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Purpose

The Notch signaling pathway is widely expressed in normal, reactive, and neoplastic tissues;
however, its role in thyroid tissues has not been fully elucidated. Therefore, this study was
conducted to characterize the expression of the Notch signaling pathway in papillary thyroid
cancer (PTC) cells and anaplastic thyroid cancer (ATC) cells.

Materials and Methods

Expression of activated Notch1 in ATC and PTC paraffin-embedded tissues was determined
by immunohistochemistry. The small interfering RNA technique was employed to knock down
Notch1 expression in ATC and PTC cell lines.

Results

The expression of activated Notch1 was higher in ATC cases than in PTC cases. Inhibition
of Notch1 significantly reduced proliferation and migration of ATC cells, but not PTC cells.
In addition, inhibition of Notch1 in ATC cells significantly reduced the expression of key mark-
ers of epithelial-mesenchymal transition and cancer stem cells. Conversely, changes in the
expression of these proteins were not observed in PTC cells.

Conclusion

The results of this study suggest that Notch1 expression plays different roles in tumor pro-
gression in ATC and PTC cells. We also found that Notch1 expression was significantly
related to the highly invasive or proliferative activity of ATC cells.
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Introduction

rapid growth, extensive local invasion of surrounding tis-
sues, and metastasis to distant organs. Therefore, ATC has
the poorest prognosis among thyroid carcinomas, with a

Thyroid cancer is one of the most common endocrine
malignancies, and its incidence continues to rise [1]. Thyroid
cancers have been divided into several representative sub-
types according to histopathological features; namely, pap-
illary, follicular, medullary, and anaplastic thyroid carci-
noma (ATC) [2]. ATC, an undifferentiated tumor of the thy-
roid, has the most aggressive clinical behavior because of its
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median overall survival of only 2.5-6 months [3,4]. Because
multimodal treatments, including surgery, radiotherapy, and
chemotherapy, are largely ineffective, new molecular treat-
ments, and novel approaches are needed to improve the clin-
ical outcomes of patients with ATC [5].

Basic studies of molecular mechanisms have recently pro-
vided potential therapeutic targets for the treatment of ATC
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patients. In this study, we focused on the Notch signaling
pathway as a therapeutic target. Notch is a multifunctional
transmembrane receptor that regulates cellular differentia-
tion, development, proliferation, and survival of normal or
cancer cells in a variety of contexts [6,7]. Notch signaling is
made up of four Notch receptors (Notchl, 2, 3, and 4) and
five ligands (Delta 1, 3, and 4 and Jagged [Jag] 1 and 2) in
humans [8]. Binding of any one of the Notch ligands to the
receptor promotes two proteolytic cleavages, which are
mediated by ADAM metalloprotease and y-secretase
enzymes. This results in release of the Notch intracellular
domain (NICD) from the cell transmembrane and its subse-
quent translocation into the nucleus [9-12]. The Notch sig-
naling pathway affects the progression of several cancers
[13-16]. Indeed, previous studies have suggested that Notch1
could play a key role in the regulation of epithelial-mes-
enchymal transition (EMT) and cancer stem cell (CSC) phe-
notype during the development and progression of tumors
[17,18]. However, the role of Notch signaling in thyroid can-
cer is poorly elucidated. Therefore, we evaluated the role of
Notch signaling using tissue samples from ATC and papil-
lary thyroid carcinoma (PTC). In addition, we examined the
cell proliferation and migration of ATC and PTC cells after
knockdown of Notchl1 signaling and evaluated alterations in
protein expression related to EMT or CSC.

Materials and Methods

1. Tissue samples and immunohistochemistry

Paraffin blocks and slides from 16 cases of ATC and 109
cases of PTC (between 1998 and 2013) were retrieved from
the archives of the Department of Pathology at the Korea
Cancer Center Hospital. The electrical medical records of the
patients corresponding to these cases were reviewed. This
study was approved by the Institutional Review Board of the
Korea Cancer Center Hospital.

Immunohistochemical staining was conducted by perme-
abilizing with 0.1% Triton X-100 in phosphate buffered saline
(PBS) for 10 minutes, quenching endogenous peroxides with
3% hydrogen peroxide for 10 minutes, blocking, and then
incubating the samples with primary and secondary antibod-
ies. Inmunoreactivity was visualized with avidin-biotin-per-
oxidase. The primary antibody for activated Notchl was
purchased from Abcam (Cambridge, UK) and used at a
dilution of 1:200.

Pearson's chi-squared test was used to assess the relevance
of expression of activated Notch1 when comparing ATC and
PTC cases. Statistical analyses were performed using SPSS
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ver. 18 (SPSS Inc., Chicago, IL) and a p < 0.05 was considered
significant.

2. Cell cultures

Human papillary (BCPAP) and anaplastic (8505C) thyroid
cancer cells were provided by Dr. Min Joo Kim (Korea Can-
cer Center Hospital, Seoul, Korea). The BCPAP cell lines
were cultured in RPMI-1640 (Lonza, Wakersville, MD), and
8505C cell lines were maintained in Dulbecco’s modified
Eagle medium (WelGENE Inc., Daegu, Korea) supplemented
with 10% fetal bovine serum (FBS; JR Scientific Inc., Wood-
land, CA) and 0.1% gentamycin (Lonza) at 37°C in 5% CO..

3. Small interfering RNA transfection

Small interfering RNAs (siRNAs) against Notchl and
scrambled siRNA (siScr) used as a negative non-silencing
control were synthesized by Genolution Pharmaceuticals
(Seoul, Korea). The following siRNA sequences were used in
this study: Notch1 #1, 5-GCGACAAGGUGUUGACGUU-3';
Notch1 #2, 5-GAUGCGAGAUCGACGUCAA-3'; and siScr,
5-UGGUUUACAUGUCGACUAA-3'. Cells were cultured
on 60-mm dishes to 50%-75% confluence, then transfected
with 50 nM siRNA using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.

4. Cell proliferation assay

The effects of Notch1 on thyroid cancer cell proliferation
were tested by counting the number of viable cells. The cells
were seeded at a density of 1x10° cells in 60-mm dishes and
transfected with siNotch1 using Lipofectamine 2000. After a
72-hour incubation period, the number of viable cells was
counted using an ADAM cell counter (NanoEnTek, Seoul,
Korea) according to the manufacturer's instructions. Percent
viability was determined by comparison with siScr-trans-
fected control samples.

5. Propidium iodide uptake assay

The effects of Notchl on thyroid cancer cell death were
determined using propidium iodide (PI; Sigma, St. Louis,
MO) uptake. The cells were seeded at a density of 1x10° cells
in 60-mm dishes and transfected with siNotch1 for 72 hours.
After washing the cells with PBS, PI solution was immedi-
ately added. After staining, the cells were analyzed using a
FACS Canto II flow cytometer (BD Biosciences, San Diego,
CA).
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6. Migration assay

The effect of Notch1 on thyroid cancer cell migration abil-
ity was assessed using 8-um pore size transwell chambers
(Corning Life Science, Corning, NY). Briefly, 3x10* cells
transfected with siScr or Notchl siRNA in serum-free
medium were plated in the upper chamber. Medium con-
taining 10% FBS was added to the lower compartment of the
chamber. After 48 hours of incubation, the cells were fixed
with 4% paraformaldehyde and stained with crystal violet.
The migrated cells in three randomly selected fields for each
well were visualized with an Olympus BX53F microscope
and cellSens imaging software (Olympus, Tokyo, Japan)
using a 100x objective.

7. 7-Secretase inhibitor treatment

N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT; Sigma), a y-secretase inhibitor, was used

p-value

Activated Notch1 Negative 2(12.5%)  82(75.2%) <0.001
Positive 14 (87.5%)  27(24.8%)
Total 16 (100%) 109 (100%)

to block the Notch signaling pathway. DAPT was dissolved
in dimethyl sulfoxide at a concentration of 100 mM. Cells
were seeded at a density of 1x10° per 60-mm dish and treated
with 0, 2, or 5 uM DAPT. After incubation for 72 hours, the
cells were analyzed by proliferation and migration assays
according to the manufacturer’s protocols.

8. Western blotting analysis

Whole cell lysates and nuclear proteins were extracted
using NP-40 Protein Extraction Solution (Invitrogen) accord-
ing to the manufacturer’s instructions. Whole cell lysates (30
ug protein per lane) were separated by 8% or 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The sep-
arated proteins were then electrophoretically transferred
onto polyvinylidene fluoride membranes and incubated with
primary antibodies overnight at 4°C. Immunoreactive bands
were then developed using a horseradish peroxidase-conju-
gated secondary antibody, and the proteins were visualized
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Fig. 1. Expression of activated Notch1 in patient tissues and thyroid cancer cell lines. (A) Immunohistochemical analysis of
activated Notch1 expression in anaplastic (upper left, negative; upper right, positive; x400) and papillary (lower left, negative;
lower right, positive; x400) thyroid cancer tissues. (B) Western blot analysis of activated Notchl, Notch1, and Notch2
expression in BCPAP and 8505C thyroid cancer cell lines. Each graph shows the target protein expression ratio normalized
to B-actin. Statistical significance is based on the difference when compared with BCPAP cells, *p < 0.05. ATC, anaplastic

thyroid cancer; PTC, papillary thyroid cancer.
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Fig. 2. Knockdown of Notchl reduced cell viability in anaplastic thyroid cancer cell lines. 8505C and BCPAP cells were
transfected with si-control or si-Notch1 for 72 hours, after which proliferation was determined by cell counting (A) and pro-
pidium iodide uptake (B). Statistical significance is based on the difference when compared with si-control cells, “*p < 0.01,

***p < 0.001.

by enhanced chemiluminescence (Amersham Biosciences,
Piscataway, NJ) using the manufacturer’s protocols. The fol-
lowing primary antibodies were used: Notchl, Notch2,
Musashi, and Snail (Cell Signaling Technology Inc., Danvers,
MA); activated Notchl and activated Notch2 (Abcam, Cam-
bridge, MA); E-cadherin and N-cadherin (BD Biosciences);
Sox2, Oct3/4, Nanog, and B-actin (Santa Cruz Biotechnology,
Santa Cruz, CA).

9. Statistical analysis

Values are expressed as the meanststandard error of mean
of the results of at least three experiments. The values were
evaluated by Student’s t test using the GraphPad Prism 4.0
software (GraphPad Software, San Diego, CA). Differences
with p-values of < 0.05 were considered statistically signifi-
cant.

Results

1. Expression of activated Notch1 in thyroid cancer patient
tissues and thyroid cancer cell lines

We examined the activated Notch1 (NICD) protein expres-
sion as an indication of the activation of Notch1 signaling in
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ATC and PTC patient tissues using immunohistochemistry.
Immunoreactivity in the nucleus and cytoplasm was
regarded as positive staining. As shown in Fig. 1A, we found
that activated Notch1 was strongly expressed in more ATC
cases than PTC cases. Different expression of activated
Notch1 between ATC and PTC cases was statistically signif-
icant (p < 0.001).

We analyzed the basal levels of Notch1, Notch2, and acti-
vated Notchl protein expression in 8505C and BCPAP cells.
Notchl and activated Notchl proteins were more highly
expressed in 8505C cells than in BCPAP cells, but Notch2
protein levels were not (Fig. 1B).

2. Knockdown of Notch1 reduced cell viability in ATC cell
lines

To investigate the effects of Notchl signaling on cell via-
bility and cell death, 8505C and BCPAP cells were transfected
with Notchl siRNA at 50 nM for 72 hours. As shown in
Fig. 2, knockdown of Notch1 significantly inhibited cell via-
bility in both 8505C and BCPAP cells. In addition, inhibition
of Notch1 increased cell death in 8505C cells when compared
to cells treated with control siRNA. However, this effect was
not found in BCPAP cells. These results showed that knock-
down of Notch1 could reduce the cell viability of ATC cells.
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Fig. 3. Knockdown of Notch1 inhibited cell migration in anaplastic thyroid cancer cell lines. For the analysis of cell migration,
8505C (A) and BCPAP (B) cells in which Notch1 was knocked down were plated into transwell inserts, and 10% fetal bovine
serum was used in the medium in the bottom chambers. After 48 hours, migration of thyroid cancer cells was quantified
(x100). Statistical significance is based on the difference when compared with si-control cells, **p < 0.01, ***p < 0.001.

3. Knockdown of Notchl inhibited cell migration in ATC
cell lines

We examined the effect of Notch1 on cell motility using a
transwell migration assay. 8505C and BCPAP cells were
transfected with Notch1 siRNA at 50 nM for 72 hours. As
shown in Fig. 3, knockdown of Notchl dramatically sup-
pressed the migration ability of 8505C cells, but not that of
BCPAP cells. These results suggested that knockdown of
Notch1 inhibited the cell migration ability of ATC cells.

4. DAPT reduced cell viability and cell migration in ATC
cell lines

We determined the effects of DAPT, a y-secretase inhibitor,
on cell viability and cell migration. 8505C and BCPAP cells
were treated with various concentrations (0, 2, or 5 uM) of
DAPT for 72 hours. We found that knockdown of Notch1 sig-
naling by 5 uM DAPT reduced the cell viability of 8505C
cells, but not BCPAP cells (Fig. 4A). We also examined the
effects of DAPT treatment on the migration of 8505C and
BCPAP cells. Inhibition of Notch1 signaling decreased the

number of migrating 8505C cells compared with the control,
but BCPAP cells did not (Fig. 4B). These data indicate that
Notch inhibitor suppressed growth and cell migration in
ATC cells.

5. Knockdown of Notch1 attenuated CSC- and EMT-related
markers

We analyzed the levels of CSC- and EMT-related proteins
after knockdown of Notchl. We found that knockdown of
Notchl reduced the levels of proteins related to CSC and
EMT, including Notch1l, Musashi, Sox2, Oct3/4, Nanog,
Snail, and N-cadherin in 8505C cells. Moreover, Notchl
knockdown led to increased protein levels of E-cadherin
(Fig. 5). However, these Changes were not observed in
BCPAP cells.
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Fig. 4. DAPT reduced cell viability and cell migration in anaplastic thyroid cancer cell lines. (A) 8505C and BCPAP cells
were treated with various concentrations of DAPT for 72 hours, after which proliferation was determined by cell counting.
(B) The migration cells were stained with crystal violet and the images were photographed (x100). Statistical significance is
based on the difference when compared with untreated cells, “*p < 0.01, ***p < 0.001. DAPT, N-[N-(3,5-difluorophenacetyl)-

L-alanyl]-S-phenylglycine t-butyl ester.

Discussion

High expression levels of Notchl have been reported to
play a major role in the metastasis of many cancer cells
[19-21]. Studies of the role of Notch signaling in thyroid can-
cers appear to be highly context-dependent. The majority of
studies of Notch signaling in thyroid cancers have shown it
to be a tumor suppressor, especially in developed thyroid
cancers such as PTC and follicular carcinomas (FC). For
example, Ferreti et al. [22] and Xiao et al. [23] showed that
Notch signaling was highly active in normal thyroid tissue,
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but decreased in developed thyroid cancers such as PTC and
FC cells. Most of these studies analyzed well-developed thy-
roid cancer cells; therefore, investigations of the role of Notch
signaling in poorly differentiated thyroid cancer, such as
ATC, have been limited. Interestingly, Vasko et al. [24]
demonstrated that the invasive front of PTC showed
increased expression of EMT-related genes compared to the
central lesion of PTC. The EMT process influences the con-
version of early stage tumors to a stage of invasive malig-
nancy and is closely related to tumor progression. In
addition, it is well known that the EMT process regulates
other signaling pathways, including Notch signaling. Based
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Fig. 5. Knockdown attenuated cancer stem cell (CSC)- and epithelial-mesenchymal transition (EMT)-related markers. 8505C
and BCPAP cells were transfected with si-control or si-Notch1 for 72 hours. Total cell lysates were prepared, Notchl, Notch2,
activated Notch1, activated Notch2 (A), and CSC- and EMT-related protein expression (B) were detected by western blot

analysis.

on these results, we postulated that Notch signaling influ-
ences the malignant potential of thyroid cancers. To verify
this hypothesis, we evaluated the different roles of Notch sig-
naling in PTC and ATC. First, we checked the activation of
Notch1 signaling in ATC and PTC. We observed increased
expression of activated Notchl in ATC patient tissues com-
pared to PTC patient tissues. Immunohistochemical staining
for activated Notchl, which indicates the activation of
Notchl signaling, showed that ATC patients had signifi-
cantly higher expression than PTC patients. Additionally,
ATC cells showed higher expression of Notch1 and activated
Notch1 than PTC cells in vitro. Therefore, we concluded that
Notch1 signaling was more active in ATC than PTC cells.
Subsequently, we compared the effects of knockdown of
Notchl signaling in ATC and PTC cells. We found that
knockdown of Notch1 expression significantly increased the
percentage of cell death and suppressed cell proliferation
and migration in ATC cells. However, these results were not
observed in PTC cells. Clinical aspects of ATC and PTC were
entirely different; namely, ATC showed more rapid disease

progression than PTC, including invasion to surrounding tis-
sue and distant metastasis to other organs. Therefore, we
concluded that activation of Notch1 signaling in ATC was an
important factor influencing the clinical aspects of ATC
through the increased cell proliferation or immortality and
migration ability.

In the Notch signaling pathway, the extracellular domain
of the Notch receptor binds to the ligands. This leads to
cytoplasmic cleavage of the NICD by y-secretase. NICD rap-
idly translocates to the nucleus and interacts with DNA-
binding proteins to activate target genes [8,12]. Thus, Notch
plays important roles in the regulation of cell growth, differ-
entiation, development, and apoptosis [25,26]. Conventional
treatments such as surgery, chemotherapy, and radiation
therapy have not been effective in slowing the progression
of ATC to date; accordingly, it is necessary to develop new
therapeutic approaches, including targeted therapy, in ATC
patient treatment. Our findings showed that DAPT, a y-sec-
retase inhibitor, effectively inhibited the proliferation and
migration ability of ATC cells. Therefore, we concluded that
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DAPT could be a candidate for therapy that targets Notch
signaling, perhaps presenting a novel therapeutic approach
for ATC. Saad et al. [27] reported that Notch mediated EMT
via increased expression of Snail, one of the major transcrip-
tion factors involved in EMT. Notch promotes EMT via Snail
induction and subsequent E-cadherin downregulation dur-
ing normal tissue development and oncogenic transforma-
tion.

Notch1, which is involved in the regulation of not only
EMT, but also the CSC phenotype during tumor progression,
converts polarized epithelial cells into motile, invasive cells
[19,28,29]. However, no data has demonstrated a direct rela-
tionship between Notchl expression and the EMT and CSC
phenotypes in thyroid cancers. Interestingly, we previously
found that proteins related to EMT and CSC were more
highly expressed in ATC than PTC tissues [30]. In addition,
our results showed that knockdown of Notch1 expression
decreased the expression of EMT- and CSC-related protein
markers in ATC cells, but not in PTC cells. Based on these
results, we hypothesized that this induction of EMT and CSC
markers by activation of Notchl signaling influenced the
clinical behavior of ATC, which showed more malignant
behavior than PTC. In addition, activation of Notch1 signal-
ing is significantly associated with the proliferative activity
or highly invasive nature of ATC cells regulating the EMT
process and CSC features.

Conclusion

In summary, the present study shows that Notch1 inhibits
proliferation and migration in ATC cells. In addition, knock-
down of Notch1 expression reduced the expression of EMT-
related proteins and CSC markers in vitro. Overall, our data
suggest that Notch1 is a possible target molecule for ATC
treatment.
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