangi S. A novel orthotopic
mouse model of human anaplastic thyroid carcinoma. Thyroid. 2009; 19:1077-84. [PubMed:
19772429]

Parenti R, Salvatorelli L, Magro G. Anaplastic Thyroid Carcinoma: Current Treatments and Potential
New Therapeutic Options with Emphasis on TfR1/CD71. Int J Endocrinol. 2014; 2014:685396.
[PubMed: 25097549]

Pellegata NS, Quintanilla-Martinez L, Siggelkow H, Samson E, Bink K, Hofler H, Fend F, Graw J,
Atkinson MJ. Germ-line mutations in p27Kip1 cause a multiple endocrine neoplasia syndrome in
rats and humans. Proc Natl Acad Sci U S A. 2006; 103:15558-63. [PubMed: 17030811]

Podsypanina K, Ellenson LH, Nemes A, Gu J, Tamura M, Yamada KM, Cordon-Cardo C, Catoretti G,
Fisher PE, Parsons R. Mutation of Pten/Mmac1l in mice causes neoplasia in multiple organ
systems. Proc Natl Acad Sci U S A. 1999; 96:1563-8. [PubMed: 9990064]

Powell DJ Jr, Russell J, Nibu K, Li G, Rhee E, Liao M, Goldstein M, Keane WM, Santoro M, Fusco
A, Rothstein JL. The RET/PTC3 oncogene: metastatic solid-type papillary carcinomas in murine
thyroids. Cancer Res. 1998; 58:5523-8. [PubMed: 9850089]

Powell DJ Jr, Russell JP, Li G, Kuo BA, Fidanza V, Huebner K, Rothstein JL. Altered gene expression
in immunogenic poorly differentiated thyroid carcinomas from RET/PTC3p53—/- mice.
Oncogene. 2001; 20:3235-46. [PubMed: 11423973]

Pozo K, Castro-Rivera E, Tan C, Plattner F, Schwach G, Siegl V, Meyer D, Guo A, Gundara J,
Mettlach G, Richer E, Guevara JA, Ning L, Gupta A, Hao G, Tsai LH, Sun X, Antich P, Sidhu S,
Robinson BG, Chen H, Nwariaku FE, Pfragner R, Richardson JA, Bibb JA. The role of Cdk5 in
neuroendocrine thyroid cancer. Cancer Cell. 2013; 24:499-511. [PubMed: 24135281]

Pringle DR, Vasko VV, Yu L, Manchanda PK, Lee AA, Zhang X, Kirschner JM, Parlow AF, Saji M,
Jarjoura D, Ringel MD, La Perle KM, Kirschner LS. Follicular thyroid cancers demonstrate dual
activation of PKA and mTOR as modeled by thyroid-specific deletion of Prkarla and Pten in
mice. J Clin Endocrinol Metab. 2014; 99:E804-12. [PubMed: 24512487]

Pringle DR, Yin Z, Lee AA, Manchanda PK, Yu L, Parlow AF, Jarjoura D, La Perle KM, Kirschner
LS. Thyroid-specific ablation of the Carney complex gene, PRKAR1A, results in hyperthyroidism
and follicular thyroid cancer. Endocr Relat Cancer. 2012; 19:435-46. [PubMed: 22514108]

Rabes HM, Demidchik EP, Sidorow JD, Lengfelder E, Beimfohr C, Hoelzel D, Klugbauer S. Pattern
of radiation-induced RET and NTRK1 rearrangements in 191 post-chernobyl papillary thyroid
carcinomas: biological, phenotypic, and clinical implications. Clin Cancer Res. 2000; 6:1093-103.
[PubMed: 10741739]

Ribeiro-Neto F, Leon A, Urbani-Brocard J, Lou L, Nyska A, Altschuler DL. cAMP-dependent
oncogenic action of Raplb in the thyroid gland. J Biol Chem. 2004; 279:46868-75. [PubMed:
15331589]

Rochefort P, Caillou B, Michiels FM, Ledent C, Talbot M, Schlumberger M, Lavelle F, Monier R,
Feunteun J. Thyroid pathologies in transgenic mice expressing a human activated Ras gene driven
by a thyroglobulin promoter. Oncogene. 1996; 12:111-8. [PubMed: 8552381]

Ruegemer JJ, Hay ID, Bergstralh EJ, Ryan JJ, Offord KP, Gorman CA. Distant metastases in
differentiated thyroid carcinoma: a multivariate analysis of prognostic variables. J Clin Endocrinol
Metab. 1988; 67:501-8. [PubMed: 3410936]

Russell JP, Powell DJ, Cunnane M, Greco A, Portella G, Santoro M, Fusco A, Rothstein JL. The TRK-
T1 fusion protein induces neoplastic transformation of thyroid epithelium. Oncogene. 2000;
19:5729-35. [PubMed: 11126359]

Russo MA, Antico Arciuch VG, Di Cristofano A. Mouse models of follicular and papillary thyroid
cancer progression. Front Endocrinol (Lausanne). 2011; 2:119. [PubMed: 22654848]

Russo MA, Kang KS, Di Cristofano A. The PLK1 inhibitor GSK461364A is effective in poorly
differentiated and anaplastic thyroid carcinoma cells, independent of the nature of their driver
mutations. Thyroid. 2013; 23:1284-93. [PubMed: 23509868]

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirschner et al.

Page 21

Ryder M, Gild M, Hohl TM, Pamer E, Knauf J, Ghossein R, Joyce JA, Fagin JA. Genetic and
pharmacological targeting of CSF-1/CSF-1R inhibits tumor-associated macrophages and impairs
BRAF-induced thyroid cancer progression. PLoS One. 2013; 8:e54302. [PubMed: 23372702]

Saji M, Narahara K, McCarty SK, Vasko VV, La Perle KM, Porter K, Jarjoura D, Lu C, Cheng SY,
Ringel MD. Aktl deficiency delays tumor progression, vascular invasion, and distant metastasis in
a murine model of thyroid cancer. Oncogene. 2011; 30:4307-15. [PubMed: 21532616]

Salvatore G, Nappi TC, Salerno P, Jiang Y, Garbi C, Ugolini C, Miccoli P, Basolo F, Castellone MD,
Cirafici AM, Melillo RM, Fusco A, Bittner ML, Santoro M. A cell proliferation and chromosomal
instability signature in anaplastic thyroid carcinoma. Cancer Res. 2007; 67:10148-58. [PubMed:
17981789]

Sandrini F, Matyakhina L, Sarlis NJ, Kirschner LS, Farmakidis C, Gimm O, Stratakis CA. Regulatory
subunit type I-alpha of protein kinase A (PRKAR1A): a tumor-suppressor gene for sporadic
thyroid cancer. Genes Chromosomes Cancer. 2002; 35:182-92. [PubMed: 12203783]

Santarpia L, EI-Naggar AK, Cote GJ, Myers JN, Sherman SI. Phosphatidylinositol 3-kinase/akt and
ras/raf-mitogen-activated protein kinase pathway mutations in anaplastic thyroid cancer. J Clin
Endocrinol Metab. 2008; 93:278-84. [PubMed: 17989125]

Santelli G, de Franciscis V, Chiappetta G, D’Alessio A, Califano D, Mineo A, Monaco C, Vecchio G.
Thyroid specific expression of the Ki-ras oncogene in transgenic mice. Adv Exp Med Biol. 1993;
348:59-62. [PubMed: 8172021]

Santelli G, de Franciscis V, Portella G, Chiappetta G, D’ Alessio A, Califano D, Rosati R, Mineo A,
Monaco C, Manzo G, et al. Production of transgenic mice expressing the Ki-ras oncogene under
the control of a thyroglobulin promoter. Cancer Res. 1993; 53:5523-7. [PubMed: 8221693]

Santoro M, Chiappetta G, Cerrato A, Salvatore D, Zhang L, Manzo G, Picone A, Portella G, Santelli
G, Vecchio G, Fusco A. Development of thyroid papillary carcinomas secondary to tissue-specific
expression of the RET/PTC1 oncogene in transgenic mice. Oncogene. 1996; 12:1821-6. [PubMed:
8622903]

Santoro M, Melillo RM, Fusco A. RET/PTC activation in papillary thyroid carcinoma: European
Journal of Endocrinology Prize Lecture. Eur J Endocrinol. 2006; 155:645-53. [PubMed:
17062879]

Schlumberger MJ. Papillary and follicular thyroid carcinoma. N Engl J Med. 1998; 338:297-306.
[PubMed: 9445411]

Schonig K, Bujard H, Gossen M. The power of reversibility regulating gene activities via tetracycline-
controlled transcription. Methods Enzymol. 2010; 477:429-53. [PubMed: 20699154]

Smith-Hicks CL, Sizer KC, Powers JF, Tischler AS, Costantini F. C-cell hyperplasia,
pheochromocytoma and sympathoadrenal malformation in a mouse model of multiple endocrine
neoplasia type 2B. EMBO J. 2000; 19:612-22. [PubMed: 10675330]

Soriano P. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat Genet. 1999; 21:70—
1. [PubMed: 9916792]

Stambolic V, Tsao MS, Macpherson D, Suzuki A, Chapman WB, Mak TW. High incidence of breast
and endometrial neoplasia resembling human Cowden syndrome in pten+/— mice. Cancer Res.
2000; 60:3605-11. [PubMed: 10910075]

Sung YH, Baek 1J, Seong JK, Kim JS, Lee HW. Mouse genetics: catalogue and scissors. BMB Rep.
2012; 45:686-92. [PubMed: 23261053]

Suzuki A, de la Pompa JL, Stambolic V, Elia AJ, Sasaki T, del Barco Barrantes I, Ho A, Wakeham A,
Itie A, Khoo W, Fukumoto M, Mak TW. High cancer susceptibility and embryonic lethality
associated with mutation of the PTEN tumor suppressor gene in mice. Curr Biol. 1998; 8:1169-78.
[PubMed: 9799734]

Suzuki H, Willingham MC, Cheng SY. Mice with a mutation in the thyroid hormone receptor beta
gene spontaneously develop thyroid carcinoma: a mouse model of thyroid carcinogenesis.
Thyroid. 2002; 12:963-9. [PubMed: 12490073]

Sweetser DA, Froelick GJ, Matsumoto AM, Kafer KE, Marck B, Palmiter RD, Kapur RP.
Ganglioneuromas and renal anomalies are induced by activated RET(MEN2B) in transgenic mice.
Oncogene. 1999; 18:877-86. [PubMed: 10023663]

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirschner et al.

Page 22

Tiozzo C, Danopoulos S, Lavarreda-Pearce M, Baptista S, Varimezova R, Al Alam D, Warburton D,
Rehan V, De Langhe S, Di Cristofano A, Bellusci S, Minoo P. Embryonic epithelial Pten deletion
through Nkx2.1-cre leads to thyroid tumorigenesis in a strain-dependent manner. Endocr Relat
Cancer. 2012; 19:111-22. [PubMed: 22167068]

Todaro M, lovino F, Eterno VV, Cammareri P, Gambara G, Espina V, Gulotta G, Dieli F, Giordano S,
De Maria R, Stassi G. Tumorigenic and metastatic activity of human thyroid cancer stem cells.
Cancer Res. 2010; 70:8874-85. [PubMed: 20959469]

Tong Q, Xing S, Jhiang SM. Leucine zipper-mediated dimerization is essential for the PTC1
oncogenic activity. J Biol Chem. 1997; 272:9043-7. [PubMed: 9083029]

van Veelen W, Klompmaker R, Gloerich M, van Gasteren CJ, Kalkhoven E, Berger R, Lips CJ,
Medema RH, Hoppener JW, Acton DS. P18 is a tumor suppressor gene involved in human
medullary thyroid carcinoma and pheochromocytoma development. Int J Cancer. 2009; 124:339-
45. [PubMed: 18942719]

van Veelen W, van Gasteren CJ, Acton DS, Franklin DS, Berger R, Lips CJ, Hoppener JW.
Synergistic effect of oncogenic RET and loss of p18 on medullary thyroid carcinoma
development. Cancer Res. 2008; 68:1329-37. [PubMed: 18316595]

Vasko V, Ferrand M, Di Cristofaro J, Carayon P, Henry JF, de Micco C. Specific pattern of RAS
oncogene mutations in follicular thyroid tumors. J Clin Endocrinol Metab. 2003; 88:2745-52.
[PubMed: 12788883]

Vitagliano D, Portella G, Troncone G, Francione A, Rossi C, Bruno A, Giorgini A, Coluzzi S, Nappi
TC, Rothstein JL, Pasquinelli R, Chiappetta G, Terracciano D, Macchia V, Melillo RM, Fusco A,
Santoro M. Thyroid targeting of the N-ras(GIn61Lys) oncogene in transgenic mice results in
follicular tumors that progress to poorly differentiated carcinomas. Oncogene. 2006; 25:5467-74.
[PubMed: 16785999]

Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, Zhang F, Jaenisch R. Onestep generation
of mice carrying mutations in multiple genes by CRISPR/Cas-mediated genome engineering.
Cell. 2013; 153:910-8. [PubMed: 23643243]

Williams BO, Remington L, Albert DM, Mukai S, Bronson RT, Jacks T. Cooperative tumorigenic
effects of germline mutations in Rb and p53. Nat Genet. 1994; 7:480-4. [PubMed: 7951317]

Xing M, Alzahrani AS, Carson KA, Viola D, Elisei R, Bendlova B, Yip L, Mian C, Vianello F, Tuttle
RM, Robenshtok E, Fagin JA, Puxeddu E, Fugazzola L, Czarniecka A, Jarzab B, O’Neill CJ,
Sywak MS, Lam AK, Riesco-Eizaguirre G, Santisteban P, Nakayama H, Tufano RP, Pai S,
Zeiger MA, Westra WH, Clark DP, Clifton-Bligh R, Sidransky D, Ladenson PW, Sykorova V.
Association between BRAF V600E mutation and mortality in patients with papillary thyroid
cancer. JAMA. 2013; 309:1493-501. [PubMed: 23571588]

Yeager N, Klein-Szanto A, Kimura S, Di Cristofano A. Pten loss in the mouse thyroid causes goiter
and follicular adenomas: insights into thyroid function and Cowden disease pathogenesis. Cancer
Res. 2007; 67:959-66. [PubMed: 17283127]

Zhang L, Gaskins K, Yu Z, Xiong Y, Merino MJ, Kebebew E. An in vivo mouse model of metastatic
human thyroid cancer. Thyroid. 2014; 24:695-704. [PubMed: 24262022]

Zhu X, Cheng SY. Modeling follicular thyroid cancer for future therapies. Am J Cancer Res. 2012;
2:130-40. [PubMed: 22485196]

Zhu X, Zhao L, Park JW, Willingham MC, Cheng SY. Synergistic signaling of KRAS and thyroid
hormone receptor beta mutants promotes undifferentiated thyroid cancer through MY C up-
regulation. Neoplasia. 2014; 16:757-69. [PubMed: 25246276]

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 05.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kirschner et al.

Page 23

Highlights
e Mutations which cause thyroid cancer in humans have been modeled in mice
e Multiple hits are required for metastatic follicular thyroid or anaplastic cancer

»  Medullary thyroid cancer is modeled by mutations in Rb or cell cycle control
genes

e Genetic mouse models are good pre-clinical tools for the development of new
therapies
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TABLE 1

Single gene models for non-medullary thyroid cancer in the mouse™

Gene Mutation Human phenotype Mouse phenotype Alleles™
BRAF V600E PTC (usually cPTC or fvPTC) PTC TX

KL

TX-1
RET-PTC1 Fusiongene  PTC PTC (non-invasive) X
RET-PTC3 Fusion gene  PTC PTC (non-invasive) X
TRK-T1 Fusiongene  PTC PTC (non-invasive) X
H-RAS G12D/G12vV  PTCorFTC hyperplasia TX/KI
K-RAS G12D PTC or FTC hyperplasia TX/KI
N-RAS Q61K PTCor FTC PTC/FTC TX
Raplb G12v ND hyperplasia KI-1
PAX8-PPARG  Fusiongene FTC hyperplasia X
PTEN Knockout FTC or PTC FTC (likely strain dependent) Eg
Prkarla Knockout FTCor PTC FTC Het

KO
THRBPV/PV PV (fs443) RTH (het)*** FTC K1 (homo)
PIK3CA H1047R FTC (?) Minimal hyperplasia KI-1
SV40 T-ag Viral gene - ATC X

*
References for each of the models can be found in the text

Fk

Page 24

TX: Transgenic, KI: Knock-in, KI-I: Inducible Knock-in, TX-1: Inducible transgenic, Het: Conventional heterozygote, KO: Knockout (tissue-

specific)

Fokk

RTH: Resistance to thyroid hormone.

Note that patients are heterozygous for the mutation. The phenotype is observed in homozygous mice
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Multi-hit models for NMTC in the mouse™

Gene 1 Gene 2

Phenotype

PPFP TX™™  PtenKO

K-RasG12D K| Pten KO

Prkarla KO Pten KO

Metastatic FTC

Metastatic FTC
Metastatic FTC

THRBPV/PV K-Ras KI

RET-PTC1TX Tp53 KO
RET-PTC3TX Tp53 KO
BRAFV600E TX  Tp53 KO

Pten KO Tp53 KO

BRAFVEUE TX  PIK3CAHI4TR K[|

ATC
ATC
ATC
ATC
ATC
ATC

*
References for each of the models can be found in the text

Fk

Abbreviations as in Table 1
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Mouse Models for MTC”

Gene Mutation Alleles
RET (MEN2A) C643R ™™
RET (MEN2B) M918T X

Kl
Rb KO Het
Cdkn2c (p18) KO Homo
Cdknlb (p27) KO Homo
CDK5R1 p25-GFP fusion protein ~ TX-I

*
References for each of the models can be found in the text

Fk

Abbreviations as in Table 1

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 February 05.

Table 3

Page 26



