
 

 

Introduction 
 
Thyroid cancer arisen from the follicular epithe-
lium consists mainly of differentiated thyroid 
carcinoma (DTC) and anaplastic thyroid cancer 
(ATC). Papillary thyroid carcinoma is the most 
frequent subtype of DTC (~80%); follicular thy-
roid carcinoma (FTC) is less common (~15%). 
Most patients with DTC have an excellent prog-
nosis after standard treatment including sur-
gery, adjuvant radioiodine, and L-thyroxine sup-
pression therapy. But recurrent disease occurs 
in 10-15% patients with treatment, half of these 
patients became nonresponsive to radioiodine 
therapy and tumor cells display a poorly differ-
entiated phenotype. Currently, no effective ther-
apy is available for this subgroup of patients, 
and so their survival rate is poor [1-3]. Although 
distant metastases are rare at the time of diag-
nosis of DTC, follicular thyroid carcinoma metas-
tasizes via the vascular system to distant or-
gans and often has a poor prognosis with a high 
recurrence rate [4, 5]. Though thyroid cancer 
patients have better 10-year survival rates than 
patients with other cancers owing to effective 
surgery and radiation therapy against localized 
differentiated carcinomas, the choices of suc-
cessful treatments are limited for dedifferenti-

ated, invasive, or metastatic thyroid cancers [6]. 
For these advanced carcinomas, new therapeu-
tics and treatment modalities are needed.  
 
Small molecule inhibitors against the critical 
mediators in the proliferation signaling path-
ways such as RAS and extracellular signal-
regulated kinases (ERK) have been extensively 
explored. These inhibitors are usually evaluated 
in ectopic implanted thyroid tumors in mice (i.e., 
xenograft models) before being tested in clinical 
trials. Testing therapeutic targets using xeno-
graft models is relatively easy and usually not 
overly time-consuming. Accumulating evidence, 
however, suggests that results with these xeno-
graft models often are not concordant with the 
outcome of clinical trials in patients with ad-
vanced metastatic tumors. 
 
Genetically engineered mouse models are cre-
ated through genetic manipulation to reflect 
changes in human tumorigenic processes. Al-
though creating a mouse model is labor-
intensive, time-consuming, and costly, it offers 
the advantages of providing an immunocompe-
tent host and a bona fide microenvironment 
with stroma and vasculatures in which tumors 
can develop. Consequently, genetically engi-
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neered models are being used more and more 
to test the efficacy of experimental drugs. An 
excellent correlation between the efficacy of 
drugs used in mouse models and in clinical tri-
als was shown retrospectively for progression-
free survival and overall survival of patients with 
non-small cell lung cancer and pancreatic duc-
tal adenocarcinoma [7].  
 
Genetically engineered mouse models, how-
ever, have not been commonly used as clinically 
predictive tools to evaluate the efficacy of thera-
peutics to treat metastatic diseases. One rea-
son is that most mouse models generally show 
a low incidence of distant metastasis or they 
require a long latency for metastasis to occur, 
thus making it difficult to monitor the cancer 
progression in vivo. Despite such daunting is-
sues, promising advances are being made with 
the use of mouse models of FTC.  
 
Mouse models derived from alterations in thy-
roid hormone receptor genes 
 
Thyroid hormone receptors (TRs) are members 
of the nuclear receptor superfamily that are 
encoded by the THRA and THRB genes. Alterna-
tive splicing of the primary transcripts generates 
several thyroid hormone (T3) binding TR iso-
forms, including TRα1 and TRβ1. Mutations of 
the THRB gene are associated with thyroid, pi-
tuitary, liver, and kidney cancers [8-12]. Re-
duced expression of THRB mRNA or promoter 
hypermethylation of the THRB gene has also 
been implicated in the carcinogenesis of human 
papillary thyroid carcinoma, kidney cancer, and 
breast cancer [12-17]. Moreover, retroviral v-
erbA is a highly mutated chicken TRα1 with no 
T3 binding activity, and has lost the ability to 
activate gene transcription. It interferes with the 
transcriptional activity of liganded TRs [18, 19] 
and induces acute erythroleukemia and sarco-
mas in birds [20-22]. Both TRα1 and TRβ1 
strongly repress Hrasval12-induced transforma-
tion of NIH3T3 fibroblasts and reduce tumor 
growth of hepatocarcinoma and breast cancer 
cells [23-25]. To understand the role of TRβ 
mutations in cancer, mouse models harboring 
mutated thyroid hormone β receptor have been 
used to understand the molecular basis of FTC. 
 
The ThrbPV/PV mouse 
 
The ThrbPV/PV knockin mouse, created by target-
ing the PV mutation to the Thrb gene locus, was 

initially created to study an inheritable disease 
with reduced tissue sensitivity to thyroid hor-
mone known as resistance to thyroid hormone 
(RTH) [26]. The PV mutation was identified in an 
RTH patient with a frameshift mutation in the C-
terminal 14 amino acids of TRβ, resulting in a 
complete loss of T3 binding and transcriptional 
capacity [27]. This ThrbPV/PV mouse faithfully 
recapitulates human RTH with the dysregulation 
of the hypothalamus-pituitary-thyroid axis, lead-
ing to elevated serum thyroid hormone accom-
panied by nonsuppressible high serum thyroid-
stimulating hormone (TSH) [26]. As ThrbPV/PV 
mice age, they spontaneously develop FTC re-
sembling the pathological progression of human 
thyroid cancer. Pathological changes progress 
from hyperplasia, capsular invasion, vascular 
invasion, and anaplasia to eventual distal me-
tastasis (examples shown in Figure 1A, panels 
a, b, and c). Metastasis occurs mainly in the 
lung and occasionally in the endocardium, but 
not in the local lymph nodes [28]. The findings 
that ThrbPV/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 treat-
ment and diagnosis. Consistent with human 
thyroid cancer, aberrant activation of cyclin D1, 
β-catenin, the phosphatidylinositol 3-kinase 
(PI3K), protein kinase B (AKT), pituitary tumor 
transforming gene, and Src-focal adhesion 
kinase were shown to promote thyroid carcino-
genesis of ThrbPV/PV mice [29-33]. 
 
The findings that the PI3K-AKT signaling path-
way is aberrantly activated in thyroid carcino-
genesis of the ThrbPV/PV mouse suggests that 
this knockin mutant mouse can be used as a 
preclinical mouse model to test the efficacy of 
novel molecular targets uncovered in this path-
way. To test this hypothesis, Furuya et al. 
treated ThrbPV/PV mice with LY294002 (LY), a 
potent inhibitor of PI3K, and monitored its ef-
fects on the spontaneous development of thy-
roid cancer in ThrbPV/PV mice [30]. LY treatment 
inhibits the phosphorylation cascade of PI3K-
AKT-mammalian target of rapamycin (mTOR)-
p70S6K signaling. Such treatment reduces tumor 
growth by inhibiting tumor cell proliferation 
(compare panels a and b, Figure 1A) and in-
duces apoptosis (panel d, Figure 1A). Remarka-
bly, in addition to a marked decrease in the oc-
currence of vascular invasion in the thyroid of 
LY-treated mice (Figure 1B), no metastasis is 
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Figure 1. (A). LY treatment delays pathological progression and blocks of metastasis in ThrbPV/PV mice. Representative 
H&E stained sections from thyroid of treated (b, d, f) or untreated (a, c, and e) mice for 150 days (7-month-old) are 
shown. Arrows show vascular invasion in an untreated mouse (c), and apoptosis and cell death in hyperplastic thyroid 
of a ThrbPV/PV mouse in response to LY treatment (d). Panel e shows metastatic thyroid carcinoma lesions in the lung 
(arrow). No metastases were detected in ThrbPV/PV mice treated with LY (panel f). (B). Reduced occurrence of vascular 
invasion and metastasis in mice treated with LY. Sections of thyroids and lungs from moribund ThrbPV/PV mice treated 
with vehicle (n=23) or LY (n=24) were stained with H&E and analyzed for pathological progression of vascular inva-
sion and metastasis in lung. “*” denotes that the p values cannot be determined as no lung metastases were de-
tected in LY-treated mice [30]. 
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evident in the lung of LY-treated ThrbPV/PV mice 
(Figure 1A, panel f; Figure 1B) whereas the lung 
metastasis is apparent in vehicle-treated con-
trols (Figure 1A, panel e; Figure 1B). Thus, by 
inhibiting tumor growth and blocking tumor in-
vasion and metastasis, the survival of LY-
treated mice is significantly prolonged. These 
findings indicate that PI3K is a potential mo-
lecular target in FTC. Though its toxicity profile 
has precluded the use of LY in clinical trails, the 
present preclinical data suggest that other mini-
mally toxic inhibitors of PI3K could be consid-
ered as treatment strategies for thyroid cancer.  
 
The ThrbPV/PV mouse is also valuable in preclini-
cal testing of novel genes uncovered in thyroid 
carcinogenesis. Gene expression profiling of 
thyroid tumors in ThrbPV/PV mice has identified 
the repression of the peroxisome proliferator-
activated receptor γ (PPARγ)-signaling pathway 
as one of the altered pathways that contribute 
to thyroid carcinogenesis [34]. PPARγ is also a 
member of the nuclear hormone receptor super-
family and plays an important role in adipogene-
sis, cell cycle control, apoptosis, and carcino-
genesis [35]. Its involvement in follicular thyroid 
carcinoma was demonstrated by the identifica-
tion of a chromosomal rearrangement t(2;3)
(q13;p25), yielding paired box gene 8 (PAX8)-
PPARγ fusion gene in human follicular carcino-
mas [36-38]. When fused to PAX8, PPARγ not 
only loses its ability to stimulate thiazolidin-
edione-induced transcription, but also acts to 
inhibit PPARγ transcriptional activity [36, 37], 
raising the possibility that PPARγ could act as a 
tumor suppressor in thyroid carcinoma. Consis-
tent with this notion, the expression of the 
Pparγ gene is inhibited and transcription activity 
of PPARγ is repressed in thyroid carcinogenesis 
of ThrbPV/PV mice [39]. These observations raise 
the possibility that PPARγ could be tested as a 
therapeutic target. Indeed, treatment of ThrbPV/

PV mice with a PPARγ agonist, rosiglitazone, de-
layed the progression of thyroid carcinogenesis 
by decreasing tumor growth (Figure 2A) and 

activation of apoptosis (Figure 2B, panels b and 
d). Moreover, the lung metastasis is blocked 

Figure 2. Rosiglitazone treatment delays thyroid cancer progression and blocks metastasis of ThrbPV/PV mice. (A). 
Rosiglitazone treatment decreases tumor growth (open bar) as compared with untreated mice (closed bar). (B). 
Rosiglitazone treatment induces apoptosis of tumor cells. Representative H&E stained sections of thyroid of treated 
(panels b and d) or untreated (panels a and c) ThrbPV/PV mice are shown. The hyperplastic thyroids in untreated mice 
show extensive hyperplasia of follicular epithelia, shown at low (panel a) and high (panel c) magnification. Similar 
fields from mice treated with rosiglitazone show epithelial cellular damage, including cell and nuclear swelling 
(arrowhead, panel d) and nuclear chromatin condensation typical of apoptotic cell death (arrows, panel d). (Mags: 
panels a, b = ×75; panels c, d= ×300). (C). Rosiglitazone treatment decreases occurrence of capsular invasion, vas-
cular invasion, and metastasis in ThrbPV/PV mice. “*” denotes that p values could not be calculated since no metasta-
sis was observed in drug-treated mice [39]. 
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(Figure 2C) [39]. That activation of PPARγ delays 
thyroid cancer progression is further supported 
by a recent study in another mouse model in 
which the Pax8-Pparγ (PPFP) gene was targeted 
to the thyroid deficient in PTEN (phosphatase 
and tensin homologue deleted from chromo-
some 10). Treatment of this mouse with an-
other PPARγ ligand, pioglitazone, decreased 
thyroid growth and prevented metastatic dis-
ease [40]. 
 
The pituitary tumor transforming gene 1 (Pttg1) 
was found to be highly elevated in the thyroid 
tumors of ThrbPV/PV mice. Further studies have 
indicated that the over-expressed PTTG1 not 
only inhibits mitotic progression and causes 
chromosomal aberrations, but also promotes 
angiogenesis in thyroid carcinogenesis [41]. In 
the thyroid tumors of ThrbPV/PV mice, sustained 
β-catenin signaling was also observed to pro-
mote thyroid cancer progression [29]. These 
findings suggest that PTTG1 and β-catenin 
could be tested as potential molecular targets 
in thyroid cancer. 
 
The ThrbPV/- mouse 
 
The ThrbPV/- mouse was generated by cross-
breeding heterozygous ThrbPV/+ mice with Thrb 
knockout mice [42]. Remarkably, in contrast to 
ThrbPV/+ mice, ThrbPV/- mice spontaneously de-
velop FTC [43]. The pathological progression in 
the thyroids of ThrbPV/- mice is indistinguishable 
from that in ThrbPV/PV mice. These findings indi-
cate that one mutated Thrb allele in the ab-
sence of the other wild-type allele is sufficient to 
induce spontaneous thyroid carcinoma. Thyroid 
carcinoma occurs either when both Thrb alleles 
are mutated or when one allele is mutated and 
there is ablation of the other wild-type allele. 
Importantly, there are similarities in the altered 
expression patterns of key regulators in signal-
ing pathways such as the repression of the tu-
mor suppressor Pparγ and the activation of the 
cyclin D1 gene in the thyroids of ThrbPV/- and 
ThrbPV/PV mice [43]. Thus, this ThrbPV/- mouse 
model has provided direct in vivo evidence to 
indicate that the Thrb gene can function as a 
tumor suppressor and raises the possibility that 
the Thrb gene could serve as a novel therapeu-
tic target in thyroid cancer.  
 
The TR-double knockout (Thra1-/-Thrb-/-) mouse 
 
Prompted by the observations that the expres-

sion of TRs is frequently silenced in tumors [12-
17], Zhu et al. used Thra1-/- Thrb-/- mice [42, 44] 
to delineate whether total loss of all functional 
TRs could lead to thyroid cancer. These mice 
spontaneously develop FTC with pathological 
progression from hyperplasia to capsular inva-
sion, vascular invasion, anaplasia, and metasta-
sis, similar to human thyroid cancer [45]. Con-
sistent with human FTC, aberrant activation of 
AKT and activation of vascular growth factor 
and its receptors were observed to drive tumor 
progression. The over-expression of known tu-
mor promoters such as Pttg1 gene and the sup-
pression of tumor suppressors such as the 
PPARγ and p53 also were detected in thyroid 
tumors of Thra1-/-Thrb-/- mice. These findings 
provided direct in vivo evidence to show that 
functional loss of both Thra1 and Thrb genes 
promotes thyroid tumor development and me-
tastasis [45].  
 
The observations that ThrbPV/PV and Thra1-/-Thrb-

/- mice both spontaneously develop FTC indicate 
that loss of normal TR functions via a mutation 
of TRβ as in ThrbPV/PV mice and via deletion of 
the TR genes as in Thra1-/-Thrb-/- mice contrib-
ute to thyroid carcinogenesis. These findings 
further support the notion that TR functions as a 
tumor suppressor in thyroid cancer. However, 
the ThrbPV/PV and Thra1-/-Thrb-/- mice exhibit 
similarly elevated serum levels of TSH and thy-
roid hormones [46], but intriguingly the Thra1-/-

Thrb-/- mouse develops FTC with a slower pro-
gression and a less aggressive malignant phe-
notype [28, 45]. These observations suggested 
that in addition to the loss of the normal tumor 
suppressor functions of wild-type TRβ, PV could 
acquire additional oncogenic activity via gain-of-
function through mutation. Indeed, analysis of 
the cDNA microarray data derived from micro-
dissected thyroid tumor cells of these two mice 
showed contrasting global gene expression pro-
files [47]. Among the 241 genes identified with 
altered gene expression, nearly half of those in 
the thyroid tumor cells of ThrbPV/PV mice were 
associated with tumorigenesis and metastasis. 
Some of these genes function as oncogenes in 
human thyroid cancers. The remaining genes 
were found to function in transcriptional regula-
tion, RNA processing, cell proliferation, apop-
tosis, angiogenesis, and cytoskeleton modifica-
tion [47]. These results indicate that the more 
aggressive thyroid tumor progression in ThrbPV/

PV mice is not due simply to the loss of tumor 
suppressor functions of TR via mutation but 
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also, importantly, to gain-of-function in the onco-
genic activities of PV to drive thyroid carcino-
genesis. Testing molecular targets in both mice 
will reveal new mechanist insights into how the 
molecular targets act via loss of TR functions or 
via gain-of-function of a mutated TRβ.  
 
Mouse models derived from multiple genetic 
alterations 
 
Metastasis is a complex process that requires 
the collaboration of many key players to coordi-
nate the invasion and migration of tumor cells 
to the distant sites [48]. Deregulation of many 
molecular pathways of tumor cells initiated by 
multiple genetic alterations is responsible for 
the transformation of a single normal cell into 
life-threatening malignant tumor cells [49, 50].  
 
Aberrant activation of the PI3K-AKT pathway is 
frequent in follicular and anaplastic thyroid can-
cers and promotes the progression from benign 
adenomas to cancer cells [51, 52]. PTEN func-
tions as a tumor suppressor by opposing the 
PI3K-AKT signaling pathway [53]. Many studies 
using either primary tumor tissues or estab-
lished tumor cell lines have revealed high fre-
quencies of PTEN somatic mutations or deletion 
in various human tumors, including thyroid tu-
mors [54], making PTEN the second most fre-
quently mutated human tumor suppressor 
gene, after the TP53 gene. Accordingly, the im-
pact of the lack of PTEN in thyroid carcinogene-
sis has been explored in mice harboring onco-
genes shown to be involved in cancer develop-
ment. 
 
The ThrbPV/PVPten+/- mouse 
 
ThrbPV/PV mice were crossed with Pten haplodefi-
cient mice to elucidate the role of overactivated 
PI3K signaling in thyroid carcinogenesis. PTEN 
deficiency accelerated the progression of the 
thyroid tumor and increased the occurrence of 
metastatic spread to the lung, thereby signifi-
cantly reducing their survival as compared with 
ThrbPV/PV mice [55]. Molecular studies have indi-
cated that the loss of the negative regulation of 
PI3K leads to additional activation of AKT and 
its downstream mTOR-p70S6K signalling and 
decreases activity of the forkhead family mem-
ber FOXO3a. Consistently, cyclin D1 expression 
is also increased. Apoptosis is decreased as 
indicated by the increased expression of NF-κB 
and decreased caspase-3 activity in the thyroids 

of ThrbPV/PVPten+/- mice. These findings indicate 
that the Pten gene acts as a tumor suppressor 
in the thyroid carcinogenesis of ThrbPV/PV mice. 
 
The aggressive cancer progression has made 
this ThrbPV/PVPten+/- mouse an attractive pre-
clinical model for more efficient testing molecu-
lar targets in the PI3K-AKT signalling pathways. 
A specific mTORC1 inhibitor-RAD001 was used 
to examine the efficacy of mTOR inhibition 
against thyroid carcinoma in ThrbPV/PVPten+/- 
mice. RAD001 effectively decreased cell prolif-
eration as shown by Ki-67 staining (Figure 3A) 
in which the staining intensities were ~50% 
lower in treated thyroid than in control. The de-
creased proliferation markedly slows thyroid 
tumor growth, thereby prolonging survival 
(Figure 3B) [55]. However, inhibition of mTOR 
activity did not prevent capsular and vascular 
invasion of the thyroid or reduce the occurrence 
of lung metastasis. These data demonstrate 
that treatment against mTOR signaling can ef-
fectively arrest cancer growth [56]. This mouse 

Figure 3. RAD001 treatment inhibits thyroid tumor 
cell proliferation of ThrbPV/PVPten+/- mice. (A). Repre-
sentative microphotographs of Ki-67 immunohisto-
chemistry on thyroid sections of placebo (control; 
panel a) and RAD001-treated ThrbPV/PVPten+/- mice 
(panel b). (B). Thyroid cell proliferative index, deter-
mined by Ki-67 immunohistochemistry in the control 
and treated groups, shows a significant reduction in 
the percentage of proliferating cells in the thyroids of 
RAD001-treated ThrbPV/PVPten+/- mice (open bar) as 
compared with placebo-treated ThrbPV/PVPten+/- mice 
(closed bar) [56].  
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model can be further used to test other effec-
tors in the PI3K-AKT-mTOR signaling pathway as 
molecular targets in treatment.  
 
The mouse with targeted KrasG12DPten-/- in the 
thyroid 
 
This mouse was generated to understand 
whether PI3K cooperates with Kras mutations 
to promote thyroid cancer progression [57]. The 
KrasG12D mutant gene was targeted to the thy-
roid via a thyroid peroxidase (TPO)-Cre recombi-
nase (Cre) -mediated mechanism, but constitu-
tive expression of the KrasG12D mutant in the 
thyroid did not lead to morphological and func-
tional alterations of the thyroid gland. Mice with 
deletion of both alleles of the Pten gene to-
gether with the KrasG12D mutant in the thyroid 
(i.e., double mutant mice) were then generated 
to explore the collaborative role of PI3K-AKT 
signaling with constitutive activation of the 
KrasG12D mutant. Although mice with only tar-
geted deletion of both alleles of the Pten gene 
in the thyroid exhibited no thyroid carcinoma, all 
double mutant mice rapidly developed FTC with 
only 50% of the mice still alive at 7 weeks of 
age. No survival of double mutant mice was 
observed beyond 5 months of age [57]. These 
observations suggest that a collaboration of the 
activated Kras- and PI3K-AKT signaling path-
ways is required to drive thyroid carcinogenesis.  
 
To dissect how each pathway contributes to 
thyroid carcinogenesis, cultured cells were gen-
erated from the thyroids of double mutant mice, 
and the effects on tumor cell growth by LY, the 
inhibitor of PI3K, and by PD98059, the inhibitor 
of MAPK/extracellular signal-regulated kinase 
kinase 1 (MEK), were evaluated. LY was much 
more effective than PD98059 in inhibiting tu-
mor cell growth. Prolonged treatment of cells 
with LY led to the inhibition of ERK phosphoryla-
tion to the same extent as did direct MEK inhibi-
tion and induction of cell senescence. Com-
bined inhibition of PI3K and MAPK completely 
stopped the growth of cultured cancer cells. The 
effect of LY was further tested in vivo with the 
double mutant mice. LY treatment prolonged 
the survival of those mice, suggesting that con-
tinuous PI3K signaling is necessary to facilitate 
the transforming activity of oncogenic Kras mu-
tations. 
 
These preclinical findings provided additional 
support that PI3K inhibitors are effective agents 

to treat FTC. Moreover, these results suggest 
dual targeting of the PI3K and Kras pathways 
could be beneficial and that this mouse model 
would be well suited for testing the efficacy of 
dual targeting for thyroid cancer while newer 
generations of PI3K and Ras are continuously 
being developed [58-60]. 
 
The mouse with targeted PPFP and Pten-/- in the 
thyroid 
 
A chromosomal translocation leading to the 
fusion of PAX8 with PPARγ gene (PAX8-PPARγ 
gene; PPFP) [37] was detected in 35% of FTCs 
and occasionally in thyroid adenomas [61-63]. 
To elucidate the role of PPFP in the oncogenesis 
of FTC, PPFP was targeted to the thyroid via a 
Cre-dependent expression system. The expres-
sion of PPFP alone did not result in thyroid carci-
noma, but when combined with homozygous 
deletion of the Pten gene, the double mutant 
mice (PPFP;Pten-/-;Cre mice) developed metas-
tatic thyroid cancer [40]. With the use of ThrbPV/

PV mice, it has been shown that PPARγ acts as a 
tumor suppressor [39]. The PPFP;Pten-/-;Cre 
mice provided another model to reinforce this 
notion. Indeed, treatment of PPFP;Pten-/-;Cre 
mice with a PPARγ ligand, pioglitazone, led to a 
7-fold reduction of thyroid growth and preven-
tion of metastatic lung tumor [39]. Interestingly, 
pioglitazone treatment induced proadipogenic 
responses by up-regulation of adipocyte PPARγ 
target genes and lipid accumulation in thyroids. 
These data indicate that PPARγ agonists will 
likely be effective against carcinomas with the 
expression of the translocated PPARγ gene. 
Several PPARγ ligands are being used to treat 
patients with type II diabetes mellitus. Thus, the 
availability of the PPFP;Pten-/-;Cre mouse will 
facilitate the testing of PPARγ ligands as thera-
peutics in thyroid cancers, particularly in those 
harboring PPFP. 
 
Perspectives in modeling follicular thyroid can-
cer 
 
The mouse models of FTC have significantly 
advanced our understanding of the molecular 
genetics of thyroid cancer. With these models, 
the altered signaling pathways reported for hu-
man thyroid cancer not only have been vali-
dated, but also have led to a better understand-
ing of the mechanisms by which the key effec-
tors in the altered signaling act to affect thyroid 
cancer development and progression. These 
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models also serve to address long-standing 
challenging issues. One of which is the role of 
TSH in thyroid cancer. Although several epidemi-
ological studies have reported that a high level 
of TSH is a risk factor for thyroid cancer [64, 
65], other studies have argued against its role 
as an initiator of thyroid cancer [66, 67]. The 
elevated TSH in ThrbPV/PV mice has provided an 
opportunity to address the role of TSH in thyroid 
cancer. Indeed, by blocking the action of TSH in 
the progeny of crosses of ThrbPV/PV mice with 
TSH receptor (Tshr) knockout (ThrbPV/PVTshr-/- 
mice), it was shown that TSH is required, but 
alone is not sufficient, to induce thyroid cancer. 
Additional oncogenic changes are needed to 
propel the TSH-stimulated hyperplastic cells to 
undergo transformation to cancer cells [68]. 
Still, the question of what threshold concentra-
tion of TSH in the presence of oncogenic muta-
tions poses a risk for thyroid cancer remains 
unanswered. Heterozygous ThrbPV/+ mice [26] 
as well as homozygous Thrb-/- knockout mice 
[42] could be useful in clarifying this issue. 
These mutant mice displayed 2- to 3-fold higher 
TSH levels due to the resistance to thyroid hor-
mone [26, 42]. Known oncogenic mutations in 
thyro id  cancer ,  such as  PIK3CA 
(phosphoinositide-3-kinase, catalytic, alpha 
polypeptide), CTNNB1, RAS, and TP53, could be 
targeted to the thyroids of these mice to ascer-
tain the effects on thyroid carcinogenesis of 
relatively low elevations in TSH levels (2- to 3-
fold elevation). Such studies could provide new 
insights into how chronic long-term stimulation 
by marginally elevated TSH, such as in patients 
in regions with dietary iodide deficiency, affects 
thyroid carcinogenesis. 
 
Human thyroid cancer frequently results from 
somatic mutations such as RAS, PIK3CA, and 
PTEN [54, 69, 70]. To model thyroid cancer due 
to somatic mutations, an inducible system 
would be a better approach in that mouse mod-
els with germ line mutations of the genes of 
interest could affect the development of thyroid 
gland and thereby not faithfully reflecting the 
somatic mutation-induced carcinogenesis of the 
adult thyroid. This issue is exemplified by a 
mouse model of papillary thyroid carcinoma in 
which the BRafV600E mutation was targeted to 
thyroid of mice with thyrocyte-specific expres-
sion of a conditional Cre (CreERT2) under the 
control of the thyroglobulin promoter 
(Thyro::CreERT2) [71]. Adult-onset and thyroid-
specific expression of BRafV600E gene led to in-

creased thyroid size and alterations in thyroid 
architecture. After 1 year, all mice developed 
papillary thyroid carcinoma with nuclear atypia 
and expression of markers characteristic of the 
human disease [71]. A similar approach could 
be used to model inducible adult-onset somatic 
mutations of the relevant genes of interest and 
to understand the kinetics of induction and la-
tency for full phenotypic manifestation of FTC. 
During carcinogenesis, the sequential changes 
in genetic profiles can be continuously moni-
tored and identified such that cause and effect 
relationships can be easily established. In addi-
tion, such inducible system also provides the 
opportunity to evaluate the most optimal timing 
for treatment and prevention.  
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