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TSH is the major stimulator of thyrocyte proliferation, but its role in thyroid carcinogenesis remains
unclear. To address this question, we used a mouse model of follicular thyroid carcinoma (FTC)
(TR�PV/PV mice). These mice, harboring a dominantly negative mutation (PV) of the thyroid hor-
mone-� receptor (TR�), exhibit increased serum thyroid hormone and elevated TSH. To eliminate
TSH growth-stimulating effect, TR�PV/PV mice were crossed with TSH receptor gene knockout
(TSHR�/�) mice. Wild-type siblings of TR�PV/PV mice were treated with an antithyroid agent, pro-
pylthiouracil, to elevate serum TSH for evaluating long-term TSH effect (WT-PTU mice). Thyroids
from TR�PV/PVTSHR�/� showed impaired growth with no occurrence of FTC. Both WT-PTU and
TR�PV/PV mice displayed enlarged thyroids, but only TR�PV/PV mice developed metastatic FTC. Mo-
lecular analyses indicate that PV acted, via multiple mechanisms, to activate the integrins-Src-focal
adhesion kinase-p38 MAPK pathway and affect cytoskeletal restructuring to increase tumor cell
migration and invasion. Thus, growth stimulated by TSH is a prerequisite but not sufficient for
metastatic cancer to occur. Additional genetic alterations (such as PV), destined to alter focal
adhesion and migration capacities, are required to empower hyperplastic follicular cells to invade
and metastasize. These in vivo findings provide new insights in understanding carcinogenesis of
the human thyroid. (Endocrinology 151: 1929–1939, 2010)

TSH exerts its action through the binding of its trans-
membrane receptor,TSHR, to regulate thegrowthand

function of thyroid follicular cells. TSHR null-mice
(TSHR�/�) exhibit impaired thyroid growth and congen-
ital hypothyroidism that requires an exogenous thyroid
hormone supply to maintain the animal’s viability (1).
Whereas the importance of TSH in follicular proliferation
and the function of the adult thyroid gland is certain, less
clear is its role in thyroid carcinogenesis. Some studies
implied that TSH could act to initiate thyroid carcinogen-
esis (2), whereas other reports disputed this possibility (3).
We therefore decided to study the role of TSH in thyroid
carcinogenesis in vivo using a mouse model of follicular
thyroid cancer (TR�PV/PV mice). This mouse model has

unique characteristics that make it well suited for use in
understanding the role of TSH in cancer development. The
TR�PV/PV mouse harbors a knock-in dominantly negative
mutation of the thyroid hormone � receptor (TR�) gene,
denoted as PV. The PV mutation was identified in a patient
with thyroid hormone resistance syndrome (RTH) (4).
The cardinal features of RTH are elevated thyroid hor-
mone accompanied by nonsuppressible TSH (5). Thus, the
TR�PV/PV mouse faithfully reproduces human RTH by
exhibiting nonsuppressible highly elevated TSH (6).

As TR�PV/PV mice age, they spontaneously develop fol-
licular thyroid carcinoma (FTC) with pathological pro-
gression and metastasis patterns and frequency similar to
those of human FTC (7). Detailed molecular analyses
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show that altered expression of several genes and signaling
pathways during thyroid carcinogenesis of TR�PV/PV mice
are consistent with those reported for human FTC. For
example, similar to human FTC, the phosphatidylinositol
3-kinase (PI3K)-AKT pathway is activated in the thyroid
tumors of TR�PV/PV mice (8, 9). As in human FTC, the
expression of the pituitary tumor-transforming gene is ab-
errantly activated in TR�PV/PV mice (10), leading to an-
euploidy and other chromosomal abnormalities (11). Re-
cently consistent with the genetic abnormalities observed
in Cowden syndrome, we found that phosphatase and
tensin homolog deficiency exacerbates tumor progression
of TR�PV/PV mice (12). Thus, evidence accumulated so
far supports the TR�PV/PV mouse as a valid mouse
model of FTC.

That the TR�PV/PV mice exhibit highly elevated TSH
and spontaneous development of FTC has provided an
opportunity to clarify the role of TSH in thyroid carcino-
genesis. Our approach was to cross TR�PV/PV mice with
TSHR knockout mice (TSHR�/� mice) to eliminate the
effect of TSH-TSHR signaling during carcinogenesis. The
effect of TSH-TSHR signaling on thyroid growth and pos-
sible cancer development was evaluated using wild-type
mice (WT) rendered hypothyroid to elevate serum TSH
levels (WT-PTU). Using these mice with or without TSH-
TSHR signaling, we found that the thyroid of TR�PV/PV

mice deficient in TSHR (TR�PV/PVTSHR�/� mice) had no
development defect but exhibited impairment in growth.
WT-PTU had a 9.1-fold higher serum TSH level than did
TR�PV/PV mice, but the extent of thyroid pathology was
less than that of TR�PV/PV mice at the same age. Impor-
tantly, whereas the thyroid tumor cells of TR�PV/PV mice
exhibited distant metastasis, the hyperplastic follicular
cells of WT-PTU mice failed to metastasize to distant sites.
Thus, TSH-TSHR signaling stimulates the growth of the
thyroid. However, the growth signaling alone is not suf-
ficient to induce metastatic FTC. Additional genetic
changes destined to alter extracellular matrix, focal adhe-
sion, and subsequent signaling pathways are obligatory
for the development of metastatic FTC. In TR�PV/PV mice,
the TR� mutant, PV, via multiple mechanisms, activated
integrins, cSrc/focal adhesion kinase, cytoskeletal struc-
tures, and p38 MAPK signaling to increase cell motility,
migration capacities, and invasion. The present study
shows that in FTC, growth and metastasis are two related
but independent processes. The former is a prerequisite for
the latter to occur. However, without additional genetic
alterations to enable the latter to occur, there would be no
metastatic carcinoma. Thus, the present study shows that
TSH is necessary but not sufficient to cause metastatic
follicular thyroid carcinoma in this mouse model.

Materials and Methods

Animals
The animal protocols used in the present study were approved

by the National Cancer Institute Animal Care and Use Commit-
tee. TSHR knockout mice (TSHR�/� mice) were generously pro-
vided by Dr. Terry F. Davies (1). TR�PV/� (6) and TSHR�/� mice
were crossed to generate TR��/�TSHR�/� (WT mice), TR��/�

TSHR�/�, TR�PV/PVTSHR�/�(TR�PV/PV mice), and TR�PV/PV

TSHR�/� for analysis. The diet for TSHR�/� mice was Pico
Rodent Chow-20 supplemented with 100 ppm desiccated thy-
roid powder (T100) (Testdiet, Purina Mills, Gray Summit, MO),
given ad libitum to maintain thyroid hormone levels. To gen-
erate mice with a high TSH level, WT siblings of TR�PV/PV

mice were fed with an iodine-deficient diet supplemented with
0.15% propylthiouracil (PTU) (Harlan Teklab, Indianapolis,
IN) ad libitum starting at the age of 2 months.

Hormone assays
Serum levels of total T3 and total T4 were determined by using

a GammaCoat T4 or T3 assay RIA kit (DiaSorin, Stillwater, MN)
according to the manufacturer’s instructions. Serum TSH levels
were measured as previously described (6).

Histopathological analysis and
immunohistochemistry

Thyroid glands and lungs were dissected, fixed in 10% neu-
tral buffered formalin (Sigma-Aldrich, St. Louis, MO), and sub-
sequently embedded in paraffin. Five-micrometer-thick sections
were stained with hematoxylin and eosin (H & E) and analyzed.
Immunohistochemistry was performed as previously described
(6) with some modifications. For antigen retrieval step, slides
were heated in 0.05% citraconic anhydride solution (Sigma-
Aldrich) (pH 7.4) at 98 C for 45 min followed by treatment with
rabbit anti-Ki67 (1:50 dilution, NeoMarker; Thermo Scientific,
Swedesboro, NJ) at 4 C overnight. The antigen signals were
detected by treatment with peroxidase substrate diaminobenzi-
dine followed by counterstaining with Gill’s hematoxylin.

Western blot analysis and coimmunoprecipitation
Twenty to thirty micrograms of thyroid lysate prepared sim-

ilarly as described previously (13) were analyzed for protein
abundance by Western blot analysis. The antibodies for p-AKT
(1:500 dilution), total AKT (1:1000 dilution), p-p38 MAPK (1:
500 dilution), total p38 MAPK (1:1000 dilution), phosphory-
lated MAPK kinase (MKK)-3/6 (1:500 dilution), total MKK6
(1:500 dilution), phosphorylated activating transcription factor
2 (ATF2; 1:500 dilution), total ATF2 (1:500 dilution), �-actin
(1:1000 dilution), and glyceraldehyde-3-phosphate dehydroge-
nase (1:1000) were purchased from Cell Signaling Technology
(Danvers, MA). Antibodies for integrin �V, integrin �5, inte-
grin �3, integrin �1, cyclin D1, growth factor receptor binding
protein 2 (Grb2) (all at 1:200 dilution), TGF�1, and total focal
adhesion kinase (FAK; 1:250 dilution) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Ezrin antibody (1:
500 dilution) was purchased from Upstate Biotechnology (Lake
Placid, NY). Antibodies for pFAK-Y397, -Y407, and -Y576 (all
in 1:250 dilution) were from BioSource (Invitrogen, Carlsbad,
CA). For coimmunoprecipitation, 1.5 mg of thyroid lysates were
immunoprecipitated with 4 �g polyclonal anti-TR�-A/B domain
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antibody (Rockland Immunochemicals, Gilbertsville, PA),
mouse monoclonal anti-TR�PV antibody (no. 302), normal rab-
bit IgG, or mouse IgG. Bound proteins were analyzed by Western
blot using the specific antibodies denoted in the figures.

Quantitative RT-PCR
Total RNA (200 ng) of thyroids, prepared by using TRIzol

(Invitrogen) according to the manufacturer’s instructions, was
used for quantitative RT-PCR. The specific primers for detection
of various genes are shown in Supplemental Table 1 published on
The Endocrine Society’s Journals Online web site at http://
endo.endojournals.org.

Statistical analysis
All data are expressed as the mean � SEM. Statistical analysis

was performed with the Student’s t test, and P � 0.05 was con-
sidered significant by using StatView 5.0 (Abacus Concepts, Inc.,
San Diego, CA).

Results

Impaired thyroid growth in TR�PV/PV mice deficient
in TSH receptors

To block TSH action, TR�PV/PV mice were crossed with
TSHR�/� mice (1) and spontaneous thyroid carcinogen-

esis in the offspring was monitored. In the
presence of TSHR, serum TSH concentra-
tions in TR�PV/PVTSHR�/� mice (hereaf-
ter simply denoted as TR�PV/PV mice)
were 303-fold higher than in WT mice,
which are similar to values previously
reported (Fig. 1A) (6). In TR�PV/PV

TSHR�/� mice, serum TSH levels were
58% lower than that in TR�PV/PV mice.
No age-dependent changes in TSH levels
were observed up to 12 months of age.
Thyroid hormones supplemented in the
chow could maintain T3 and T4 levels in
TR��/�TSHR�/� mice such that they
were not significantly different from those
in WT mice (data not shown); the serum
TSH concentrations in TR��/�TSHR�/�

mice were 6.1-fold lower than those in
WT mice (Fig. 1A). Compared with WT
mice, the serum total T3 and T4 concentra-
tions of TR�PV/PVTSHR�/� mice were
only slightly elevated (1.4- and 2.9-fold,
respectively) but were 6.7- and 4.8-fold,
respectively, lower than those of TR�PV/PV

mice (data not shown).
Figure 1B compares thyroid weights

among WT, TR��/�TSHR�/�, TR�PV/PV

mice, and TR�PV/PVTSHR�/� mice by age.
The thyroid weight of TR�PV/PV mice was
9- and 62-fold increase as compared with

WT mice at age 4–7 and older than 7 months, respectively.
The effect of the loss of TSHR was evident as the thyroid
weight of TR��/�TSHR�/� and TR�PV/PVTSHR�/� mice
was less than half of that in WT mice at the two age groups
(Fig. 1B). Consistent with the reduced thyroid growth, his-
tological assessment indicates that compared with the WT
thyroid (Fig. 1Ca), smaller follicles were observed in the thy-
roid of TR��/� TSHR�/� mice (Fig. 1Cb) as well as in
TR�PV/PVTSHR�/� mice (Fig. 1Cc).

TSH is necessary, but not sufficient, to induce
metastatic follicular thyroid carcinoma

To understand the role of TSH in thyroid carcinogenesis,
we treated WT mice with PTU (WT-PTU), beginning at the
age of 2 months, for more than a year. This treatment
led to a remarkably elevated serum TSH concentration
(127,514.25 � 14,887 ng/ml, n � 31) that was 9.1-fold
higher than in TR�PV/PV mice (Fig. 2A). Figure 2B shows the
thyroidweightofTR�PV/PV micewas9-and62-fold increase
as compared with WT mice at age 4–7 and older than 7
months, respectively; the thyroid weight of WT-PTU was 4-
and 16-fold increased as compared with WT mice, respec-

FIG. 1. Comparison of serum TSH levels (A) (number of mice, N, as shown; age 5–12
months) and thyroid weight (B) among mice with genotypes indicated. Data are expressed
as mean values � SEM with P values shown. Sample sizes (N) for thyroid weight analysis (B)
in different groups are in the younger age group (4–7 months), n � 8, 17, 6, and 13 for
WT, TR��/�TSHR�/�, TR�PV/PVTSHR�/�, and TR�PV/PVTSHR�/� mice, respectively; in the
older age group (�7 months), n � 8, 26, 11, and 9 for above-mentioned four groups,
respectively. C, H & E-stained thyroids from WT (a), TR��/�TSHR�/� (b), or TR�PV/PVTSHR�/�

mice (c) (aged 6–8 months).
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tively.Thus, the thyroidweightofWT-PTUwas4-fold lower
than that of TR�PV/PV mice at 4–7 months and 7-fold lower
in mice older than 7 months despite a higher TSH level in
WT-PTUmice than inTR�PV/PV mice (Fig.2A).Theseresults
indicate that inTR�PV/PV mice, thegrowthof the thyroidwas
not only stimulated by the TSH/TSHR signaling but also by
additional PV-mediated stimulatory effects. These results
suggested that PV, collaborating with TSH/TSHR signaling,
further promotes thyrocyte proliferation.

That thyrocytes of TR�PV/PV mice had
increased proliferation as compared with
those of WT-PTU mice was evident by
Ki67 nuclear staining (Fig. 2C). Analysis
of immunostained thyroids of WT, WT-
PTU, and TR�PV/PV mice revealed that
the majority of nuclei in thyroid epithelial
cells in TR�PV/PV mice labeled strongly
with anti-Ki67 antibodies (red arrows; Fig.
2C, c and c�), indicating that they were ac-
tively in the cell cycle. In contrast, thyroids
from WT-PTU mice showed that only a
subset (�50%) of epithelial cells were in
the cell cycle (Fig. 2C, b and b�), whereas
the WT untreated animals showed only a
very small fraction (5%) of thyroid epithe-
lial cells actively in the cell cycle. The
sections were viewed both routinely by
bright-field microscopy (Fig. 2C, a–c) and
phase-contrast microscopy (Fig. 2C, a�, b�,
and c�); phase contrast enhanced the detec-
tion of the peroxidase reaction product
(red arrows).

That PV had additional effects on thy-
rocytes of TR�PV/PV mice in addition to
TSH-mediated growth was made evident
by histopathological analysis. Figure
2Da shows that the number of hyperplas-
tic follicular cells of WT-PTU increased
but their nuclear size was only slightly
increased as compared with that of nor-
mal thyrocytes (see Fig. 1Ca). In contrast,
the nuclei of hyperplastic follicular cells
of TR�PV/PV mice showed an increase in
size with clearly more nuclear pleomor-
phism, characteristics more typical of
further neoplastic progression (Fig. 2Db)
and indicative of effects of PV beyond
proliferation mediated by TSH, as seen in
WT-PTU mice.

The pathological progression of thy-
roids in WT-PTU and TR�PV/PV mice was
monitored as the animals aged. Figure 2E
shows that in mice older than 11 months,

100, 70, 8, and 27% of TR�PV/PV mice developed capsular
invasion, vascular invasion, anaplasia, and lung metastasis,
respectively (an example is shown in Fig. 2Dd). In WT-PTU
mice, however, capsular invasion was observed at a lower
frequency (60%)but importantly without detectable vas-
cular invasion, anaplasia, and lung metastasis (Fig. 2E).
These results indicate that TSH is necessary for aberrant thy-
roid growth but not sufficient for metastatic FTC to occur.

FIG. 2. Comparison of serum TSH levels (A) (N as shown) and thyroid weight (B) among mice
with indicated genotypes. Data are expressed as mean values � SEM with P values indicated.
Sample sizes (N) in thyroid weight calculation (B) for different groups are in the younger age
group (4–7 months), n � 13, 5, and 7 for WT, WT-PTU, and TR�PV/PV mice, respectively; in
older age group (�7 months), n � 20, 31, and 11 for above-mentioned three groups,
respectively. C, The immunohistochemical analysis of Ki67 in thyroids from mice (aged 10–12
months) with indicated genotypes. To clearly display the unlabeled thyrocytes, phase-contrast
images (panels a�–c�) were presented here in parallel to bright-field images (a–c). The red
arrows indicate Ki67-labeled nuclei, whereas the green arrows show nonreactive nuclei in
thyroids. D, H & E-stained thyroid cells (a) and lung (c) of WT-PTU mice, thyroid cells (b), and
lung (d) of TR�PV/PV mice. E, Comparison of frequency occurrence of pathological features
between TR�PV/PV (n � 50) and WT-PTU mice (n � 25). #, Zero occurrence.
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PV collaborates with TSH/TSHR signaling to
stimulate thyroid growth via activation of
the AKT-mammalian target of rapamycin
(mTOR)-p70S6K pathway

The classical TSH-TSHR signaling to stimulate thyro-
cyte proliferation is via the protein kinase A (PKA)-phos-
phorylated cAMP response element-binding protein
(CREB)-cyclin D1 pathway (14). Indeed, we found a sim-
ilarly elevated cyclin D1 in the thyroid of TR�PV/PV mice
and WT-PTU mice, as compared with WT (Fig. 3Aa).
These results indicate that consistent with highly elevated
serum TSH levels in TR�PV/PV and WT-PTU mice, TSH-
TSHR-phosphorylated CREB-cyclin D1 signaling is one
of the proliferation pathways for thyrocyte proliferation
in these mice. However, the finding that thyroid growth in
TR�PV/PV mice was 4- to 7-fold higher than that of WT-
PTU mice (Fig. 2B), despite 9.1-fold higher serum TSH
levels in WT-PTU mice than TR�PV/PV mice suggests that
PV could act on additional pathways to drive thyroid
growth. We have shown previously that PV, via physical
interaction with the p85� subunit, activates the PI3K-
AKT-mTOR-p70S6K pathway to promote growth (8). The
finding that the PI3K-AKT-mTOR pathway is regulated

by TSH (15, 16) raised the possibility that the TSH- and
PV-induced growth-stimulatory signals could converge
on this pathway. Indeed, consistent with our previous
findings, AKT, mTOR, and p70S6K were activated as in-
dicated by increased phosphorylation (�3-fold; lanes 3
and 4, Fig. 3Ba, c, and e, respectively) as compared with
WT mice (lanes 1 and 2) without significantly alteration of
the totalAKT,mTOR,andp70S6K protein levels (Fig. 3Bb,
d,and f, respectively).ThephosphorylationofAKT,mTOR,
and p70S6K was increased in WT-PTU mice (lanes 5 and 6),
but the extent of the increase was lower than that in
TR�PV/PV mice (�2-fold; Fig. 3B). These results indicate that
TSH can stimulate thyroid growth, not only via the classical
pathway of PKA-CREB-cyclin D1 but also via the AKT-
mTOR-p70S6K pathway. Importantly, PV collaborates with
TSH-TSHR signaling to further potentiate the PI3K-AKT-
mTOR-p70S6K pathway to promote thyroid growth.

Activation of integrin-mediated signaling in the
thyroid of TR�PV/PV mice

That TR�PV/PV mice, but not WT-PTU mice, exhibited
metastatic FTC prompted us to examine key regulators in
adhesion, cell migration, and invasion. Several studies

FIG. 3. PV collaborates with TSH-TSHR signaling to stimulate thyroid growth via activating the PI3K-AKT-mTOR-p70S6K signaling pathway (A and B). C,
Protein abundance of integrins and fibronectin in WT, TR�PV/PV, and WT-PTU mice by Western blot analysis. In each assay, 30 �g of thyroid extracts from
every mouse genotype were used. Two representative results from four to six WT (lanes 1 and 2), TR�PV/PV (lanes 3 and 4), and WT-PTU (lanes 5 and 6)
mice are shown. D, Gene expression profiles of integrins (Itga5, Itgb1, Itgav, Itgb3) and fibronectin (Fn1) in WT, TR�PV/PV, and WT-PTU mice were
determined by real-time RT-PCR. Total RNA from five to six mouse thyroids per each group was prepared as described in Materials and Methods. Results
are presented as fold change to the mRNA level of WT mice. N.S., Not significant. E, Association of PV with integrins �5 and �1 was demonstrated by
coimmunoprecipitation. Lanes 1 and 5 are direct Western blot analysis showing the input of integrin �5 (a), and integrin �1 (b). F, The endogenous TR�1
or TR�PV protein after immunoprecipitation was detected by immunoblotting with mouse IgM anti-TR�1-A/B domain antibody (J53). NS, Nonspecific.
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have shown a close association of altered expression of
integrins with acquisition of invasiveness of thyroid can-
cer (17–20). Integrins are a large family of heterodimeric
transmembrane glycoproteins consisting of noncovalently
associated �- and �-subunits that regulate cell-cell inter-
action, migration, proliferation, and angiogenesis (21).
We therefore tested the possibility that PV could selec-
tively activate integrin signaling to promote metastasis.
We first focused on the integrins �v�3 and �5�1 previ-
ously shown to affect proliferation and invasiveness of
thyroid cells (19, 20). Figure 3C, lanes 3 and 4, shows that
the protein levels of �5 (Fig. 3Ca) and �1 (Fig. 3Cb) were
similarly increased in the thyroids of TR�PV/PV and WT-
PTU mice compared with those of WT mice, suggesting a
common response to the elevated TSH in TR�PV/PV and
WT-PTU mice. In contrast, lanes 3 and 4 show that �V
(Fig. 3Cc) and �3 (Fig. 3Cd) were selectively activated in
TR�PV/PV mice but not in WT-PTU mice. Determination
of the protein abundance of the common ligand of inte-
grins �V�3 and �5�1, fibronectin, shows that fibronectin
abundance was increased in TR�PV/PV and WT-PTU mice,
as compared with the WT mice (Fig. 3Ce). These results
suggested that PV could activate integrin-fibronectin sig-
naling pathways in TR�PV/PV mice. However, the majority
of the changes in the protein abundance of integrins and
fibronectin shown in Fig. 3C was not mediated via tran-
scriptional regulation. As shown in Fig. 3D, a 20–30%
reduction in the expression of integrin �5 (Fig. 3Da) and
fibronectin (Fig. 3De) mRNA in the thyroid of WT-PTU
was observed as compared with TR�PV/PV mice and WT-
mice, respectively. A small increase of �1 in WT-PTU was
observed (Fig. 3Db). However no significant alterations of
mRNA expression of other integrins were detected (Fig.
3Db and Dd).

The activity of integrins is modulated by interaction
with other membrane and/or cytoplasmic proteins. Be-
cause TR�PV/PV mice, but not WT-PTU mice, exhibit me-
tastasis, we further considered the possibility that PV
could physically interact with integrins to stimulate their
activity in addition to increase their protein abundance.
PV coimmunoprecipitated with integrin �5 when the anti-
A/BdomainofTR�1antibodywasusedbecausePVshares
identical A/B domain (Fig. 3Ea, lane 2). The association of
PV with integrin �5 was further confirmed by using an-
ticarboxyl terminal PV-mutated sequence antibody (lane
3, specific antibody against PV sequence). The detection of
integrin �5 in lanes 2 and 3 was specific because no signals
were detected when a control IgG antibody was used (lane
4). In contrast, when anti-A/B domain (lane 6) antibodies
were used in immunoprecipitation of thyroid extracts
from WT-PTU mice, no signal was observed. Lanes 1 and
5 were from direct Western blot analysis of thyroid ex-

tracts in the detection of integrin �5 as positive controls.
Similar coimmunoprecipitation experiments also showed
that PV was associated with integrin �1 (Fig. 3Eb, lanes 2
and 3), but no integrin �1 signals were detected in WT-
PTU mice (lane 6). However, we did not find an associa-
tion of PV with integrin �V or �3 or fibronectin (data not
shown). Figure 3F shows the endogenous PV in the thyroid
of TR�PV/PV mice (lanes 2 and 3) and TR�1 from WT-PTU
mice (lane 6). These results indicate that PV selectively
associated with integrins �5 and �1, and this physical in-
teraction could lead to the activation of integrin signaling
in TR�PV/PV mice.

Studies in the past decades indicated that cSrc proteins,
complexed with FAK affect cell adhesion, invasion, and
motility that contribute to tumor progression and metas-
tasis (22). They act to integrate signals initiated from in-
tegrin heterodimers and some growth factor receptors to
regulate a number of downstream signals to affect cell
migration and invasion (22, 23). We therefore determined
whether cSrc was activated by autophosphorylation at
Y416. Figure 4Aa shows that cSrc was activated in the
thyroid of TR�PV/PV mice (lanes 3 and 4) but not in WT-
PTU mice (lanes 5 and 6), as compared with WT mice
(lanes 1 and 2). However, the abundance of total cSrc
proteins was not significantly affected (Fig. 4Ab). Lanes 3
and 4 (Fig. 4Ac) show that FAK was also activated by
increased autophosphorylation at Y397 in the thyroid of
TR�PV/PV mice but not in WT-PTU mice, as compared
with WT mice (Fig. 4A, lanes 1 and 2). It is important to
point out that FAK is the substrate of cSrc and that p-Y397
is the high-affinity binding site for the SH2 domain of cSrc,
which, in turn, phosphorylates FAK on a number of ad-
ditional tyrosine sites. Indeed, consistent with the activa-
tion of cSrc, phosphorylation of Y576 and Y407 of FAK
was also detected (Fig. 4A, d and e, lanes 3 and 4,). The
activation of FAK by increased phosphorylation at Y576
and Y407 was reported to result in increasing cell angio-
genesis and motility, respectively (22). In addition to in-
tegrins, FAK is also activated by growth factors, such as
TGF�. FAK, once activated, serves as a binding site for the
Grb2 (22, 24). Figure 4Ag shows that Grb2 protein abun-
dance was markedly elevated (lanes 3 and 4) in TR�PV/PV,
as compared with WT (lanes 1 and 2) and WT-PTU (lanes
5 and 6) mice. However, this elevated protein abundance
of Grb2 was not due to increased transcription as no
changes in the mRNA levels were observed (Fig. 4E).

Because it is known that integrins, Grb2, and FAK form
complexes on cell membrane (25), we further determined
whether FAK was associated with PV by coimmunopre-
cipitation. Figure 4B shows that FAK was detected when
thyroid extracts of TR�PV/PV mice were immunoprecipi-
tated with anti-A/B domain of TR� antibody (lane 2) as
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well as anti-PV-specific antibody (lane 3). But no signals
were detected in the extracts of WT-PTU mice (lane 6).
Lanes 1 and 5 were obtained by direct Western blot anal-
ysis only as positive controls. Therefore, PV was found to
associate with the integrins-�5 and -�1 and the FAK com-
plexes (Figs. 3E and 4B).

The activation of cSrc-FAK is known to remodel the
actin cytoskeleton in cancer cells that could underlie ab-
errant cell migration and invasion (26, 27). We therefore
determined whether PV induced an altered expression of
�-actin at the protein level. Indeed, �-actin abundance was
elevated in TR�PV/PV (Fig. 4Ca, lanes 3 and 4) as well as
WT-PTU mice (lanes 5 and 6) but with a lesser extent as
compared with WT mice. Interestingly, in contrast to el-
evated protein abundance, the �-actin mRNA was about
30% lower in WT-PTU as compared with WT and
TR�PV/PV mice (Fig. 4Eb). We also analyzed the protein
abundance of ezrin, which cross-links the cytoskeleton
and plasma membrane and is involved in the growth and
metastatic potential of cancer cells (28). Western blot
analysis shows that ezrin abundance was increased in
TR�PV/PV mice (Fig. 4Cb, lanes 3 and 4) but not in WT-
PTU mice (lanes 5 and 6), as compared with WT mice
(lanes 1 and 2). We further probed whether �-actin and
ezrin were part of the PV-�5�1-FAK complexes (see Figs.

3E and 4B). Figure 4D shows that �-actin coimmunopre-
cipitated with PV in TR�PV/PV mice (Fig. 4Da, lanes 2 and
3) but not in WT-PTU mic, because when anti-A/B domain
antibodies (antigenic sites shared by TR� and PV) were
used, no signals were detected (Fig. 4Da, lane 6). Lanes 1
and 5 show that �-actin and ezrin were detected directly by
Western blot analysis. Similarly, ezrin was also found to
associate with PV (Fig. 4Db, lanes 2 and 3). These results
indicate that PV, by association with integrin �5�1, and
�-actin-ezrin transduced the signals from extracellular
matrix (ECM)-integrins to alter actin-ezrin-cytoskeletal
dynamics to affect cell migration and motility.

Activation of p38 MAPK signaling pathway in the
thyroid of TR�PV/PV but not WT-PTU mice

The activation of p38 MAPK signaling by integrins and
cSrc has recently been reported (29). The observations that
cSrc and FAK activity were increased in the thyroid of
TR�PV/PV mice prompted us to examine whether the
MAPK signaling is one of the downstream pathways that
could lead to increased cell invasion and migration. In-
deed, Western blot analysis shows the increased phos-
phorylation of MKK-6 (Fig. 5Aa, lanes 3 and 4) and p38
MAPK in TR�PV/PV mice (Fig. 5Ac, lanes 3 and 4) but not
WT-PTU mice (Fig. 5A, a and c, lanes 5 and 6), as com-

FIG. 4. Increased activation of cSrc-FAK signaling (A) and elevated protein levels of �-actin and ezrin (C) in TR�PV/PV mice but not WT-PTU mice.
For Western blot analysis (A and C), 25 �g of thyroid extracts were used. Two representative results from four to six WT (lanes 1 and 2), TR�PV/PV

(lanes 3 and 4), and WT-PTU (lanes 5 and 6) mice are shown. The proteins analyzed are marked. PV complexing with FAK (B) and �-actin
and ezrin (D) was determined by coimmunoprecipitation similarly as described above. Lanes 4 and 7 are the negative controls using IgG for
immunoprecipitation (IP; B and D). (E) The mRNA expression profiles of Grb2 (Grb2) or �-actin gene (Actb) in thyroids of WT, TR�PV/PV, and
WT-PTU mice were determined by real-time RT-PCR. Total RNA from five to six mouse thyroids per each group was prepared, and results are
presented as fold change to the mRNA level of WT mice. Data are expressed as mean values � SEM with P values indicated. N.S., Not significant.

Endocrinology, April 2010, 151(4):1929–1939 endo.endojournals.org 1935

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/151/4/1929/2456740 by guest on 20 August 2022



pared with WT-mice (lanes 1 and 2). The increased phos-
phorylation of MKK6 and p38 MAPK was not due to an
increase in the expression of these two kinases because
total MKK6 and p38 MAPK protein levels were not sig-
nificantly different among WT, TR�PV/PV, and WT-PTU
mice (Fig. 5A, b and d). The activation of MKK6-p38
MAPK signaling led to an increase in the phosphorylation
of the ATF2 in the thyroid of TR�PV/PV mice (Fig. 5Ae,
lanes 3 and 4) without affecting the total ATF2 protein
levels (Fig. 5Af). Figure 5Ag was the corresponding load-
ing control.

Recent studies indicated that activation of p38 MAPK-
ATF2 signaling results in increased expression of matrix
metalloproteinases (MMPs) (e.g. MMP-9) to induce cell
invasion and migration (30, 31). We therefore assessed
whether MMP-9 was activated in the thyroid of TR�PV/PV

mice that exhibit lung metastasis. Western blot analysis
shows the MMP-9 protein level was increased 3- to 4-fold
(Fig. 5Ba, lanes 3 and 4), as compared with WT-PTU
(lanes 5 and 6) and WT (lanes 1 and 2) mice. Furthermore,
MMP-9 mRNA was increased in TR�PV/PV mice (Fig. 5Bb,
bar 2) but not WT-PTU mice (bar 3), as compared with
WT mice (bar 1). Taken together, the results indicate
that PV, acting via integrins-Src-FAK-p38 MAPK-
ATF2 signaling, increases the expression of MMP-9 to
promote invasion and metastasis of thyroid tumor cells
of TR�PV/PV mice.

In addition, p38 MAPK-ATF2 signaling is also acti-
vated by upstream growth factors (32). We focused our
study on TGF� because previously it was reported to in-

crease the expression of integrin �V�3 in cells (29). In the
present study, we also found increased expression of in-
tegrin �V�3 at the protein level in the thyroid of TR�PV/PV

but not WT-PTU mice (see Fig. 3C, c and d,). Indeed,
Western blot analysis shows that TGF� (Fig. 5Ca, lanes 3
and 4) was elevated in TR�PV/PV mice but was lower in
WT-PTU mice (lanes 5 and 6), as compared with WT mice
(lanes 1 and 2). Moreover, the expression of TGF� recep-
tor type 1 (TGF�R1) was markedly increased in TR�PV/PV

mice (Fig. 5Cb, lanes 3 and 4), as compared with WT (Fig.
5Cb, lanes 1 and 2) and WT-PTU mice (Fig. 5Cb, lanes 5
and 6). Together with the increased Grb2 (see Fig. 4Ag)
associated with activated FAK, these results indicate that
PV-induced activation of TGF�-TGF�R1 signaling con-
verges with integrin-Src-FAK-p38 MAPK-ATF2-MMP-9
to promote tumor cells invasion and metastasis.

Discussion

TSH has long been known as a major stimulator of thy-
rocyte proliferation. Whether it is an initiator of thyroid
carcinogenesis, however, remains controversial. The use
of TR�PV/PV mice with TSHR or without TSHR allows us
to clarify this issue in vivo. Here we show that TR�PV/PV

micedeficient inTSHRexhibited impaired thyroidgrowth
due to the lack of TSH/TSHR proliferation signal and
showed no signs of cancer (Fig. 6A). WT-PTU mice, hav-
ing a 9.1-fold higher serum TSH concentration than
TR�PV/PV mice, had aberrant thyroid growth but did not

FIG. 5. Activation of p38 MAPK signaling pathway in the thyroid of TR�PV/PV mice but not in WT-PTU mice. A, Thyroid extract (30 �g) was used in
the Western blot analysis, as described in Materials and Methods. The effectors analyzed in the p38 MAPK phosphorylation cascade are marked.
Two representative results from five to seven WT (lanes 1 and 2), TR�PV/PV (lanes 3 and 4), and WT-PTU (lanes 5 and 6) mice are shown. B,
Increased expression of MMP-9 in TR�PV/PV mice, but not in WT-PTU mice, at the protein level (a) as well as the mRNA level (b). C, Increased
protein levels of TGF� and TGF�R1 in thyroids of WT, TR�PV/PV, and WT-PTU mice determined by Western blot analysis. Thirty micrograms of
thyroid extract were used and two representative results from four to six WT (lanes 1 and 2), TR�PV/PV (lanes 3 and 4), and WT-PTU (lanes 5 and 6)
mice are shown. D, The expression of TGF� gene (Tgfb1) mRNA was not significantly different in thyroids of WT, TR�PV/PV, and WT-PTU mice.
Total RNA from five to six mouse thyroids per each group was analyzed by RT-PCR and results are shown as fold change to that of WT mice. N.S.,
Not significant.
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develop metastatic thyroid cancer (Fig. 6B). Thus, these
observations indicate that aberrant growth is a prerequi-
site, but is not sufficient, for the development of metastatic
thyroid carcinoma. The occurrence of metastatic thyroid
carcinoma requires additional genetic changes (such as
PV) (Fig. 6C) that empower the hyperplastic cells to invade
and metastasize.

In TR�PV/PV mice, the additional genetic change needed
to empower hyperplastic thyrocytes to become invading
tumor cells is a mutated TR� gene (Fig. 6C). PV acted not
only to further stimulate thyrocyte proliferation by am-
plifying the TSH-TSHR cross-signaling with AKT-
mTOR-p70S6K via direct activation of PI3K (Fig. 3B) (8)
but also to activate the pathways that lead to increasing
cell motility and invasion. Multiple mechanisms by which
PV acted to affect the regulators and effectors involved in
cell adhesion, motility, and migration were identified. PV
functioned to increase the protein abundance of integrins
�5, �V, �1, and �3 and their ligand fibronectin as well as
the cytoskeletal proteins actin and ezrin. PV activated cSrc
by increasing its phosphorylation (Y416), which in turn
activated FAK by increasing phosphorylation on several
tyrosine sites. PV also recruited integrins �5 and �1 and
FAK to form complexes to transduce signals from ECM
and TGF� proteins via the p38 MAPK phosphorylation
cascade to increase the expression of MMP-9 at the
mRNA and protein levels (Fig. 5B). Furthermore, PV
formed complexes with actin and ezrin, which are linked
to FAK as components of adhesion focal contacts (25).
The association of PV with FAK/actin/ezrin could remodel
the cytoskeletal structure to facilitate migratory capabil-
ities of tumor cells. Thus, PV acted via multiple mecha-
nisms to enable hyperplastic tumor cells to migrate, in-
vade, and metastasize.

The expression of FAK in 30 paired normal and ma-
lignanthuman thyroid specimenshavebeenanalyzed (33).
The highest levels of FAK were seen in follicular carcino-
mas and tumors associated with distant metastatic foci. In

contrast, neoplastic thyroid tissues with limited invasive
potential, such as papillary carcinomas, follicular adeno-
mas, and other nonmalignant thyroid lesions, showed
minimal FAK expression (33). FAK has been proposed to
be an invasion marker. Consistent with these observa-
tions, the present study elucidated the key role of FAK in
the fibronectin-integrin-Src-FAK-p38 MAPK signaling
that could promote metastatic follicular thyroid carcino-
genesis. This pathway has provided novel therapeutic op-
portunities for the treatment of thyroid cancer. Indeed, in
a recent study, an inhibitor of Src, AZD0530, was re-
ported to inhibit the growth and invasion of four of five
thyroid cancer cell lines, and the study found that high
levels of p-FAK-Y861 correlate with AZD0530 sensitivity
(34). These results support the idea that the Src-FAK com-
plex represents a promising therapeutic strategy for pa-
tients with advanced thyroid cancer. Moreover, a novel
FAK inhibitor, TAE226, has been shown to induce apo-
ptosis in breast cancer cells (35) and another inhibitor,
PF-562,271, was found to block tumorigenesis in breast,
pancreatic, and prostate cells (36). Thus, TR�PV/PV mice
could be used as a preclinical mouse model to test the
effectiveness of the inhibitors of Src-FAK and other targets
in the fibronectin-integrin-Src-FAK-p38 MAPK pathway
in the treatment of follicular thyroid cancer.

Currently there are no reported patients with homozy-
gous mutations of the TR� gene to assess whether such pa-
tients, similar to TR�PV/PV mice, could develop follic-
ular thyroid cancer. Nonetheless, the similarity with human
follicular thyroid cancer in the patterns of pathological
progression, cytopathological characteristics, and fre-
quency of metastasis has made the TR�PV/PV mouse a
unique model for dissecting molecular genetics and mech-
anisms of carcinogenesis of the thyroid (7, 37). Evidence
has been accumulating to indicate that wild-type TR�

functions as a tumor suppressor (38, 39) and that somatic
mutations of TR� leading to the loss of its suppressor

FIG. 6. Growth and metastasis in thyroid carcinogenesis. TR�PV/PVTSHR�/�, WT-PTU, and TR�PV/PV mice all have highly elevated serum TSH levels
(see text). A, The thyroid of TR�PV/PV mice exhibited impaired growth in the absence of TSH proliferation signals due to the lack of TSHR. B, In WT-
PTU mice, persistent TSH proliferation signaling resulted in aberrant thyroid growth without manifestation of metastatic thyroid cancer. C, In
addition to TSH proliferation signaling, PV activated PI3K-AKT to further promote cell growth. In proliferating cells, PV further activated p38 MAPK
phosphorylation cascades to increase the expression of MMPs such as MMP-9 and remodeled �-actin- and ezrin-associated cytoskeletal structures
to facilitate cell migration and invasion.
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functions are involved in the development of several types
of human cancers (40).

The present study has provided several lines of evidence
to indicate that aberrant growth of follicular cells is a
prerequisite, but is not sufficient, for the development of
metastatic FTC. Two or more additional genetic changes,
destined to alter ECM proteins and/or regulators/effectors
of signaling pathways in cell adhesion, motility, and mi-
gration, are required to bring about the metastatic phe-
notype. Thus, the present study suggests that growth and
metastasis are two processes in the carcinogenesis of the
thyroid. In the TR�PV/PV mouse, PV has met the necessary
dual functions to induce metastatic thyroid carcinoma. PV
acts to elevate serum TSH via dysregulation of the pitu-
itary-thyroid axis, thus providing constitutive prolifera-
tion signals of thyrocytes to proliferate in the life of mice.
In addition, PV, via nucleus-initiated transcriptional reg-
ulation as well as nongenomic actions (41), acts as an
oncogene to alter cellular expression and activity of ECM,
adhesion, and migration for tumor cells to invade.

This molecular model of growth and metastasis learned
from the TR�PV/PV mouse could be extended to under-
stand the mechanisms of carcinogenesis of human thyroid
cancers. This molecular model is consistent with the clin-
ical observations that higher TSH is associated with ex-
trathyroidal extension of disease but not with distant me-
tastases (42). But higher TSH values are associated with an
increased risk of thyroid cancer because TSH increases
thyroid growth (1, 43). Thus, goiters resulting from
growth signals from either TSH or other aberrant stimuli
could remain benign. However, additional genetic alter-
ations involved changing cellular behaviors in adhesion,
motility, and migration would need to occur for eventual
metastasis because these abnormal clones continue to pro-
liferate and expand. One critical issue for future research
is to elucidate what these genetic changes are in human
FTC and identify molecular targets for treatment. In view
of the lessons learned from studies in TR�PV/PV mice,
agents and drugs that could inhibit and block aberrant
thyrocyte proliferation might be considered as a first-line
preventive strategy for metastatic FTC.
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