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Recent epidemiological studies provide strong evidence suggesting obesity is a risk factor in several
cancers, including thyroid cancer. However, the molecular mechanisms by which obesity increases
the risk of thyroid cancer are poorly understood. In this study, we evaluated the effect of diet-
induced obesity on thyroid carcinogenesis in a mouse model that spontaneously develops thyroid
cancer (ThrbPV/PVPten�/� mice). These mice harbor a mutated thyroid hormone receptor-� (de-
noted as PV) and haplodeficiency of the Pten gene. A high-fat diet (HFD) efficiently induced the
obese phenotype in ThrbPV/PVPten�/� mice after 15 weeks. Thyroid tumor growth was markedly
greater and survival was significantly lower in ThrbPV/PVPten�/� mice fed an HFD than in controls
fed a low-fat diet (LFD). The HFD increased thyroid tumor cell proliferation by increasing the
protein levels of cyclin D1 and phosphorylated retinoblastoma protein to propel cell cycle pro-
gression. Histopathological analysis showed that the frequency of anaplasia of thyroid cancer was
significantly greater (2.6-fold) in the HFD group than the LFD group. The HFD treatment led to an
increase in parametrial/epididymal fat pad and elevated serum leptin levels in ThrbPV/PVPten�/�

mice. Further molecular analyses indicated that the HFD induced more aggressive pathological
changes that were mediated by increased activation of the Janus kinase 2-signaling transducer and
activator of transcription 3 (STAT3) signaling pathway and induction of STAT3 target gene ex-
pression. Our findings demonstrate that diet-induced obesity exacerbates thyroid cancer progres-
sion in ThrbPV/PVPten�/� mice and suggest that the STAT3 signaling pathway could be tested as a
potential target for the treatment of thyroid cancer. (Endocrinology 154: 2936–2947, 2013)

The incidence of thyroid cancer, the most common ma-
lignancy in the endocrine organs, has greatly increased

worldwide in the past 2 decades (1). During the same pe-
riod, the prevalence of obesity has doubled, and over-
weight in children and adolescents has tripled in the
United States (2). Recent epidemiological studies provide
strong evidence that obesity is an independent risk factor
for thyroid cancer (3–6). A recent study also reported that
high body mass index is strongly correlated with larger
tumor size, extrathyroidal extension, and advanced stage
of thyroid cancer (7). Still the molecular mechanisms by
which obesity increases the risk of cancer are poorly

understood. Animal models that can be interrogated
during thyroid carcinogenesis would be a powerful ap-
proach to evaluate the impact of obesity on thyroid
cancer development.

To this end, we took advantage of an animal model that
spontaneously develops metastatic follicular thyroid can-
cer (FTC). This mouse harbors a knock-in dominant neg-
ative mutation, known as PV, in the Thrb gene locus (8).
The PV mutation was identified in a patient suffering from
resistance to thyroid hormone (9). As ThrbPV/PV mice age,
their thyroids undergo pathological changes from hyper-
plasia to capsular and vascular invasion, anaplasia, and
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eventual metastasis to the lung (10). The pathological pro-
gression, route, and frequency of metastasis in ThrbPV/PV

mice are similar to that in human FTC. Extensive molec-
ular analyses of altered signaling pathways during thyroid
carcinogenesis have shown that the ThrbPV/PV mouse
model faithfully recapitulates the molecular aberrations
found in human thyroid cancer (11–15). To shorten the
time in the spontaneous development of FTC, we have
further introduced a haplodeficiency of the Pten gene
(phosphatase and tensin homologue deleted from chro-
mosome 10) into ThrbPV/PV mice (ThrbPV/PVPten�/�

mice) (16). The loss of one allele of the tumor suppressor,
the Pten gene, further exacerbates the overactivated phos-
phatidylinositol 3-kinase (PI3K)-protein kinase B (AKT)
signaling in the thyroid tumors of ThrbPV/PVPten�/� mice,
leading to reduced survival and faster cancer progression
(11, 16). This aggressive thyroid cancer phenotype has
provided a new opportunity for preclinical studies with
the advantage of reaching the end point sooner. Indeed,
the ThrbPV/PVPten�/� mice have been successfully used to
test new kinase inhibitors for the treatment of thyroid
cancer (17, 18). Thus, this spontaneous thyroid cancer
model is ideal for assessing the effect of diet-induced obe-
sity on thyroid cancer progression.

In the present study, we showed that the obesity in-
duced by a high-fat diet (HFD) not only stimulated thyroid
tumor growth but also promoted anaplastic change in the
thyroid cancers of ThrbPV/PVPten�/� mice. Diet-induced
obesity propelled thyroid tumor growth by increasing cell
proliferation. Accompanying the increases in the parame-
trial/epididymal fat pad were markedly elevated serum
leptin levels in ThrbPV/PVPten�/� mice. The elevated leptin
was associated with the Janus kinase 2 (JAK)-signaling
transducer and activator of transcription (STAT)-3 sig-
naling pathway and STAT3 target gene expression, lead-
ing to promoting thyroid cancer progression. These find-
ings indicate that obesity-induced metabolic change could
account for more aggressive thyroid cancer and that the
STAT3 signaling pathway is a potential therapeutic target
for thyroid cancer exacerbated by obesity.

Materials and Methods

Animals and treatment
The National Cancer Institute Animal Care and Use Com-

mittee approved the protocols for animal care and handling in
this study. Mice harboring the ThrbPV gene (ThrbPV/PV mice)
were prepared via homologous recombination, and genotyping
was carried out using the PCR method, as previously described
(8). Pten�/� mice were kindly provided by Dr Ramon Parsons
(Columbia University, New York, New York). ThrbPV/PVPten�/�

mice were obtained by first crossing Pten�/� mice with ThrbPV/�

mice and then crossing ThrbPV/�Pten�/� with ThrbPV/�Pten�/�

mice. The control low-fat diet (LFD; 10% calories from fat) and
the HFD (60% calories from fat) were purchased from Research
Diets (New Brunswick, New Jersey). The mice were randomly
selected and divided into 2 groups: LFD and HFD. The mice were
fed these diets from the age of 6 weeks until the end of the study.
The weight of the mice was measured every week, and the mice
were monitored until they reached the age of 21 weeks or they
became moribund with rapid weight loss, hunched posture, and
labored breathing. When the mice were euthanized, blood was
collected and the thyroids, lung, right inguinal fat, epididymal/
parametrial fat, and liver tissues were dissected and weighted.

Histopathological analysis
Tissues from one lobe of the thyroid glands, lungs, epididy-

mal/parametrial fat, and liver were fixed in 10% neutral-buff-
ered formalin (Sigma-Aldrich, St Louis, Missouri) and subse-
quently embedded in paraffin. Five-micrometer-thick sections
were prepared and stained with hematoxylin-eosin (H&E). For
each animal we randomly selected and examined 3 sequential
sections of tissues. The pathological evaluation of thyroid cancer
progression was done as previously described (18).

Immunohistochemistry (IHC) was performed as previously
described with some modification (12). Rabbit anti-Ki67 anti-
body (1:600 dilution; Neomarker, Thermo Scientific, Fremont,
California), rabbit anti-phosphorylated (p)-Rb antibody (1:300
dilution; Cell Signaling, Danvers, Massachusetts), rabbit anti-
cyclin D1 antibody (1:200, Neomarker), rabbit anti-p-STAT3
antibody (1:100 dilution; Cell Signaling), and rabbit anti-p-
JAK2 antibody (1:50 dilution; Cell Signaling) were used for pri-
mary antibodies. The antigen signals were detected by treatment
with the peroxidase substrate diaminobezidine followed by
counterstaining with Gill’s hematoxylin (Electron Microscopy
Sciences, Hatfield, Pennsylvania). Relative cell density was quan-
tified, and Ki-67-positive cells were evaluated in 8 thyroid sec-
tions from each group by using NIH Image software (Image J
1.34s; Wayne Rasband, National Institutes of Health, Bethesda,
Maryland).

Western blot analysis
The protein extracts from thyroid tumors was prepared as

previously described (19). The protein sample (20 �g) was
loaded and separated by sodium dedecyl sulfated-polyacrylam-
ide gel (Invitrogen, Carlsbad, California) electrophoresis. After
electrophoresis, the protein was electrotransferred to a polyvi-
nylidene difluoride membrane (Immobilon-P; Millipore Corp,
Bedford, Massachusetts). The antibodies to p-Rb (1:500 dilu-
tion), total Rb (1:250 dilution), p-ERK (1:1000 dilution), total
ERK (1:1000 dilution), p-AKT (1:1000 dilution), total AKT (1:
1000 dilution), p-STAT3 (1:1000 dilution), total STAT3 (1:
1000 dilution), p-JAK2 (1:1000 dilution), total JAK2 (1:1000
dilution), p-Rb (1:500 dilution), total Rb (1:250 dilution), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:1000
dilution) were purchased from Cell Signaling Technology. An-
tibody for cyclin D1 (1:300 dilution) was purchased from Santa
Cruz Biotechnology (Santa Cruz, California). The blots were
stripped with Re-Blot Plus (Chemicon, Temecula, California)
and reprobed with rabbit polyclonal antibody to GAPDH. Band
intensities were quantified by using NIH Image software.
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Hormone assay
Serum levels of TSH were measured as previously described

(20). Serum levels of leptin and adiponectin of the mice were
measured by commercialized (RIA) kits (catalog number ML-
82K, and MADP-60HK) from Millipore Corp.

Quantitative real-time RT-PCR (qRT-PCR)
Total RNA from thyroid tumor tissues was isolated using

TRIzol (Invitrogen), and this step was followed by ribonuclease-
free deoxyribonuclease treatment and column purification ac-
cording to the manufacturer’s protocol (RNeasy minikit; QIA-
GEN, Valencia, California). For qRT-PCR, one-step RT-PCR
reactions were performed with 200 ng of total RNA using a
QuantiTect SYBR green RT-PCR kit (QIAGEN) in 7900HT Fast
real-time PCR system (Applied Biosystems, Foster City, Califor-
nia) according to the manufacturer’s instructions.

Acute treatment of wild-type mice with leptin
Recombinant leptin (Peprotech Tech, Rocky Hill, New Jer-

sey; catalog number 300-027) was dissolved in PBS and 0.1%
BSA buffer according to the manufacturer’s instructions. Re-
combinant leptin (20 �g/mouse; 200 �l) was administrated ip.
Mice were euthanized and thyroids were harvested after 30 and
60 min after injection of leptin.

Statistical analysis
Data are presented as mean � SE, and a Student’s t test was

used to compare continuous variables. Two-way ANOVA was
used to compare weekly weight gain between the 2 groups. A
Fisher’s exact test was used for comparison of categorical vari-
ables. The Kaplan-Meier method with log-rank test was used for
comparison of survival in each group. P values were 2 sided
throughout, and P � .05 was considered statistically significant.
Data were analyzed using SPSS statistics version 19.0 (SPSS Inc,
Chicago, Illinois). GraphPad PRISM 4.0a (GraphPad Software,
San Diego, California) was used to draw graphs.

Results

High-fat diet-induced obesity exacerbates thyroid
carcinogenesis of ThrbPV/PVPten�/� mice

ThrbPV/PVPten�/� mice were fed a HFD to induce obe-
sity, beginning at 6 weeks of age. The weekly weight gain

in the HFD group (females � 12 and males � 14) and LFD
control group (females � 12 and males � 13) is shown in
Figure 1A (females) and Figure 1B (males). Body weights
of HFD group were significantly increasing pattern com-
paring with LFD control in both gender (P � .001). In the
HFD group, the weekly weight gain was similar for both
sexes. At the study end point, weight was significantly
higher in the HFD than the LFD group (P � .007 in female
mice and P � .004 in male mice; Figure 1C). The weights
of the inguinal fat pads (sc fat) (Figure 2A) and the parame-
trial/epididymal fat pads (visceral fat) (Figure 2B) were
clearly greater in both male and female mice fed an HFD
than in those fed an LFD. Histological analysis by H&E
staining of parametrial/epididymal fat pad further shows
that the size of white adipocytes in HFD group (Figure 2C,
panel b) was clearly increased as comparing with LFD
control (Figure 2C, panel a). Figure 2D shows that the liver
weight was also higher in the HFD mice than in the LFD
controls. Histological analysis (H&E staining) showed
that more lipids were present in the liver of HFD-fed mice
(compare Figure 2E, panel b with panel a). Taken to-
gether, these data indicated that HFD treatment success-
fully induced obesity in ThrbPV/PVPten�/� mice.

To determine the effects of diet-induced obesity on thy-
roid carcinogenesis, we compared the survival of ThrbPV/PV

Pten�/� mice fed an HFD with that of those fed an LFD.
Mice became moribund with signs of palpable tumor, la-
bored breathing, hunched position, and rapid weight loss
due to the enlargement of thyroid tumors, as previously
reported (16–18). The survival time of the HFD mice (n �

26) was significantly shorter than that of the LFD mice
(n � 25, P � .02, Figure 3A). Only 11% in the HFD group
survived to the study end point (21 wk), but 42% in the
LFD group did so (P � .02). Thyroids from euthanized
ThrbPV/PVPten�/� mice were dissected and weighed. As
shown in Figure 3B, thyroid weights of HFD mice (n � 26)
were significantly higher than those of LFD mice (n � 25,
P � .001). There were no significant differences between

Figure 1. HFD induced weight gain in ThrbPV/PPten�/� mice. A, The difference in weekly weight gain of ThrbPV/PVPten�/� female mice after
treatment with either a HFD (n � 12) or a LFD (n � 12). B, The difference in the weekly weight gain of ThrbPV/PVPten�/� male mice after treatment
with either a HFD (n � 14) or a LFD (n � 13). Two-way ANOVA was used to compare the 2 groups. C, The body weight of ThrbPV/PVPten�/� mice
at the study end point, according to their sex and diet.
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male and female ThrbPV/PVPten�/� mice in survival and
thyroid tumor size (data not shown). The differences in the
size of thyroid tumors between the HFD and LFD groups
were also apparent in formalin-fixed single lobes of thy-
roids (Figure 3C) and H&E-stained thyroid sections (Fig-
ure 3D). These data clearly indicated that diet-induced
obesity stimulated the growth of thyroid tumors and sub-
stantially decreased survival time in ThrbPV/PVPten�/�

mice fed an HFD.
We further investigated the effect of diet-induced obe-

sity on thyroid cancer progression by comparing the path-
ological features of thyroid cancer in HFD mice (n � 26)
and LFD mice (n � 25). As shown in Figure 3E, the thy-
roids of all ThrbPV/PVPten�/� mice underwent hyperpla-
sia. All thyroid tumors in the HFD group developed cap-
sular invasion, but only 88% of thyroid tumors in the LFD
group did so (P � .07). There was no significant difference
in vascular invasion between the 2 groups. But, impor-
tantly, 62% of thyroid cancers in the HFD group under-
went anaplasia vs only 24% in the LFD group (P � .01).
Histopathological examples of H&E-stained thyroid tu-
mor sections of 4 HFD-treated ThrbPV/PVPten�/� mice are
shown in Figure 3F, panels b, c, d, and e at low magnifi-
cation. The foci were clearly apparent at low magnifica-
tion as indicated by arrows, which, when examined at high
magnification, show loss of glandular differentiation, of-
ten with spindle cell anaplasia (Figure 3F, corresponding
panels, b�, c�, d�, and e�). An example of H&E-stained
thyroid tumor section without apparent foci from the age-
matched LFD-treated ThrbPV/PVPten�/� mice is also

shown for comparison (Figure 3F, panels a and a� with low
magnification and high magnification, respectively).
These data indicated that diet-induced obesity promotes
the progression of thyroid cancer in ThrbPV/PVPten�/�

mice.

Increased proliferation of thyroid tumor cells in
HFD-induced obese ThrbPV/PVPten�/� mice

To understand how HFD-induced obesity increased
thyroid tumor growth, we examined cell proliferation by
staining tumor cells with nuclear proliferation marker,
Ki-67, in the thyroid sections of the LFD (Figure 4A, pan-
els a and b) and HFD groups (Figure 4A, panels c and d).
Cells stained with Ki-67 were counted and quantitative
data are shown in Figure 4B, indicating approximately
35% more cells were positively stained with Ki-67 in the
HFD group than in the LFD group (P � .001; n � 8 in each
group). The cell numbers in the same area of thyroid sec-
tions of both groups of mice were counted, and the quan-
titative analysis showed a 64% higher cell density in the
thyroid of the HFD group than in the LFD group (n � 8
in each group, Figure 4B, panel b, P � .004). These data
indicated that the proliferation of tumor cells was stimu-
lated in mice fed an HFD.

To understand how thyroid tumor cells increased cell
proliferation in obese ThrbPV/PVPten�/� mice, we evalu-
ated the abundance and activity of key regulators in the
cell cycle progression of thyroid tumors. The level of phos-
phorylation of the retinoblastoma (Rb) was significantly

Figure 2. HFD induces obesity in ThrbPV/PVPten�/� mice. A, The weight of right inguinal fat (sc fat) of ThrbPV/PVPten�/� mice at the study end
point, according to their sex and diet. B, The weight of parametrial fat (visceral fat) of female mice and epididymal fat of male mice at the study
end point in the HFD (n � 26) and LFD (n � 25) groups. C, Representative microphotography of H&E staining on parametrial/epididymal fat tissue
sections in the HFD and LFD groups. D, The liver weight of ThrbPV/PVPten�/� mice at the study end point, according to their sex and diet. The data,
presented as mean � SE, were analyzed by a Student’s t test. E, Representative microphotography of H&E staining on liver tissue sections in the
HFD and LFD groups.
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increased in HFD mice (Figure 4C,
panel a) without apparent changes in
the total Rb level (Figure 4C, panel
b). The increased protein level of
p-Rb indicates an activated cell cycle
progression because unphosphory-
lated Rb acts as a negative regulator
of the G1-S cell cycle progression by
binding to and inhibiting E2F family
transcriptional factors in the G1-S
transition. Consistently, Western
blot analysis further showed that the
protein levels of cyclin D1 were
higher in the HFD group than the
LFD group (Figure 4C, panel c). Fig-
ure 4C, panel d, shows the loading
control using GAPDH.

The increased protein abundance
of p-Rb and cyclin D1 detected by
Western blot was further confirmed
by IHC analysis. Figure 4D, panels b
and d, shows that nuclear staining
by anti-p-Rb [p-Rb (S807/810)]
and cyclin D1, respectively, was
stronger in thyroid tumor cells of
obese ThrbPV/PVPten�/� mice than
in controls (Figure 4D, panels a and
c). These data indicate that thyroid
tumor cells of obese ThrbPV/PV

Pten�/� mice exhibited higher cell
proliferation, resulting in increased
tumor growth.

Previously we reported that the
pituitary-thyroid axis is dysregu-
lated with elevated levels of serum
TSH in ThrbPV/PVPten�/� mice (16).
Because TSH is an important stimu-
lator of thyroid cell proliferation, we
further evaluated whether the TSH
serum level was altered by an HFD to
affect proliferation of thyroid tumor
cells in HFD-treated ThrbPV/PV

Pten�/� mice. As shown in Figure
4E, there was no significant differ-
ence in serum TSH levels between the
2 groups, indicating that HFD treat-
ment did not affect the TSH levels of
ThrbPV/PVPten�/� mice. Thus, the
increased thyroid tumor size and
anaplastic change in the HFD group
was not mediated by the change in
serum TSH levels.

Figure 3. HFD-induced obesity exacerbates thyroid carcinogenesis in ThrbPV/PVPten�/� mice. A,
The survival of ThrbPV/PVPten�/� mice was lower in the HFD group than the LFD group. The
survival curves of each group were drawn by the Kaplan-Meier method, and the difference in
survival was analyzed by the log-rank test. B, The thyroid tumor size in the HFD group (n � 26)
was significantly larger than in the LFD group (n � 25). The weights of thyroid tumors from
ThrbPV/PVPten�/� mice, presented as mean � SE, were analyzed by a Student’s t test. C,
Representative pictures of thyroid tumors from ThrbPV/PVPten�/� mice, according to their diet.
One lobe of thyroid was kept in 70% ethanol after fixation in 10% neutral buffered formalin. D,
Gross pictures of H&E-stained tissue sections from thyroid tumors in the HFD (n � 10) and
LFD (n � 10) groups. E, Pathological analysis of thyroid cancer progression in the LFD (n �
25) and HFD (n � 26) groups of ThrbPV/PVPten�/� mice. The frequency of each pathological
feature in thyroid carcinogenesis, according to the diet, was represented by percentage and
analyzed by a Fisher’s exact test. F, Promoting anaplastic thyroid tumors by HFD in ThrbPV/

PVPten�/� mice. H&E-stained thyroid tumor sections of LFD-treated ThrbPV/PVPten�/� mice
are shown in panels a and a� at low magnification and high magnification, respectively. H&E-
stained thyroid tumor sections of HFD-treated ThrbPV/PVPten�/� mice are shown in panels b,
c, d, and e and b�, c� d�, and e� at low and high magnification, respectively. Representative
samples of anaplastic loci indicated by arrows are apparent at low magnification in panels b,
c, d, and e (�20). The foci are selected shown at high magnification in the corresponding
panels b�, c�, d�, and e�, �80).
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Activation of JAK2-STAT3 signaling by diet-
induced obesity in the thyroid cancer in ThrbPV/PV

Pten�/� mice
We further sought to understand the mechanisms by

which HFD-induced obesity promotes thyroid carcino-
genesis in ThrbPV/PVPten�/� mice. Extensive studies have
shown that adipose tissue secretes adipokines, such as lep-
tin and adiponectin, into blood circulating systems to sig-
nal other metabolic organs or the brain to coordinate re-
sponses to altered metabolic demands. Leptin is an
adiocyte-derived hormone that is the central regulatory
mediator of appetite and energy homeostasis (21). Leptin
levels are closely correlated with adiposity in humans and

rodents (22) and may be linked to an increased incidence
of cancer in obesity (23). Adiponectin, a regulator of glu-
cose and lipid metabolism, may have antitumor effects,
given that its levels are reduced in obesity (23, 24). Because
we found that ThrbPV/PVPten�/� mice fed an HFD had
increased fat pads with enlarged adipocytes (Figure 2,
A–C), we examined the serum levels of leptin and adi-
ponectin of wild-type and ThrbPV/PVPten�/� mice. As
shown in Figure 5A, panel a, wild-type mice treated with
HFD had higher serum leptin levels than those treated
with LFD (Figure 5A, panel a, compare data group 2 with
1). Similarly, higher serum leptin levels were detected for
ThrbPV/PVPten�/� mice treated with HFD than those

Figure 4. HFD induces thyroid cancer cell proliferation in ThrbPV/PVPten�/� mice. A, Representative microphotographs of Ki-67 IHC on thyroid
sections of the LFD group (a and b) and HFD group (c and d). B, Thyroid cancer cell proliferation index, determined by Ki-67-positive cells in the
HFD and LFD groups (B, panel a). The relative cell density was determined by quantification of cell number in the high-power field in the 2 groups
(B, panel b). The number of thyroid tumor sections was 8 for each group. Data, presented as mean � SE, were analyzed by a Student’s t test. C,
Western blot analysis of phosphorylated Rb (S780), total Rb, cyclin D1, and GAPDH as a loading control in the HFD (n � 6) and LFD (n � 6)
groups. D, Representative microphotographs of p-Rb (S807/810) and cyclin D1 IHC on thyroid tumor sections from the LFD (D, panels a and c) and
HFD (D, panels b and d) groups. E, Comparison of serum TSH levels of ThrbPV/PVPten�/� mice treated with an HFD (n � 24) or LFD (n � 24). Data,
presented as mean � SE of log TSH, were analyzed by a Student’s t test.
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treated with LFD (Figure 5A, panel a, compare data group
4 with group 3). No significant differences in the serum
leptin levels were observed between wild-type mice and
ThrbPV/PVPten�/� mice treated with LFD (Figure 5A,

panel a, compare data group 3 with group 1) and between
wild-type mice and ThrbPV/PVPten�/� mice treated with
HFD (Figure 5A, panel a, compare data group 4 with
group 2). These data indicate that the extent of the increase

Figure 5. Altered serum adipokine levels and activated JAK and STAT signaling in thyroid carcinogenesis of obese ThrbPV/PVPten�/�mice. Effects
of diet on serum leptin concentrations (A, panel a) and adiponectin concentrations in wild-type and ThrbPV/PVPten�/� mice (A, panel b) are shown.
The serum leptin and adiponectin concentrations from wild-type mice treated with LFD (n � 11) or with HFD (n � 10) were determined as
described in Materials and Methods. Serum leptin and adiponectin concentrations from ThrbPV/PVPten�/� mice treated with LFD (n � 24) or with
HFD (n � 24) were also determined. The P values are indicated. B, panel I, Western blot analysis of p-JAK2 (Y1007/1008), total JAK2, p-STAT3
(Y705), total STAT3, and GAPDH as a loading control in the HFD (n � 6) and LFD (n � 6) groups. B, panel II, Quantification of relative ratio of
protein abundance of p-JAK2/total JAK2 and p-STAT3/total STAT3 after normalization. Data, presented a mean � SE, were analyzed by a
Student’s t test. C, Comparison between the 2 groups of representative microphotographs of IHC using anti-p-JAK2 (panels a, b, and c) and anti-
p-STAT3 (panels d, e, and f) antibody on thyroid sections. The magnification of images in panels a, b, d, and e is �100; in panels c and f is �250.
D, Recombinant leptin activates STAT3 in the wild-type mice thyroid. D, panel I, Representative microphotographs of p-STAT3 IHC on thyroid
sections of wild-type mice without (a and b) or with recombinant leptin treatment (panels c, d, e, and f) for 30 minutes (panels c and d) or for 60
minutes (panels e and f). The arrows indicate the positively stained cells. The negative without the treatment with primary antibodies are shown in
the corresponding panels a, c, and e. D, panel II, The p-STAT3-positive cells were counted and the data are expressed as a percentage of p-STAT3-
positive cells vs total cells. The data are expressed as mean �SE (n � 2–4 slides). The P values are shown. E, Western blot analysis of p-AKT, total
AKT, p-ERK1/2, total ERK1/2, and GAPDH as a loading control in the HFD (n � 6) and LFD (n � 6) groups.
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in serum leptin levels by HFD is virtually equal in wild-
type and ThrbPV/PVPten�/� mice and is not dispropor-
tionally different between wild-type and ThrbPV/PV

Pten�/� mice.
As shown in Figure 5A, panel b, serum adiponectin

levels of wild-type mice treated with HFD, although they
had a small trend to edge lower, were not significantly
different from those treated with LFD (Figure 5A, panel b,
compare data group 2 with group 1). Interestingly, serum
adiponectin levels were higher in LFD-treated ThrbPV/PV

Pten�/� mice than in LFD-treated wild-type mice (Figure
5A, panel b, compare data group 3 with group 1). How-
ever, serum adiponectin levels of the ThrbPV/PVPten�/�

mice were not significantly affected by HFD treatment
(Figure 5A, panel b, compare data group 4 with group 3).
These results suggest that adiponectin most likely did not
play a significant role in the HFD-exacerbated thyroid
carcinogenesis.

STAT3, a transcriptional factor activated by cytokines
and growth factors, plays a critical role in cell survival,
proliferation, and differentiation (25). In genetic and di-
etary models of obesity, the activation of STAT3 is in-
creased in tumors grown in obese animals (26). Interest-
ingly, circulating leptin produced from adipose tissues can
activate the JAK2-STAT3 signaling pathway (5, 25). The
increased leptin levels we found (Figure 5A, panel a)
prompted us to assess the activity of the JAK2-STAT3

signaling pathway in obese ThrbPV/PVPten�/� mice to un-
derstand its impact on thyroid carcinogenesis. The protein
levels of p-JAK2 (Tyr 1007/1008) were significantly
higher in thyroid tumors from HFD than from LFD mice
(Figure 5, B-I, panel a). But the total JAK2 was not affected
by the diet (Figure 5 B-I, panel b). The p-STAT3 (Tyr 705)
levels, critical for the activity of downstream signaling,
were higher in thyroid tumors of HFD than LFD mice
without any change in total STAT3 protein levels between
the 2 groups (Figure 5, B-I, panel d). The intensities of the
bands in Figure 5, B-I, were determined, and the quanti-
tative comparison is shown in Figure 5, B-II.

The activation of the JAK2-STAT3 signaling pathway
was also confirmed by IHC. The staining signals of p-
JAK2 (Y1007/1008) and p-STAT3 (Y705) were visible
with higher intensity in thyroid tumor sections from HFD
mice (Figure 5C, panels b and c, and d and f) than staining
signals from LFD controls (Figure 5C, panels a and d). The
nuclear signals of p-JAK2 and p-STAT3 indicated by ar-
rows were clearly visible in Figure 5C, panels c and f,
respectively, that had higher magnification than in Figure
5C, panels b and e. The arrowheads show the cytoplasmic/
plasma membrane localization of p-JAK2 and p-STAT3
(Figure 5C, panels e and f, respectively). These data indi-
cate that the JAK2-STAT3 signaling cascades were im-
portant effectors on thyroid cancer growth and progres-
sion in diet-induced obese ThrbPV/PVPten�/� mice.

Figure 5. (Continued)
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That STAT signaling could be activated by the elevated
leptin in the thyroid and was demonstrated by acute treat-
ment of wild-type mice with leptin. As shown in Figure
5D-I, immunostaining of p-STAT was visibly higher than
the basal signals without leptin treatment in the thyroid
follicular cells 30 minutes after the ip injection of leptin
(indicated by arrows; Figure 5D-I, panel d, vs 5D-I, panel
b). More p-STAT positively stained follicular cells were
apparent after treatment of mice with leptin for 60 minutes
(Figure 5D-I, panel f). The negative controls were shown
in Figure 5D-I, panels a, c, and e, respectively, at 0 time and
30 and 60 minutes after leptin treatment. These results
demonstrate that the acute systematic leptin treatment ac-
tivated the STAT signaling in the thyroid in vivo.

Previously we showed that the activation of PI3K-AKT
signaling promotes thyroid carcinogenesis of ThrbPV/PV

Pten�/� mice (16, 19). It is known that obesity increases
insulin and IGF signals, leading to the downstream acti-
vation of PI3K-AKT signaling (23). We therefore exam-
ined whether there were changes in PI3K-AKT signaling in
the thyroid tumors of HFD-fed ThrbPV/PVPten�/� mice.
As shown in Figure 5E, panel a, of no significant difference
in the protein abundance of p-AKT was found between the
HFD and LFD groups. MAPK is important for the re-
sponse to extracellular stimuli to affect cell proliferation,
survival, and differentiation (27). We also questioned
whether there were changes in the MAPK signaling path-
way that could affect thyroid carcinogenesis in obese
ThrbPV/PVPten�/� mice. To this end, we analyzed the pro-
tein abundance of p-ERK1/2 and total ERK1/2, which are
the downstream effectors of the MAPK signaling path-
way. No significant differences in protein levels of
p-ERK1/2 and total ERK1/2 were detected (Figure 5E,
panels c and d). Figure 5E, panel e, is the loading control
using GAPDH. These results indicated that PI3K-AKT
and MAPK signaling did not contribute to the more ag-
gressive thyroid carcinogenesis observed in diet-induced
obese ThrbPV/PVPten�/� mice.

Activated expression of STAT3 target genes in
thyroid tumors of obese ThrbPV/PVPten�/� mice

To evaluate further the functional consequences of the
activation of the JAK2-STAT3 signaling pathway in HFD
mice, we used qRT-PCR to compare the expression of
STAT3 target genes in thyroid tumors from this group
(n � 14) and the LFD group (n � 14). The Socs3 (sup-
pressor of cytokine signaling 3) gene, induced by cytokines
and leptin, is a negative regulator of the JAK2-STAT3
signaling pathway. Figure 6 shows that the mRNA ex-
pression level of Socs3 was 2.9-fold higher in the HFD
group than in the LFD group (P � .001, Figure 6, panel a).
Mcl1 and Vegfa are critical STAT3 target genes to mediate

the actions of STAT3 in human cancer (28). HFD signif-
icantly induced the mRNA expression of these 2 genes by
6.2-fold (P � .003, Figure 6, panel b) and 2.2 -fold (P �
.02, Figure 6, panel c), respectively, as compared with the
LFD group. We also evaluated the expression of Myc,
Bcl2l1, and Ccnd1, identified as STAT3 target genes, to
promote STAT3-mediated cancer cell migration and in-
vasion (29). The mRNA expression levels of these genes in
thyroid tumor tissues were higher in HFD ThrbPV/PV

Pten�/� mice than in LFD controls (Figure 6, panels d–f).
These results indicated that the activation of the JAK2-
STAT3 signaling pathway was critical for the develop-
ment of the more aggressive thyroid cancer induced by
HFD in ThrbPV/PVPten�/� mice.

Discussion

Using the spontaneously developed thyroid cancer mouse
model, ThrbPV/PVPten�/� mice, we evaluated the effects of
diet-induced obesity on thyroid carcinogenesis from tu-
mor development to anaplastic change. Feeding ThrbPV/PV

Pten�/� mice an HFD for 15 weeks successfully induced
the phenotype of obesity in our mouse model. Even though
there was no significant change in the early development
stages of thyroid cancer such as hyperplasia and capsular
invasion, the HFD clearly increased thyroid tumor growth
and induced a more aggressive phenotype with anaplastic
change of thyroid carcinoma. To our knowledge, this is
the first study showing the detrimental role of diet-induced
obesity in thyroid carcinogenesis using a mouse model.

Patients with anaplastic thyroid cancer (ATC) and ded-
ifferentiated thyroid cancer are usually resistant to current
treatment and have a very poor prognosis. Although there
are ongoing research efforts, the detailed mechanisms by
which the dedifferentiation process occurs are still un-
clear. ATC is one of the most aggressive types of malig-

Figure 6. HFD induces the expression of STAT3 target genes in
thyroid tumors of ThrbPV/PVPten�/� mice. The relative mRNA expression
of Socs3 (a), Mcl1 (b), Myc (c), Vegfa (d), Bcl2l1 (e), and Ccnd1 (f) in
thyroid tumors from the HFD (n � 14) and LFD (n � 14) groups. The
data, presented mean � SE, were analyzed by a Student’s t test.
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nancy in humans (30). It is generally accepted that ATC
usually develops by transformation or dedifferentiation of
preexistingdifferentiation thyroid cancer (DTC).Previous
studies reported that about 35%–71% of ATC coexisted
with simultaneous DTC (30–32). The ThrbPV/PVPten�/�

mouse should be very useful to evaluate the mechanisms of
transformation or dedifferentiation because anaplastic
foci of thyroid cancer coexist concurrently with follicular
thyroid cancer and the occurrence of anaplastic foci in-
creases in older mice, similar to human cancer (16). Im-
portantly, the present study showed that the anaplastic
change from DTC was significantly greater in HFD mice
than LFD controls. In the present studies, we showed the
activation of the JAK2-STAT3 signaling pathway (Figure
5, B and C) in HFD mice was associated with a higher
occurrence of anaplastic foci (Figure 3E). These observa-
tions suggested that the activated JAK2-STAT3 signaling
pathway could be a possible mechanism to mediate trans-
formation or dedifferentiation of thyroid tumor cells.

The STAT proteins mediate various cellular and bio-
logical responses to cytokines andgrowth factors.Recruit-
ment via the Src homology 2 domain to receptor phos-
photyrosine peptide motifs facilitates STAT
phosphorylation on a key tyrosyl residue by growth factor
receptors and the JAK (25). The activated phosphoryla-
tion induces STAT-STAT dimerization and nuclear trans-
location and eventually by binding to specific DNA-re-
sponse elements in the promoters of target genes activates
gene transcription (29). The aberrant activation of STAT3
has been reported to promote cancer progression in many
human cancers (25). Our study revealed that the obesity-
induced thyroid tumor growth and cancer progression
were mediated by the activated phosphorylation of onco-
genic JAK2 and STAT3 transcription factors. These find-
ings raised the possibility that STAT3 could be tested as a
therapeutic target in thyroid cancer. Consistent with this
notion, various kinds of STAT3 inhibitors are currently in
the preclinical development stage (29, 33).

Our results showed that the serum leptin level was
markedly elevated in HFD-induced obese ThrbPV/PV

Pten�/� mice. The high leptin level was also closely cor-
related with adiposity of HFD ThrbPV/PVPten�/� mice (see
Figure 2, A–C, and Figure 5 A, panel a). Obesity disrupts
the functions of adipocytes in energy homeostasis, result-
ing in inflammation and alteration of adipokine signaling,
which were recently shown to be important mediators in
cancer development (23, 34). The expression of leptin in
human thyroid cancer is also associated with thyroid can-
cer aggressiveness, including tumor size and lymph node
metastasis (35), and leptin enhances migration of thyroid
cancer cells (36). Importantly, leptin signals are known to
mediate downstream signaling via the JAK2-STAT3 path-

way (23). The present findings that elevated leptin levels
were associated with activated JAK2-STAT3 signaling
pathway, leading to more aggressive thyroid cancer of
obese ThrbPV/PVPten�/� mice. However, it is of interest to
point out that activation of JAK2-STAT3 by other cyto-
kines such as IL-6 was also reported for gastric carcinoma
(37) and colon cancer (38, 39). At present, it is unknown
whether other cytokines (eg, IL-6) were altered during thy-
roid carcinogenesis of HFD-treated ThrbPV/PVPten�/�

mice. Whether IL-6 and other yet-to-be-discovered cyto-
kines also participated in the activation of JAK2-STAT3
would await future studies.

We also considered the possibility that the obesity in-
duced by HFD in ThrbPV/PVPten�/� mice could also affect
insulin and IGF signaling. It is known that in humans,
obesity can lead to an elevated level of circulating insulin.
Activation of insulin and IGF receptors results in the phos-
phorylation of the insulin receptor substrate proteins,
which activates the oncogenic RAS-MAPK and PI3K-
AKT signaling pathways (23). In our previous studies, we
have shown the activation of multiple signaling pathways
including PI3K-AKT and MAPK signaling in thyroid car-
cinogenesis of ThrbPV/PVPten�/� mice without HFD treat-
ment (18). We therefore assessed whether HFD-induced
obesity could affect PI3K-AKT and MAPK signaling in
thyroid carcinogenesis of ThrbPV/PVPten�/� mice. Ac-
cordingly, we evaluated the protein abundance of
p-ERK1/2 and p-AKT in thyroid tumors from HFD and
LFD groups because these signaling pathways are critical
for the development of human thyroid cancers. However,
there were no significant differences between the 2 groups
in the activation of the MAPK and PI3K signaling path-
ways (see Figure 5E).

The finding that the MAPK and PI3K signaling path-
ways were not affected during thyroid carcinogenesis of
obese ThrbPV/PVPten�/� mice is highly significant in that
these mice offer an advantage over other mouse models in
studying the effects of obesity on carcinogenesis. Dissect-
ing molecular mechanisms of obesity-induced carcinogen-
esis is frequently a challenge because complex arrays of
multiple signaling pathways concurrently drive the onco-
genic process. It is difficult to identify the sequential events
and map out the networks. Finding that the MAPK and
PI3K signaling pathways did not contribute to the more
aggressive cancer phenotype of obese ThrbPV/PVPten�/�

mice has provided us a unique opportunity to narrow our
focus to the role of the JAK2-STAT3 signaling pathway in
the dedifferentiation process of thyroid carcinogenesis.
Moreover, our ThrbPV/PVPten�/� mouse model will be
useful for preclinical studies evaluating the effects of JAK2
inhibitors, STAT3 inhibitors, and other antiobesity agents
on thyroid carcinogenesis.
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The present study has provided direct evidence of the
detrimental effects of obesity on thyroid tumor size and
anaplastic change in thyroid cancer in an animal model.
HFD-induced obesity increased thyroid tumor growth by
stimulating cancer cell proliferation and induced a more
aggressive type of thyroid cancer in ThrbPV/PVPten�/�

mice. These findings suggest that the current and potential
therapeutic approaches for the treatment of obesity and
related disease could be potential therapeutic options for
the prevention and treatment of thyroid cancer. They also
reinforce the importance of efforts aimed at early preven-
tion of obesity, especially in children and adolescents, be-
cause these preventive approaches could provide the ad-
ditional benefit of reducing thyroid cancer incidence and
the social-economic costs associated with the diagnosis
and treatment of thyroid cancer.
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