
RESEARCH ARTICLE

Notch and TGF-β/Smad3 pathways are involved
in the interaction between cancer cells and cancer-associated
fibroblasts in papillary thyroid carcinoma
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Abstract Accumulating evidence suggests that cancer-
associated stromal fibroblasts (CAFs) contribute to tumor
growth by actively communicating with cancer cells. Our
aim was to identify the signaling pathways that are involved
in tumor–stromal cell interactions in human papillary thyroid
carcinoma (PTC). Immunohistochemical analyses were
performed with 127 archived formalin-fixed and paraffin-
embedded thyroid tissue samples that included 70 cases of
PTC, 35 cases of nodular goiter (NG), and 22 cases of normal
thyroid tissues. The results showed that the expression levels
of Notch1, transforming growth factor β (TGF-β1), and p-
Smad3 in PTC cells and α-smooth muscle actin (α-SMA) in
the stroma of PTCwere all significantly higher than inNG and
normal thyroid tissues. Further analysis showed that in PTC,
higher expression levels of Notch1 and TGF-β1 were closely
related with lymph node metastasis (P<0.05), whereas for α-
SMA and p-Smad3, the percent expression increased signifi-
cantly with advanced tumor stages (P<0.05). Correlation
analysis revealed that TGF-β1 expression increased with in-
creased Notch1 and p-Smad3 levels in PTC cells (P<0.05).
Moreover, a significant correlation was found between higher
TGF-β1 expression in PTC cells and increased α-SMA levels
in the fibroblasts surrounding the cancer cells (P<0.05). We
identified TGF-β1 as an important factor from PTC cells that
act in a paracrine manner to influence the activation of stromal
fibroblasts. These data suggest that the activation of Notch and
TGF-β/Smad3 pathways in cancer cells influence tumor

growth. Moreover, cancer cell-derived-TGF-β ligands also
affect stromal cells in a paracrine fashion and enhance tumor
growth.
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Introduction

Papillary thyroid carcinoma (PTC) is the most common type
of thyroid malignancy, accounting for 70 to 80 % of cases.
There is increasing awareness that solid malignancies do not
contain transformed neoplastic cells only but comprise a
mixed population of cells and an extracellular matrix that
collectively constitute the tumor microenvironment, also
known as the tumor stroma [1, 2]. Although the molecular
background of cancer cells in PTC has been comprehensively
investigated in many recent studies [3–8], relatively little is
known about the molecular mechanisms mediating resident
stromal cell activation and the crosstalk between adjacent
tumor cells and its microenvironment.

Fibroblasts within the tumor stroma, known as carcinoma-
associated fibroblasts (CAFs), which include both fibroblasts
and myofibroblasts [9], play a critical role in the regulation of
tumor growth [10–13]. Myofibroblasts, which are distinct
from fibroblasts in their expression of α-smooth muscle actin
(α-SMA), have recently been implicated in important aspects
of solid tumor progression [14–18] as they produce a number
of important factors that can directly promote growth in the
adjacent epithelium [19]. Immunohistochemical analysis has
shown that α-SMA, the CAF marker, is absent in normal
ovarian tissue, whereas CAFs are abundant in the stroma of
metastatic epithelial ovarian cancer [20]. It has been reported
that PTC is frequently associated with a variable degree of
fibrosis. Inaba et al. found that PTC was characterized by an
extensive stromal component accounting for 40–60 % of the
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tumor [21]. In the study by Isarangkul, 33 (89.2%) of 37 cases
of papillary carcinoma showed dense fibrosis within the tumor
masses, giving an odds ratio of 37.95 compared with the
follicular type, indicating a very strong and highly significant
association. It was concluded that dense fibrosis within a
malignant tumor of the thyroid can be used as another diag-
nostic criterion of papillary carcinoma, especially when other
classic criteria are absent or inconspicuous [22]. However, the
phenotype of fibroblasts and its regulatory mechanisms in
PTC have not been fully investigated.

Recent studies provide evidence that transforming
growth factor β (TGF-β) signaling in fibroblasts plays a
major role in the initiation of carcinomas [1]. TGF-β/Smad
signaling is involved in tissue homeostasis and cancer
development [23]. TGF-β1 remains one of the key factors
responsible for the development of a myofibroblastic phe-
notype from a variety of precursor cells, including fibro-
blasts [24]. It has been reported that the cancer cell-derived
TGF-β1 modulates myofibroblast differentiation in colon
cancer [25], breast cancer [26], and squamous cancer [27].
TGF-β signaling is also required to induce CAF differen-
tiation of mouse BM-MSCs in vivo and can induce expres-
sion of some CAF markers in human BM-MSCs in vitro
[28]. Previous studies have reported that TGF-β1 induc-
tion of a myofibroblast phenotype was partly mediated
through Notch signaling [29].

The Notch signaling pathway plays a critical role in the
development and homeostasis of tissues by regulating cell-
fate decisions, proliferation, differentiation, and apoptosis [30,
31]. Notch signaling also contributes to carcinogenesis in
many cancers [32, 33]. Studies have demonstrated that Notch
signaling promotes smooth muscle cell differentiation [34,
35]. Recently, FIZZ1 (found in inflammatory zone 1; also
known as hypoxia-induced mitogenic factor) was described
as inducing myofibroblast differentiation through Notch sig-
naling [36]. Furthermore, emerging evidence indicates a role
for Notch1 in the EMT during development and oncogenesis
[37, 38]. Notch1-induced tumor development and progression
may involve modulation of the TGF-β signaling pathway
[38]. The data of Aoyagi-Ikeda et al. indicated that Notch
induces myofibroblast differentiation through a TGF-β–
Smad3 pathway that activates SMA gene transcription in a
CArG-dependent and TCE-dependent manner in alveolar ep-
ithelial cells [29]. It was found that pathways regulated by
TGF-β and Notch proteins are both important for PTC inva-
sion [39, 40]. However, the role of the Notch and TGF-β
pathways following the interaction between cancer cells and
stromal cells is not well understood.

Here, we examined the immunohistochemical profiles of
Notch1, TGF-β1, p-Smad3, and α-SMA in PTC. We ex-
plored whether Notch and TGF-β/Smad signaling play roles
in the metabolic reprogramming of both cancer cells and their
tumor microenvironment.

Materials and methods

Tissue samples

One hundred and twenty-seven formalin-fixed and paraffin-
embedded thyroid resection samples were obtained from the
archives of the Department of Pathology of the Second Hos-
pital of Hebei Medical University during October 2009 and
May 2012. The average age of the patients was 43 years.
Among the cases, 70 were PTC, 35 were nodular goiter
(NG), and 22 were normal thyroid tissues free from inflam-
mation, metaplasia, dysplasia, or carcinoma, which were used
for comparison. All patients selected for analysis had classical
PTC histopathology.

Immunohistochemistry

Sections (4 μm thick) were prepared from paraffin blocks.
After deparaffinization, antigen retrieval was performed with
citrate buffer for 15 min. Endogenous peroxidase activity was
blocked with 3 % hydrogen peroxide in methanol for 10 min.
Incubation with primary antibodies against α-SMA, TGF-β1
(Maixin-Bio Fujian, China), p-Smad3, and Notch1 (Epi-
tomics, CA, USA) was performed overnight at 4 °C in a
humidified chamber. After washing with phosphate-buffered
saline, the sections were stained according to the instructions
of ElivisionTM Plus Kit (Maixin-Bio Fujian, China). Counter-
staining was performed with hematoxylin. Parallel staining
was performed in the absence of the primary antibody to serve
as negative controls.

Immunohistochemical staining evaluation

To rule out the possibility of an interpersonal bias, the results
were interpreted by two pathologists who were blind to the
clinical outcome. Tumors with moderate or strong immuno-
staining of Notch1 were classified as having positive (+)
cytoplasmic expression, whereas tumors with absent or weak
immunostaining were classified as having negative (−) ex-
pression [41]. Samples were regarded as TGF-β1 or p-Smad3
positive when more than 10 % of the cytoplasm was stained
[42]. Evaluation of α-SMA immunoreactivity was performed
according to Graham et al. [43]. The degree of staining for α-
SMAwas evaluated based on a four-grade scale: − (negative),
+ (10 to 40 %), ++ (40 to 70 %), or +++ (70 to 100 %). The
grade of (++~+++) was defined as high expression of α-
SMA, and the grade of (−~+) was defined as low expression.

Statistical analysis

The experimental data were statistically analyzed with Chi-
square test and Fisher's exact test and correlated with the
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SPSS13.0 edition of statistics software. P<0.05 was consid-
ered statistically significant.

Results

The expressions of Notch1, TGF-β1, p-Smad3, and α-SMA
were all significantly higher in PTC when compared with NG
and normal thyroid tissues

Among the 70 PTC in the retrospective cohort, 36 (51.4 %)
were positive for Notch1 expression, whereas 34 (48.6 %)
were negative for Notch1 expression. The positive expression
of Notch1 in PTC was significantly higher than that in NG
(8.6 %) and normal thyroid tissues (13.6 %, P<0.05). Positive
cytoplasmic immunoreactivity for TGF-β1 was identified in
40 cases of PTC (57.1 %), 5 cases of nodular goiters (14.3 %),
and 4 cases of normal thyroid tissues (18.2 %), thereby indi-
cating that the percentage of positive expression in PTC was
significantly higher than that in the latter two groups
(P<0.05). PTC also showed a higher percentage of p-
Smad3-positive expression (78.6 %) compared with NG
(22.9 %) and normal thyroid tissues (18.2 %, P<0.05). In

addition, compared with NG (11.4 %) and normal thyroid
(9.1 %) tissues, significantly higher levels of α-SMA
(68.6 %) were observed in fibroblasts surrounding the cancer
cells in PTC (Table 1, Fig. 1).

However, no significant differences were found in the
positive expression patterns of Notch1, TGF-β1, p-Smad3,
and α-SMA between NG and normal thyroid tissues
(P>0.05).

Clinicopathological significance of Notch1, TGF-β1,
p-Smad3, and α-SMA in PTC

Further analysis showed that PTC cases with lymph node
metastasis had a significantly higher proportion of Notch1-
positive expression than those without lymph node metastasis
(76.9 vs 45.6 %, P<0.05). Similar results were found for
TGF-β1-positive expression (84.6 % in metastatic group vs
50.9 % in nonmetastatic group; P<0.05). The percentages of
α-SMA- and p-Smad3-positive expressions were both closely
related with tumor stages in PTC, being significantly higher in
cases of advanced tumor stages (III/IV) than that in cases of
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Fig. 1 Expression patterns of α-
SMA, p-Smad3, TGF-β1, and
Notch1 in normal thyroid tissues,
nodular goiter (NG), and papillary
thyroid carcinoma (PTC). From
left to right, a, d, g, and j show
normal thyroid tissues; b, e, h,
and k showNG tissues; c, f, i, and
l show PTC. From top to bottom,
tissues were stained for α-SMA
(a, b, and c), p-Smad3 (d, e, and
f), TGF-β1 (g, h, and i), and
Notch1 (j, k, and l).
Magnification, ×200

Tumor Biol. (2014) 35:379–385 381



early tumor stages (I/II) (87.0 vs 59.6 % for α-SMA and 95.6
vs 70.2 % for p-Smad3, P<0.05) (Table 2).

Correlation among Notch1, TGF-β1, p-Smad3, and α-SMA
expressions in PTC

The correlation among the expression patterns of Notch1,
TGF-β1, p-Smad3, andα-SMAwere analyzed. Table 3 shows
that in PTC, TGF-β1 expression increased with increased
Notch1, p-Smad3, and α-SMA expression levels (r=0.487,
r=0.251, and r=0.284, respectively, P<0.05).

Discussion

There have been several studies on the expression of Notch1
in PTC, but the results remains controversial. Ferretti et al.
demonstrated that PTC displayed decreased Notch1 protein
expression compared with normal thyroid tissues [44]. By
contrast, Geers et al. found that all types of PTC contained a
higher number of strongly Notch1-positive cells compared
with normal and hyperplastic tissues, whereas the expression
of Notch1 in follicular thyroid carcinomas remained in the
same range as in the benign tissues [39]. Our results indicated

that the positive expression of Notch1 in PTC was significant-
ly higher than that in NG and normal thyroid tissues, affirming
the important role of the Notch pathway in thyroid carcino-
genesis and angiogenesis.

TGF-β1 is secreted in large amounts from many cancer
cells and acts as a tumor promoter by inducing tumor angio-
genesis, immune escape, and metastasis [45, 46]. High ex-
pression of TGF-β1 correlates with cancer progression and
clinical prognosis [47]. However, the role of TGF-β1 in the
progression of PTC is still somewhat uncertain. Zurawa-
Janicka et al. demonstrated that the TGF-β1 levels in thyroid
tumor tissues were not significantly altered compared with
control tissues [48]. While Eloy et al. found that increased
cytoplasmic expression of TGF-β at the periphery of poorly
circumscribed PTC was associated with morphological fea-
tures of invasiveness, featuring epithelial-to-mesenchymal
transition, and the presence of nodal metastases [49]. TGF-β
is known to signal through phosphorylation-mediated activa-
tion of Sma- and MAD-related family (Smad) of transcription
factors [50]. Our own results demonstrate that the positive
expression of TGF-β1 was significantly higher in PTC than
that in NG and normal thyroid tissues, and there was a signif-
icant positive correlation between TGF-β1 and p-Smad3 ex-
pressions in PTC, thus confirming the role of TGF-β/Smad
pathway in the carcinogenesis and progression of PTC.

Table 1 Expression of Notch1, TGF-β1, p-Smad3 and α-SMA in nor-
mal thyroid tissues, nodular goiter and papillary thyroid carcinoma

Groups No. Notch1,
n (%)

TGF-β1,
n (%)

p-Smad3,
n (%)

α-SMA,
n (%)

Normal thyroid
tissues

22 3 (13.6) 4 (18.2) 4 (18.2) 2 (9.1)

NG 35 3 (8.6) 5 (14.3) 8 (22.9) 4 (11.4)

PTC 70 36 (51.4)* 40 (57.1)* 55 (78.6)* 48 (68.6)*

NG nodular goiter, PTC papillary thyroid carcinoma

*P<0.05 (papillary thyroid carcinoma vs normal thyroid tissues)

Table 2 Clinicopathological pa-
rameters of papillary thyroid
carcinomas

*P<0.05 (I/II vs III/IVof papil-
lary thyroid carcinoma);
**P<0.05 (without lymph node
metastasis vs with lymph node
metastasis in papillary thyroid
carcinoma)
a TNM was assessed in accor-
dance with AJCC/UICC TNM,
7th edition (2009)

Clinicopathological
parameters

(n=70) Notch1,
n (%)

TGF-β1,
n (%)

p-Smad3,
n (%)

α-SMA,
n (%)

Age (years)

<45 27 13 (48.1) 17 (63.0) 21 (77.8) 18 (66.7)

≥45 43 23 (53.4) 23 (53.5) 34 (79.1) 30 (69.8)

Sex

Male 12 6 (50.0) 6 (50.0) 9 (75.0) 7 (58.3)

Female 58 30 (51.7) 34 (58.6) 46 (79.3) 41 (70.7)

Tumor stagea

I/II 47 21 (44.7) 27 (57.4) 33 (70.2) 28 (59.6)

III/IV 23 15 (65.2) 13 (56.5) 22 (95.6)* 20 (87.0)*

Lymph node metastasis

Negative 57 26 (45.6) 29 (50.9) 47 (82.5) 39 (68.4)

Positive 13 10 (76.9)** 11 (84.6)** 8 (61.5) 9 (69.2)

Table 3 Relationship between the expression of TGF-β1 and Notch1, p-
Smad3, and α-SMA in PTC

TGF-β1 Notch1 p-Smad3 α-SMA

+ − + − + −

+ 29 11 35 5 32 8

− 7 23 20 10 16 14

r=0.487, P<0.05 r=0.251, P<0.05 r=0.284, P<0.05
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Different modes of cross talk between the TGF-β and
Notch signaling pathways of both synergistic and antagonistic
nature have been reported in various cellular contexts [51–53].
Kennard et al. demonstrated that the overexpression of acti-
vated Notch3 caused repression of TGF-β-induced smooth
muscle-specific genes [54], whereas in clear cell renal carci-
noma, characterized by high activity of both pathways, Notch
signaling seems superimposed on TGF-β signaling [55]. In
the present study, we demonstrated that there was a significant
positive correlation between Notch1 and TGF-β1 expression
in PTC, and both Notch1 and TGF-β1 expressionwere related
with lymph node metastasis (P<0.05). These results indicate
that the two proteins may be predictors of lymph node metas-
tasis and may be related to poor prognostic markers in patients
with PTC.

Current understanding of mechanisms underlying tumor
growth and progression assigns critical functions to cells
constituting the tumor microenvironment, such as endothelial
cells and pericytes, tumor-infiltrating immune cells, and CAFs
[56]. Whereas the tumor growth-promoting ability of CAFs
has been extensively studied, it is not clear whether CAFs are
reciprocally controlled by developmental pathways that are
activated in tumor cells. In the present study, we found that
compared with NG and normal thyroid tissues, significantly
higher levels of α-SMA were observed in fibroblasts sur-
rounding cancer cells in PTC. More importantly, we found
that α-SMA-positive expression was closely related with
higher tumor stages (III/IV) in PTC. It should be noted that
in contrast to studies by Na et al., which showed cytoplasmic
accumulation of TGF-β expression in the stromal cell of PTC
[57], in this study, we found that TGF-β1 was only expressed
in the cancer cells of PTC. Moreover, our correlation analysis
revealed that there was a significant positive correlation be-
tween TGF-β1 expression in PTC cells and α-SMA in the
fibroblasts surrounding the cancer cells. A possible explana-
tion for this phenomenon may be that TGF-β1 could exert its
effect on tumor growth via a paracrine loop. The elevated
TGF-β1 has been proposed to promote tumor progression
through paracrine effects on stromal elements [58]. Paracrine
secretion of TGF-β may modulate the tumor microenviron-
ment for the benefit of melanoma growth, invasion, and
metastasis, especially through its ability to activate stromal
fibroblasts and its immunosuppressive effects and pro-
angiogenic properties [59]. Through paracrine signaling mol-
ecules, TGF-beta and IL-1beta, cancer cells activate stromal
fibroblasts and induce the expression of fibroblast activation
protein (FAP). FAP, in turn, affects the proliferation, invasion,
and migration of the cancer cells. Our result was confirmed by
Chen, who reported that TGF-β was an important factor in
inducing differentiation of myofibroblasts and expression of
functional markers, notably α-SMA [60].

In summary, our study suggests that the activation of the
Notch and TGF-β/Smad3 pathways in cancer cells not only

influence tumor growth, but cancer cell-derived-TGF-β li-
gands also affect stromal cells in a paracrine fashion and
enhance tumor growth.
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