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Abstract: Compelling epidemiologic evidence indicates that obesity is a risk factor for human cancers, including 
breast. However, molecular mechanisms by which obesity could contribute to the development of breast cancer 
remain unclear. To understand the impact of obesity on breast cancer development, we used a mutant mouse that 
expresses a mutated thyroid hormone receptor β (denoted as PV) with haplodeficiency of the Pten gene (ThrbPV/

PVPten+/- mice). We previously showed that adult nulliparous female ThrbPV/PVPten+/- mice developed extensive mam-
mary hyperplasia and breast tumors. In this study, we induced obesity in ThrbPV/PVPten+/- mice by feeding them a 
high fat diet (HFD). We found HFD exacerbated the extent of mammary hyperplasia in ThrbPV/PVPten+/- mice. HFD 
elevated serum leptin levels but had no effect on the levels of serum thyroid stimulating hormone, thyroid hormones, 
and estrogens. Molecular analysis showed that the obesity-induced hyperplasia was mediated by the leptin/leptin 
receptor-JAK1-STAT3 pathway to increase key cell cycle regulators to stimulate mammary epithelial cell proliferation. 
Activated STAT3 signaling led to altered expression in the key regulators of epithelial-mesenchymal-transition (EMT) 
to augment invasiveness and migration of mammary proliferating epithelial cells. Moreover, treatment of HFD-
ThrbPV/PVPten+/- mice with a STAT3 inhibitor, S3I-201, markedly reversed the obesity-induced mammary hyperplasia 
and reduced EMT signals to lessen cell invasiveness and migration. Our studies not only elucidated how obesity 
could contribute to mammary hyperplasia at the molecular level, but also, importantly, demonstrated that inhibition 
of the STAT3 activity could be a novel treatment strategy for obesity-induced breast cancer progression.

Keywords: Mammary carcinogenesis, JAK2-STAT3 signaling, obesity, STAT3 inhibitor, preclinical mouse model, 
thyroid hormone receptor β mutant

Introduction

Breast cancer is the most common neoplasia 
and the second-leading cause of cancer deaths 
in women of Western countries [1]. Genetic 
mutations, either inherited or sporadic, as well 
as dysregulation of ovarian hormone signaling 
are known to contribute to tumorigenesis of the 
breast. Obesity has long been recognized as a 
risk factor in breast cancer as it is associated 
with more advanced disease at the time of an 
initial cancer diagnosis and a poor prognosis 
[2-5]. Several reports indicate that leptin, 
whose synthesis and serum levels are 
increased with obesity, could impact breast 
cancer development and progression by func-
tional crosstalk with different cell signaling mol-
ecules. Leptin, expressed in the mammary 
gland, binds to the leptin receptor to control the 

development and physiology of the mammary 
gland [6]. Moreover, studies have indicated that 
the binding of leptin to its receptor induces 
janus kinase (Jak/STAT) signaling to contribute 
to mammary carcinogenesis [7]. Leptin increas-
es HER2 protein levels via the STAT3 signaling 
pathway to amplify responsiveness of breast 
cancer cells to growth factor stimulation [8]. 
These studies raise the possibility that leptin-
activated Jak/STAT signaling could be consid-
ered molecular targets for a breast cancer 
treatment modality. 

The availability of a unique mouse model of 
mammary tumors (ThrbPV/PVPten+/- mice) has 
allowed us to examine the impact of obesity on 
the development of breast tumors. The ThrbPV/

PVPten+/- mouse expresses a potent dominant 
mutant of thyroid hormone receptor β (TRβ) 
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(denoted TRβPV). TRβPV has a frameshift mu- 
tation in the C-terminal 14 amino acids. This 
results in the loss of the tumor suppressor 
functions of the wild type (WT) TRβ, thus caus-
ing TRβPV to function as an oncogene [9, 10]. 
In addition to harboring the TRβPV mutation, 
the ThrbPV/PVPten+/- mouse is also deficient in 
one allele of the tumor suppressor Pten (phos-
phatase and tensin homolog deleted from chro-
mosome 10). The tumor suppressor PTEN en- 
codes a dual protein/lipid phosphatase, which 
counteracts the phosphatidylinositol 3-kinase 
(PI3K) signaling pathway [11]. Pten mutations 
have been implicated in the development of a 
variety of human neoplasia, including breast 
and thyroid carcinoma [12, 13]. In the thyroid of 
ThrbPV/PVPten+/- mice, Pten haplodeficiency fur-
ther promotes thyroid cancer progression. This 
is due to the decreased expression of the tumor 
suppressor, PTEN, resulting in further activa-
tion of the PI3K-AKT signaling in thyroid tumors 
of ThrbPV/PV mice [14]. In addition to promoting 
thyroid cancer progression, Pten haplodeficien-
cy also augments mammary abnormalities 
found in ThrbPV/PV mice. Remarkably, while 36% 
of ThrbPV/PV mice exhibited mammary hyperpla-
sia, ~77% of ThrbPV/PVPten+/- mice developed 
mammary hyperplasiaand mammary tumors 
[15], indicating increased sensitivity in the 
oncogenic effect of TRβPV by PTEN deficiency 
in the mammary gland.

Recently, we found that ThrbPV/PVPten+/- mice 
fed a high fat diet (HFD) develop obesity with a 
marked increase in body mass, body fat, adipo-
cyte size, and elevated serum leptin levels. 
Extensive molecular analyses demonstrated 
that the increased serum leptin, via activated 
JAK-STAT3 signaling, further promotes thyroid 
carcinogenesis by increasing tumor growth and 
propel anaplastic changes [16]. Importantly, 
suppressing the JAK-STAT3 activity by S3I-201, 
a STAT3 inhibitor, ameliorates obesity-induced 
thyroid carcinogenesis [17]. As indicated by 
these recent findings, the ThrbPV/PVPten+/- mou- 
se model is ideal for assessing how diet-
induced obesity affects abnormal mammary 
gland development. Importantly, the ThrbPV/

PVPten+/- mouse could also serve as a preclinical 
model to test whether inhibition of STAT3 activ-
ity downstream of leptin signaling could be ben-
eficial in reducing the HFD diet-induced cancer 
risk in the mammary gland. Indeed, the present 
studies found that obesity exacerbated further 

mammary gland hyperplasia via activation of 
JAK-STAT3 signaling. Treatment of ThrbPV/

PVPten+/- mice with a STAT3-specific inhibitor, 
S3I-201, decreased mammary cell proliferation 
and suppressed invasiveness of hyperplastic 
cells. Therefore, the present studies provide 
molecular evidence that obesity increased can-
cer risks in the mammary gland and that inhibi-
tion of the STAT3 activity could be beneficial in 
the obesity-associated tumor development. 

Materials and methods

Mice and treatment

The National Cancer Institute Animal Care and 
Use Committee approved the protocols for ani-
mal care and handling in the present 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 [14]. Pten+/- 
mice were kindly provided by Dr. Ramon 
Parsons (Columbia University, NY, USA). ThrbPV/

PVPten+/- mice were obtained from the breeding 
scheme as described by Guigon et al. [14]. The 
control low fat diet (LFD, 10% Kcal from fat) and 
the high fat diet (HFD, 60% Kcal from fat)  
were purchased from Research Diets (New 
Brunswick, NJ, USA). The female mice were ran-
domly selected and divided into two groups fed 
with LFD or HFD diet. The mice were fed one or 
the other diet from the age of 8 weeks until 
reaching moribund state. S3I-201 (STAT3 inhib-
itor, Cat# S1155, Selleckchem, Huston, TX, 
USA) was dissolved in DMSO (0.05% DMSO) 
and was injected intraperitoneally (3 times a 
week at a dose 5 mg/kg/mouse) or vehicle 
(0.05% DMSO) starting at the age of 8 weeks. 
The mice were monitored until they became 
moribund with hunched posture and labored 
breathing due to thyroid cancer. After the mice 
were euthanized, the mammary tissues were 
dissected for whole-mount mammary gland 
staining, histopathologic analysis, and bio-
chemical studies. 

Whole-mount mammary gland staining and 
histologic analysis

Whole-mount mammary gland staining has 
been described previously [15]. The fourth 
mammary glands were spread on microscope 
slides, and fixed in a mix of glacial acetic acid (1 
volume) and ethanol 100% (3 volumes) for 4 



STAT3 and obesity in mammary carcinogenesis

729 Am J Cancer Res 2017;7(3):727-739

hours or longer. They were then hydrated in 
ethanol 70% for 15 minutes and distilled water 
and stained with carmine alum stain (1% car-
mine, 2.5% aluminum potassium sulfate) (Sig- 
ma, St Louis, MO, USA) overnight or longer, at 
room temperature. After staining, the slides 
were dehydrated through increasing ethanol 
concentrations (50%, 70%, 95% and 100%) for 
5 minutes each, cleared in xylene (Sigma, St 
Louis, MO, USA) and mounted with Permount 
(Fisher Scientific, Hudson, NH, USA). 

For histopathologic analysis, mammary glands 
were dissected and fixed in 10% neutral-buff-
ered formalin (Sigma-Aldrich, St. Louis, MO, 
USA) and subsequently embedded in paraffin. 
Sections of 5-μm thickness were prepared and 
stained with hematoxylin and eosin (HistoServ, 
Germantown, MD, USA). For each animal, single 
random sections through the mammary glands 
were examined. Immunohistochemistry (IHC) 
was conducted as previously described with 
some modifications [18]. For the antigen retrie- 
val step, slides were heated in 0.05% citraconic 
anhydride solution (Sigma-Aldrich; pH 7.4, St. 
Louis, MO, USA) at 98°C for 60 minutes, fol-
lowed by treatment with anti-Ki-67 antibody 
(dilution 1:300) (Thermo Scientific, Cambridge, 
MA, USA) at 4°C overnight. The antigen signals 
were detected by treatment with the peroxi-
dase substrate diaminobenzidine followed by 
counterstaining with Gill’s hematoxylin (Electron 
Microscopy Sciences, Hatfield, PA, USA). Rela- 
tive positive cell ratio was quantified by using 
NIH IMAGE software (Image J 1.47).

Western blot analysis

Preparation of whole-cell lysates from mam-
mary tissues has been described previously 
[18]. The protein sample (20 μg) was loaded 
and separated by SDS-PAGE. After electropho-
resis, the protein was electrotransferred to a 
poly vinylidenedifluoride membrane (Immobi- 
lon-P; Millipore Corp., Billeria, MA, USA). The 
antibodies phosphorylated Rb (p-Rb, S780, 
1:500 dilution), total JAK1 (1:1,000 dilution), 
p-STAT3 (1:500 dilution), total STAT3 (1:1,000 
dilution), vimentin (1:1,000 dilution) and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH; 
1:1,000 dilution), and vimentin (1:1,000 dilu-
tion) were purchased from Cell Signaling Tech- 
nology (Denver, MA, USA). Antibodies for MMP-2 
(1:200 dilution), p-JAK1 (1:200 dilution) and 
E-cadherin (1:200) were purchased from Santa 
Cruz Biotechnology (Dallas, TX, USA). Antibody 

for leptin receptor (1:1,000) was purchased 
from Abcam (Cambridge, MA, USA). Antibody 
for cyclin D1 (1:500 dilution) was purchased 
from Neomarkers (Thermo Scientific, Cambri- 
dge, MA, USA). The blots were stripped with 
Re-Blot Plus (Millipore, Billerica, MA, USA) and 
re-probed with rabbit polyclonal antibodies to 
GAPDH. Band intensities were quantified by 
using NIH IMAGE software (Image J 1.47).

Determination of serum thyroid stimulating 
hormone (TSH), total T3, T4 and Estrogen (E2)

Serum TSH levels were measured as previously 
described [19]. Serum levels of total T3 and T4 
were determined by the use of radioimmunoas-
say (RIA) kits according to the company’s proto-
col (MP Biomedical, LLC cat. 06B256447 and 
06B254029). Serum estradiol concentration 
was assayed by EIA/ELISA using the Estradiol 
Serum EIA kit (cat. KB30-H1, ArborAssay).

Statistical analysis

All data are expressed as mean ± standard 
errors, and Student’s t test was used to com-
pare continuous variables. Statistical signifi-
cance was set at P<0.05. GraphPad Prism 6.0 
(GraphPad Software, La Jolla, CA, USA) was 
used to draw graphs.

Results

HFD-induced mammary hyperplasia is sensi-
tive to the effect of a STAT3 inhibitor in ThrbPV/

PVPten+/- mice

We previously reported that HFD induces obe-
sity and elevates serum leptin to exacerbate 
thyroid cancer progression in ThrbPV/PVPten+/- 
mice [16]. Recently we found that leptin acti-
vated JAK-STAT3 signaling in thyroid tumors is 
attenuated by treatment of ThrbPV/PVPten+/- mice 
with a STAT3 inhibitor, S3I-201 [17]. We there-
fore evaluated whether elevated serum leptin 
could also increase the extent of hyperplasia in 
the mammary gland of ThrbPV/PVPten+/- mice. We 
first assessed mammary gland morphology 
using whole-mount preparations to analyze the 
lobulo-alveolar development in nulliparous 
female mice (Figure 1Aa). All mammary glands 
analyzed could be assigned one of the four lob-
ulo-alveolar scores: 1 = normal structure simi-
lar to young virgin mice (normal); 2 = increased 
number of ramifications and slightly increased 
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alveolar size (mild hyperplasia); 3 = strongly 
increased number of ramifications with strong-
ly increased alveolar size associated or not with 
moderate ductal dilatation (moderate hyperpla-
sia); 4 = extreme alveolar size covering the 
space between the ducts accompanied by duc-
tal dilation (severe hyperplasia). As shown in 
bar 5 of Figure 1Ab, 25% of LFD-ThrbPV/PVPten+/- 

tal proliferation was apparent (compare panel g 
with c). While treatment with S3I-201 had no 
effects on the histology of the mammary gland 
in the LFD-WT mice (compare panel b with a) or 
HFD-WT mice (compare panel f with e), treat-
ment of HFD-ThrbPV/PVPten+/- mice with S3I-201 
lessened the ductal proliferation phenotype 
(compare panel h with g). 

Figure 1. Effects of obesity and S3I-201 on lobulo-alveolar development and 
morphology of the mammary glands of wild type (WT) and ThrbPV/PVPten+/- mice. 
(A) Histopathology of mammary glands of WT and ThrbPV/PVPten+/- mice fed with 
low fat diet (LFD) or high fat diet (HFD), and treated with vehicle or S3I-201. The 
histopathological changes were given a score based on the rating scale in (a). 
The distribution of scores is shown in (b). The genotypes of mice are as marked. 
(B) Effects of S3I-201 on obesity-induced aberrant lobulo-alveolar development 
in HFD-ThrbPV/PVPten+/- mice. Hematoxylin and eosin-stained sections of mouse 
mammary tissue from LFD-WT with/without S3I-201 (a, b) and HFD-WT with or 
without S3I-201 (e and f), and a LFD-ThrbPV/PVPten+/- with/without S3I-201 (c 
and d) and HFD-ThrbPV/PVPten+/- with/without S3I-201 (g and h) mice. 

mice at the age of 4-6 
months exhibited moder-
ate mammary hyperplasia 
(score = 3), but none show- 
ed severe hyperplasia (sco- 
re of 4). As shown in bar 7, 
of the HFD-ThrbPV/PVPten+/- 
mice aged 4-6 months, 
25% showed moderate hy- 
perplasia (score = 3) and 
33% displayed severe hy- 
perplasia (score = 4). In 
contrast, HFD-diet had no 
apparent effect on the ma- 
mmary gland development 
in Thrb+/+Pten+/+ mice (WT- 
mice; compare bar 1 to 3). 
Treatment of LFD-ThrbPV/

PVPten+/- mice with a STAT3 
inhibitor, S3I-201, had no 
apparent effect on the ma- 
mmary gland development 
(compare bar 6 versus 5). 
However, treatment of HFD- 
ThrbPV/PVPten+/- mice with 
S3I-201 led to the decrease 
in the extent of hyperplasia 
from severe (score = 4) to 
moderate (score = 3) in 
33% of mice (compare bar 
8 with 7). 

We further evaluated path- 
ohistology by H&E staining 
of mammary gland sec-
tions (Figure 1B). Consis- 
tent with the whole mount 
analysis (Figure 1Ab), no 
discernable changes were  
observed in the histology 
of mammary gland be- 
tween LFD- and HFD-treat- 
ed WT mice (compare pa- 
nel a to e, Figure 1B). In 
contrast, in the mammary 
gland of HFD-ThrbPV/PV 

Pten+/- mice, moderate duc-
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That HFD led to increased cell proliferation was 
further confirmed by immunohistochemical 
analysis using Ki67 as a proliferation marker 
(Figure 2A). Compared with the negative con-

ThrbPV/PVPten+/- mice 

The findings that S3I-201 inhibited mammary 
cell proliferation of HFD-ThrbPV/PVPten+/- mice 

Figure 2. Effects of S3I-201 on cell proliferation in mammary tissue sections from 
HFD-WT and HFD-ThrbPV/PVPten+/- mice. (A) Representative microphotographs of 
immunohistochemical analysis of Ki67 on mammary tissue sections of WT mice 
treated with vehicle (a, b) or S3I-201 (c and d) or ThrbPV/PVPten+/- mice treated 
with vehicle (e and f) or treated with S3I-201 (g and h). (a, c, e, and g) were the 
negative controls from using anti-IgG antibodies and (b, d, f, and h) were from 
using anti-Ki67 antibodies. (B) The Ki67-positively stained cells were counted 
and the data expressed as percentage of Ki67-positive cells versus total cells. 
The data are expressed as mean ± SE (n = 3 slides). The p values are shown.

trols (panels a and c, Fi- 
gure 2A), no apparent pos-
itive-stained signals were 
detected in the mammary 
gland sections of WT mice 
whether S3I-201 was pres-
ent or not (panels b and d). 
In contrast, clear positive-
stained signals were ap- 
parent in the sections  
of vehicle-treated HFD-
ThrbPV/PVPten+/- mice (panel 
f). The stained signals we- 
re decreased in the mam-
mary sections of treated 
HFD-ThrbPV/PVPten+/- mice 
(panel h). The Ki67-positive 
stained cells were count-
ed, and the data are shown 
in Figure 2B. It was clear 
that more cells were sta- 
ined with Ki67 in the ma- 
mmary tissue of vehi- 
cle-treated HFD-ThrbPV/PV 

Pten+/- mice than in the 
HFD-WT mice (compare 
bar 3 with bar 1, Figure 
2B). While we detected no 
significant effect on the 
Ki67 positive-stained cells 
by S3I-201 treatment in 
the wild type mice (com-
pare bar 2 with bar 1), S3I-
201 reducedKi67 positive-
stained cells in the mam-
mary gland of HFD-ThrbPV/

PVPten+/- mice (compare 
bar 4 with bar 3). Taken 
together, these results in- 
dicate that the HFD-in- 
duced obesity leads to 
increased cell proliferation 
in ThrbPV/PVPten+/- mice, 
and that the increases 
were inhibited by S3I-201. 

S3I-201 decreases the 
mammary cell prolifera-
tion by attenuation of the 
HFD-induced activated 
STAT3 signaling in obese 
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Figure 3. Effects of HFD and S3I-201 on protein levels of key regulators of the STAT3 signaling pathway in mammary 
glands from WT and ThrbPV/PVPten+/- mice. (A) Western blot analysis of p-STAT3 (Y705), total STAT3, cyclin D1, phos-
phorylated retinoblastoma (p-Rb; S780), total Rb, the leptin receptor, p-JAK1, and total JAK1 in mammary glands 
from WT mice and ThrbPV/PVPten+/- mice fed with LFD (lanes 1, 2, 5, 6, and 7) or with HFD (lanes 3, 4, 8, 9, and 10). 
Two or 3 mice were used for WT mice and ThrbPV/PVPten+/- mice, respectively. GAPDH was used as a loading control 
(g and J). (B) The band intensities of the proteins detected in (A) were quantified and graphed. The open bars repre-
sent mice fed with LFD and filled bars represent mice fed with HFD. The data, shown as mean ± SE, were analyzed 
by Student’s t test. (C) Western blot analysis of p-STAT3 (Y705), t-STAT3, cyclin D1, p-Rb (S780), total Rb, the leptin 
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prompted us to examine the STAT3 activity in 
the mammary gland. We first evaluated the 
effect of HFD. Similar to the effect observed in 
the thyroid [17], HFD activated the STAT3 activ-
ity by increasing the phosphorylation of STAT3 
at Y705 in the mammary gland of ThrbPV/

PVPten+/- mice (Figure 3Aa, lanes 8-10 versus 
5-7), while no effects were observed in WT mice 
(panel a, lanes 3-4 versus 1-2). Neither LFD nor 
HFD affected total STAT3 protein levels in WT 
mice (panel b, lanes 1-4) or ThrbPV/PVPten+/- mice 
(panel b, lanes 5-10). The increased STAT3 acti- 

vity was evident by the increased p-STAT3/total 
STAT3 ratios shown in Figure 3Ba in that a sig-
nificant 2.3-fold increase was found (bar 4 ver-
sus 3). Consistent with increased cell prolifera-
tion, the cyclin D1 protein level was elevated in 
the mammary gland of HFD-ThrbPV/PVPten+/- 
mice (Figure 3Ac, lanes 8-10; also see Figure 
3Bb), but only minor increases were detected 
in WT mice (Figure 3Ac, lanes 1-4; also Figure 
3Bb). Activation of cyclin D1 by HFD led to 
increased phosphorylation of retinoblastoma 
[p-Rb (S780)] without changing the total Rb pro-

receptor, p-JAK1 (Y1022/1023), and total JAK1 in mammary glands from WT or ThrbPV/PVPten+/- mice treated with 
vehicle (lanes 1, 2, 5, 6, and 7) or with S3I-201 (lanes 3, 4, 8, 9, and 10). Two or 3 mice were used from WT and 
ThrbPV/PVPten+/- mice, respectively. GAPDH was used as a loading control (g and J). (D) The band intensities of the 
proteins detected in (C) were quantified and graphed. The open bars represent mice treated with vehicle and filled 
bars represent mice treated S3I-201. The data, shown as mean ± SE, were analyzed by Student’s t test. NS = not 
significant. 

Figure 4. Effects of HFD and S3I-201 on 
the serum levels of TSH, thyroid hormones, 
and estrogens in WT and ThrbPV/PVPten+/- 
mice. (A) Thyroid function tests of WT and 
ThrbPV/PVPten+/- mice fed with LFD or HFD 
and treated with vehicle or with S3I-201. 
Levels of TSH (Aa, n = 7-11), total T4 (Ab, 
n = 7-18), total T3 (Ac, n = 7-12) were 
determined as described in Methods and 
Materials.  The genotypes are marked. (B) 
E2 was determined as described in Meth-
ods and Materials (n = 6-12).
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tein levels (Figure 3Ae). The ratios of p-Rb ver-
sus total Rb were ~4-fold higher in the mam-
mary gland of HFD-treated than LFD-treated 
ThrbPV/PVPten+/- mice (bar 4, Figure 3Bc). Increa- 
sed p-Rb (S780) drives cell cycle progression 
from the G1 phase to the S phase to increase 
cell proliferation [28]. These data indicate that 
HFD increased STAT3 signaling to increase 
mammary cell proliferation. 

We next evaluated whether the inhibition of 
HFD-induced cell proliferation by S3I-201 
shown in Figures 1 and 2 was mediated by inhi-
bition of STAT3 activity. Figure 3C shows that, 
indeed, S3I-201 decreased STAT3 signaling by 
reducing the protein abundance of p-STAT3 
(Y705) (panel a), cyclin D1 (panel c), and p-Rb 
(S780) (panel d). The ratio of p-STAT3 (Y705) 
versus total STAT3 and the ratio of p-Rb (S780) 
versus total Rb were clearly decreased by S3I-
201 in the mammary gland of HFD-ThrbPV/

PVPten+/- mice (bar 4 in Figure 3Da and 3Dc, 
respectively). Thus, these data indicate that 
inhibition of STAT3 activity lessened HFD-
induced hyperplasia in the mammary gland. 

We next sought to understand whether the 
upstream regulators of the STAT3 activity were 
affected by HFD in the mammary gland of 
ThrbPV/PVPten+/- mice. We found that the leptin 
receptor was expressed in the mammary epi-
thelial cells of WT and ThrbPV/PVPten+/- mice 
(Figure 3Af). The expression was not affected 
by HFD in either WT mice (panel f, lanes 1-4) or 
ThrbPV/PVPten+/- mice (panel f, lanes 5-10). 
However, phosphorylated JAK1 (Y1022/1023) 
was elevated in the mammary gland of HFD-
ThrbPV/PVPten+/- mice (Figure 3Ah, lanes 8-10 
versus lanes 5-7) without changing the total 
JAK1 levels. In fact, the ratio of p-JAK1 versus 
total JAK1 was 1.5-fold higher in HFD-ThrbPV/

PVPten+/- mice than in LFD-ThrbPV/PVPten+/- mice 
(Figure 3Bd). Since S3I-201 is a specific inhibi-
tor of STAT3 [17], no changes in the protein 
abundance of the leptin receptor p-JAK1and 
total JAK1 were found by S3I-201 (Figure 3Ch 
and 3Ci, and 3Dd). 

Increased mammary cell proliferation in HFD-
ThrbPV/PVPten+/- mice is not mediated by serum 
thyroid hormone, thyroid stimulating hormone, 
and estrogens 

Prospective studies for potential association of 
serum thyroid stimulating hormone (TSH) levels 

with breast cancer risk have been investigated 
[20-23]. One small study reported a negative 
association [20], while the others showed no 
significant association [21-23]. We therefore 
carried out thyroid function tests to determine 
the effect of HFD on serum TSH and thyroid 
hormone levels of ThrbPV/PVPten+/- mice. Figure 
4A shows that HFD did not change serum TSH 
levels of WT mice (Figure 4A, lanes 1-4). 
Consistent with previous findings, ThrbPV/

PVPten+/- mice exhibited dysregulation of the 
pituitary-thyroid axis with markedly elevated 
TSH [14]. However, HFD did not affect the 
serum TSH levels in ThrbPV/PVPten+/- mice (Figure 
4Aa, lane 7 versus 5). Moreover, serum TSH 
levels in WT and ThrbPV/PVPten+/- mice were not 
affected by S3I-201 (lanes 2, 4, 6, and 8 versus 
lanes 1, 3, 5, and 7, respectively). 

We next evaluated serum thyroid hormone lev-
els in WT and ThrbPV/PVPten+/- mice. The dysreg-
ulation of the pituitary-thyroid axis leads to an 
elevated serum total T4 levels in spite of non-
suppressible TSH in ThrbPV/PVPten+/- mice [14]. 
HFD led to a marginal decrease in total T4 (3%) 
in WT mice (Figure 4Ab, lane 3 versus 1), but a 
marked decrease of total T4 (76%) by HFD was 
detected in ThrbPV/PVPten+/- mice (lane 7 versus 
5). However, S3I-201 did not affect the total T4 
in WT and ThrbPV/PVPten+/- mice fed with LFD or 
HFD (compare lanes 2, 4, 6, and 8 with lanes 1, 
3, 5, and 7, respectively). Figure 4Ac shows 
that consistent with previous findings [14], total 
T3 was higher in LFD-ThrbPV/PVPten+/- mice than 
in LFD-WT mice (lane 5 versus 1). HFD lowered 
total T3 (42%) in HFD-ThrbPV/PVPten+/- mice (lane 
7 versus 5). However, S3I-201 did not affect 
the total T3 in WT and ThrbPV/PVPten+/- mice fed 
with LFD or HFD (compare lanes 2, 4, 6, and 8 
with lanes 1, 3, 5 and 7, respectively).

These findings indicate that there was no asso-
ciation of serum TSH levels with HFD-induced 
hyperplasia of mammary epithelial cells. Still, 
since lower thyroid hormone levels were found 
in HFD-ThrbPV/PVPten+/- mice, it is reasonable to 
conclude that obesity-induced mammary 
hyperplasia was not due to thyroid hormones.

We next evaluated the effect of HFD on the 
serum estradiol (E2) levels and found that while 
HFD lowered the E2 (14%) in WT mice (Figure 
4B, lane 3 versus 1), E2 levels were not affect-
ed by HFD in E2 in ThrbPV/PVPten+/- mice (lane 7 
versus 5). S3I-201 did not affect the E2 in WT 
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and ThrbPV/PVPten+/- mice treated with LFD or 
HFD (compare lanes 2, 4, 6, and 8 with lanes 1, 
3, 5, and 7, respectively). Since estrogen recep-
tors (ER) play a critical role in the pathogenesis 
of breast cancer, we also determined the ERα 
protein levels in the mammary epithelial cells of 
WT and ThrbPV/PVPten+/- mice. We found that 
HFD did not change ERα protein levels in the 
mammary cells of WT and ThrbPV/PVPten+/- mice. 
Moreover, S3I-201 had no detectable effects 
on ERα protein levels (data not shown). Taken 
together, these results indicate that ERα/E2 
signaling did not significantly contribute to obe-
sity-induced proliferation of mammary epitheli-
al cells in HFD-ThrbPV/PVPten+/- mice. 

S3I-201 suppresses epithelial-mesenchymal 
transition by altering expression of key regula-
tors in mammary gland of HFD-ThrbPV/PVPten+/- 
mice

The developing mammary gland displays many 
of the properties associated with tumor pro-
gression, such as invasion, migration, re-initia-
tion of cell proliferation, and resistance to 
apoptosis [24]. For example, terminal end buds 
are a proliferating epithelial cell mass that 
invades into the stroma, resembling the inva-
siveness of tumor cells. Evidence has been pre-
sented that activated Jak-STAT3 signaling leads 
to altered expression of key regulators in the 
epithelial-mesenchymal transition (EMT) to pro-
mote cell invasiveness [25]. We therefore eval-
uated the effects of HFD on key regulators of 
EMT in WT and ThrbPV/PVPten+/- mice. HFD low-
ered E-cadherin protein levels in the mammary 
gland of WT mice (Figure 5Aa, lanes 3&4 ver-
sus 1&2; 5Ba, bar 2 versus 1) as well as in 
ThrbPV/PVPten+/- mice (Figure 5Aa, lanes 8-10 
versus 5-7; 5Ba, bar 2 versus 1). Vimentin pro-
tein levels were not changed in the mammary 
gland of HFD-WT mice (Figure 5Ab, lanes 1-4; 
5Bb, bar 2 versus 1), but were elevated in the 
mammary gland of HFD-ThrbPV/PVPten+/- mice 

(Figure 5Ab, lanes 8-10 versus 5-7; 5Bb, bar 4 
versus 3). Neither pro-MMP2 nor active-MMP2 
was changed by HFD in the mammary gland of 
WT mice (Figure 5Ac, Lanes 1-4). However, HFD 
decreased pro-MMP2 protein levels with corre-
sponding increased protein levels of active-
MMP2 in the mammary gland of HFD-ThrbPV/

PVPten+/- mice (Figure 5Ac, lanes 8-10 versus 
5-7; 5Bc and 5Bd, bar 4 versus 3). These data 
indicate that HFD induced alteration of key reg-
ulators of EMT to increase invasiveness of 
mammary cells to facilitate lobulo-alveolar 
remodeling. We next examined whether the 
inhibition of STAT3 activity by S3I-201 could 
decrease EMT by reverting the protein levels of 
key signaling regulators. We found that the pro-
tein levels of E-cadherin were higher in the 
mammary gland of S3I-201-treated HFD-ThrbPV/

PVPten+/- mice than vehicle-treated HFD-ThrbPV/

PVPten+/- mice (Figure 5Ca, lanes 8-10 versus 
5-7; 5Da, bar 4 versus 3). Vimentin was lower in 
S3I-201-treated HFD-ThrbPV/PVPten+/- mice than 
control HFD-ThrbPV/PVPten+/- mice (Figure 5Cb, 
lanes 8-10 versus 5-7; 5Db, bar 4 versus 3). 
Importantly, pro-MMP2 protein levels were 
higher in S3I-201-treated HFD-ThrbPV/PVPten+/- 
mice than control HFD-ThrbPV/PVPten+/- mice 
(Figure 5Cc, lanes 8-10 versus 5-7; 5Dc, bar 4 
versus 3). In contrast, active-MMP2 protein lev-
els were lower in S3I-201-treated HFD-ThrbPV/

PVPten+/- mice than control HFD-ThrbPV/PVPten+/- 
mice (Figure 5Cc, lanes 8-10 versus 5-7; 5Dd, 
bar 4 versus 3). These results indicate that inhi-
bition of STAT3 activity by S3I-201 attenuated 
EMT as evidenced by elevated E-cadherin and 
decreased vimentin and MMP2 protein levels, 
thereby suppressing lobulo-alveolar remode- 
ling. 

Discussion

Recent epidemiological studies have shown 
that obesity is associated with breast cancer 
risks [3-5]. Extensive analyses have also pro-

Figure 5. Effects of HFD and S3I-201 on the protein levels of EMT regulators in mammary glands from of WT and 
ThrbPV/PVPten+/- mice. (A) Western blot analysis of E-cadherin, vimentin, and pro- and active-MMP2 in mammary  
tissues fed with LFD (lanes 1, 2, 5, 6, and 7) or HFD (lanes 3, 4, 8, 9, and 10) from WT or ThrbPV/PVPten+/- mice. Two 
WT and ThrbPV/PVPten+/- mice were used. GAPDH was used as a loading control (d). (B) The band intensities of the 
protein detected in (A) were quantified and graphed. The open bars represent mice treated with LFD and filled bars 
represent those treated with HFD. The data, shown as mean ± SE, were analyzed by Student’s t test. (C) Western 
blot analysis of E-cadherin, vimentin, pro- and active-MMP2 in mammary tissues treated with vehicle (lanes 1, 2, 5, 
6, and 7) or with S3I-201 (lanes 3, 4, 8, 9, and 10) from WT or ThrbPV/PVPten+/- mice. Two WT and ThrbPV/PVPten+/- mice 
were used. GAPDH was used as a loading control (d). (D) The band intensities of the protein detected in (C) were 
quantified and graphed. The open bars represent mice treated with vehicle and filled bars represent those treated 
with S3I-201. The data, shown as mean ± SE, were analyzed by Student’s t test.
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vided compelling evidence to demonstrate a 
link between obesity and clinical pathological 
manifestations of breast cancer, such as tumor 
size, lymph node positivity, and regional and/or 
distant stage at diagnosis [5]. However, evi-
dence to establish a direct causal relationship 
between obesity and breast cancer develop-
ment and progression remains to be estab-
lished at the molecular level.

In the present studies, using the model of the 
ThrbPV/PVPten+/- mouse, we showed that HFD led 
to extensive hyperplasia in the mammary epi-
thelial cells as evidenced by the accelerated 
lobulo-alveolar development and intense 
expression of the Ki67 proliferation marker. 
Similar to obese patients [26-28], HFD-ThrbPV/

PVPten+/- mice exhibited elevated serum leptin 
levels [16]. However, serum TSH, total T4, total 
T3, and estradiol levels were not significantly 
higher in ThrbPV/PVPten+/- mice fed with HFD 
than in mice fed with LFD. Thus, these hor-
mones did not play a significant role in the obe-
sity-induced extensive mammary gland hyper-
plasia. Molecular analyses showed that the 
elevated leptin, via the leptin receptor–JAK1-
STAT3 signaling, increased mammary cell pro-
liferation. Importantly, we also uncovered that 
this signaling in the mammary gland of HFD-
ThrbPV/PVPten+/- mice led to the changes in the 
expression of several key regulators of EMT to 

gure 6). Cell proliferation was decreased as evi-
denced by reduced expression of key cell cycle 
regulators and proliferation marker Ki67. 
Inhibition of STAT3 activity by S3I-201 reverted 
the expression patterns of key regulators to 
lessen the extent of EMT, thereby dampening 
the invasiveness of proliferating mammary epi-
thelial cells (Figure 6). These results support 
the idea that STAT3 inhibitors could be used to 
inhibit mammary hyperplasia, thereby minimiz-
ing potential subsequent progression to breast 
cancer. These findings are of particular signifi-
cance because increased expression and acti-
vated STAT3 were detected in malignant speci-
mens from breast cancer patients [29, 30]. 
Currently, several STAT3 inhibitors are being 
tested in phase I and phase II clinical trials in 
patients with solid tumors such as brain tumors 
and melanomas [31, 32], and various types of 
leukemias and lymphomas [33]. However, clini-
cal trials to assess the effectiveness of STAT3 
inhibitors in the treatment of breast cancer are 
very limited [32]. The molecular pathway eluci-
dated in the present studies by using the pre-
clinical mouse model could pave the way to 
expand clinical trials to include breast cancer 
patients with obesity.
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