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A B S T R A C T

Thyroid cancer is the most common endocrine carcinoma with increasing incidence worldwide and anaplastic
subtypes are frequently associated with cancer related death. Radioresistance of thyroid cancer often leads to
therapy failure and cancer-related death. In this study, we found that melatonin showed potent suppressive roles
on NF-κB signaling via inhibition of p65 phosphorylation and generated redox stress in thyroid cancer including
the anaplastic subtypes. Our data showed that melatonin significantly decreased cell viability, suppressed cell
migration and induced apoptosis in thyroid cancer cell lines in vitro and impaired tumor growth in the sub-
cutaneous mouse model in vivo. By contrast, irradiation of thyroid cancer cells resulted in elevated level of
phosphorylated p65, which could be reversed by cotreatment with melatonin. Consequently, melatonin sy-
nergized with irradiation to induce cytotoxicity to thyroid cancer, especially in the undifferentiated subgroups.
Taken together, our results suggest that melatonin may exert anti-tumor activities against thyroid carcinoma by
inhibition of p65 phosphorylation and induction of reactive oxygen species. Radio-sensitization by melatonin
may have clinical benefits in thyroid cancer.

1. Introduction

Thyroid cancer is the most common endocrine malignancy, with a
rapidly increasing annual incidence over the world [1,2]. In 2015, there
were approximately 90,000 newly diagnosed cases and 6800 mortality
cases in China [3]. Differentiated thyroid cancer (DTC), which includes
papillary thyroid carcinoma and follicular thyroid carcinoma, re-
presents the majority of thyroid cancer patients, and generally responds
well to surgery combined with therapeutic radioiodine (131I) [4]. On
the other hand, poorly differentiated/undifferentiated thyroid cancers
including anaplastic thyroid carcinoma (ATC) is lethal and accounts for
almost 50% of thyroid cancer related death [5]. ATC constitutes a
highly invasive disease with the most frequent metastatic sites in-
cluding trachea, esophagus, blood vessels and nerves [6,7] and is often
resistant to 131I therapy [8]. Similarly, some DTC cases respond poorly
to 131I treatment, which often leads to therapeutic failure and disease

recurrence. Limited alternatives in therapeutic strategies and resistance
to 131I treatment compose the major challenges to improving survival of
thyroid cancer patients [9]. It is therefore urgent to find additional
novel therapeutic alternatives for thyroid carcinoma.

Melatonin is a phylogenetically well-preserved compound secreted
by the pineal gland, and is reported to have a wide range of biological
activities [10,11]. For instance, the anti-inflammation and anti-tumor
effects of melatonin have generated considerable interest in therapeutic
application [12–14]. Moreover, chemo- [15] or radio-sensitization [16]
roles of melatonin in human cancers have been reported with minimal
side effects. However, the effects and therapeutic potential of melatonin
on thyroid carcinoma remain unsolved.

Nuclear factor-κB (NF-κB) is a protein complex that controls tran-
scription of various target genes participating in cell proliferation, cell
apoptosis as well as metabolic reprogramming [17]. The p65 protein,
also known as RELA, is a REL-associated protein involved in NF-κB
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hetero-dimerization formation, nuclear translocation and functional
activation. Upon phosphorylation, p65 associates with p50 to form a
heterodimer, which is then translocated into the nucleus to initiate gene
transcription. There is an emerging body of evidence showing that
aberrantly activated p65 or NF-κB signaling contributes to tumor de-
velopment and progression including thyroid carcinoma [18,19].
Strong correlations between nuclear localization of p65 and clin-
icopathological parameters of thyroid carcinoma suggested the role of
NF-κB activation in tumor growth and aggressiveness [20]. It has also
been demonstrated that NF-κB activation induced by chemotherapy or
radiotherapy attenuated the therapeutic efficacies [21,22], whereas
inhibition of NF-κB signaling could promote thyroid cancer cell apop-
tosis and achieve synergistic effects [23–25]. Moreover, inhibition of
the NF-κB pathway is purported to underlie the anti-tumor effect of
melatonin [15,26]. Reactive oxygen species (ROS) are byproducts of
cellular metabolism and acts as a double-edged sword during cancer
progression [27]. A certain ROS level is essential for cell proliferation
and DNA mutation, while excessive redox stress often leads to ex-
haustion of intracellular anti-oxidant system and cell apoptosis. Pro-
oxidant and antioxidant roles of melatonin have both been reported in
human cancer [10,28]. However, effects of melatonin on NF-κB sig-
naling and redox homeostasis in thyroid carcinoma remains to be ex-
plored.

This study was designed to explore the anti-tumor activity of mel-
atonin against thyroid carcinoma and whether or not mechanisms of
which are associated with the NF-κB pathway and redox modulation.
Moreover, we also explored combinational effects of irradiation and
melatonin on thyroid tumor in vitro and in vivo.

2. Materials and methods

2.1. Cell lines and cell culture

Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China),
kindly provided the human papillary thyroid cancer cells KTC-1 and
BCPAP cells. TPC-1 cells were purchased from Cobioer Biosciences Co.,
LTD. (Nanjing, China). The human anaplastic thyroid cancer cells
8505c and ARO cell lines were purchased from Guangzhou jenniobio
Biotechnology Co. Ltd. Cell lines were authenticated by short tandem
repeat (STR) DNA profiling and all cell lines were passaged less than
one month prior to experimentation. Cells were incubated with main-
tained in RPMI 1640 (Gibco, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS, Hyclone, Logan, UT, USA) at 37 °C in a
humidified atmosphere with 5% carbon dioxide.

2.2. Reagents

Melatonin was obtained from Sigma Aldrich (Sigma-Aldrich, St.
Louis, USA) and dissolved in DMSO at 2M in stock solution. N-acetyl-L-
cysteine (NAC) and 2′,7′-dichlorofluorescein diacetate (DCF-DA) was
purchased from Life Technologies (Invitrogen, Carlsbad, California,
USA) and dissolved in DMSO.

2.3. Western blot analysis

Cells were lysed by using 1× RIPA buffer (Cell Signaling
Technology, Danvers, MA, USA) and the protein concentration was
determined using BCA Protein Assay kit (Pierce, Rockford, IL, USA)
method. Equal amounts of cell protein were subjected to electrophor-
esis in SDS-PAGE gels and then transferred to PVDF membranes
(Millipore) for antibody blotting. Antibodies used in our study were as
follows: β-Actin, PARP, cleaved (c)-caspase 3, NF-κB/p65, p-NF-κB/
p65, Bcl-xl, MMP9, Cyclin D1, IL-1α and Lamin A (Cell Signaling
Technology, Beverly, MA, USA), Ki-67 (Abcam, Cambridge,
Massachusetts, USA). Horseradish peroxidase-conjugated IgG (Pierce)
was used as the secondary antibody. Expression level of indicated

proteins were detected using Bio-Rad Clarity™ western ECL substrate
(Bio-Rad Laboratory, CA, USA). For dissociation of nuclear, mitochon-
drial and cytoplasmic proteins, a specific isolation kit from Keygen
(Nanjing, China) was utilized according to manufacturer's instructions.

2.4. Cell proliferation/viability assays

4×103 cells were seeded into 96-well plates and cultured with
different doses of melatonin for 48 h. Cell viability was assessed by the
MTS ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt) methods and the absorbance
was measured at the wavelength of 490 nm. For irradiation assays, the
cells were exposed to irradiation (2 Gy) before viability detection.

2.5. RNA extraction and real-time qPCR

Thyroid cancer cells were either treated with melatonin, irradiation
or DMSO control. The total RNA was extracted from thyroid cancer cell
lines using TRIZOL reagent (Life Technologies, Grand Island, USA) and
dissolved in RNAasefree water. Equal amounts of RNA were converted
to cDNA using the Go Script Reverse Transcription (RT) System
(Promega, Madison, USA) following the instructions from the manu-
facturer. To assess mRNA expression, qRT-PCR was conducted using
GoTaq PCR Master Mix (Promega, Madison, USA) on a Roche 480 fast
real-time system (Applied Biosystems, Foster City, CA). The house-
keeping gene GAPDH was used as an endogenous control. Each sample
and gene was conducted in triplicate and analyzed with the 2-△△Ct

methods. Sequences for primers were listed in Supplementary Table 1.

2.6. Migration and wound closure assays

The indicated cells were treated with melatonin (1mM) or irradia-
tion before migration assays. The cells were suspended in 100 μl serum-
free medium and plated in the upper chamber (24-well insert; pore size,
8 µm; BD Biosciences), while fetal bovine medium was added into the
lower chamber. After 24 h incubation, cells that did not migrate
through the pores were removed with a cotton swab. The chambers
were stained with crystal violet and counted in four random view fields.
Wound healing assays were performed according to a previous report
[15].

2.7. Cell apoptosis assays and ROS detection

Thyroid carcinoma cells were collected after indicated treatment
and apoptosis was analyzed utilizing a Gallio flow cytometer (Beckman
Coulter, Miami, USA). The intracellular ROS level was detected with the
specific probe DCF-DA according to the manufacturer's instructions.

2.8. X-ray survival assay

Cells cultured in plates were irradiated with X-ray (2 Gy, X-ray ir-
radiation was carried out using X-ray machine for research only), and
the cultures were maintained for 24 h before the cells were collected for
migration and wound closure assays or for 48 h before flow cytometer
analysis. Cells in 10 cm dishes irradiated with X-ray (2 Gy) were col-
lected after 24 h culture for study of protein and mRNA expression al-
teration.

2.9. Immunohistochemistry

Paraffin-embedded tissue specimens of tumor xenografts were sec-
tioned, incubated at 65 °C for 2 h, deparaffinized in xylene and rehy-
drated. Antigen retrieval was done in a microwave oven for heating at
95 °C. The sections were then incubated in 3% H2O2 solution for 10min
to block endogenous peroxidase activity and then in normal goat serum
for 1 h. The sections were then incubated with antibodies against Ki-67
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or p-NF-κB/p65 (active NF-κB/p65, Millipore) at 4 °C overnight.
Staining was performed using a kit from Dako (Copenhagen, Denmark).

2.10. Animal study

Female BALB/c nude mice (4–5 weeks old) were purchased from the
Beijing Vital River Laboratory Animal Technology (Beijing, China).
TPC-1 cells (1× 106) or 8505c cells (1× 106) suspended in 100 μl cold
PBS were subcutaneously injected to the right armpit of the mice. The
mice were randomly assigned into the following different groups:
Control, PBS; Melatonin, 25mg/kg, once per day; irradiation, 2 Gy,
twice per week; Combination, irradiation, 2 Gy, twice per week fol-
lowed by melatonin, 25mg/kg, once per day. Tumor size was measured
every 3 days by means of a Vernier caliper, and tumor volume was
estimated according to the following formula: tumor volume =0.5× L
×W2, where L is the greatest dimension of the tumor and W is the
dimension of the tumor in the perpendicular direction. Mice weight was
recorded twice weekly. Mice holder was used during radiation. The
tumor was well exposed, while other part of mice body was carefully
protected using plumbum mould. After treatment for four weeks, the
tumors were extracted from sacrificed mice, embedded in paraffin and
sectioned. Tumor tissues from the BALB/c nude mice were stained with
H&E or immunohistochemically with p-NF-κB/p65 or Ki-67 according
to previously reported protocols [29]. All the animal experiments were
performed according to the National Institutes of Health animal use
guidelines on the use of experimental animals.

2.11. Statistical analysis

Each cell culture experiment was performed in triplicates for at least
three times. Unless otherwise indicated, results were shown as
mean ± SD of three independent experiments. To compare the statis-
tical differences, SPSS software (version 16.0, Chicago, IL, USA) or
Graph Pad Prism software (San Diego, CA, USA) was used by two-tailed
Student's t-test or one-way ANOVA as approximate. P value less than
0.05 was considered significant. The Calcusyn Biosoft (Ferguson, MO,
USA) was used to calculate combination index of melatonin with irra-
diation.

3. Results

3.1. Melatonin inhibits proliferation and migration of thyroid cancer cell
lines in vitro

To explore the effects of melatonin on thyroid cancer cells, MTS
assay was used. Our data showed that the viability of thyroid cancer
cells was less than 10% after treatment with melatonin at 15mM for
48 h (Fig. 1A). Importantly, melatonin significantly decreased cell via-
bility of 8505c and ARO (two ATC cell lines) to a comparable extent to
that of DTC cell lines such as TPC-1, KTC-1 and BCPAP (Fig. 1A).
Melatonin at relatively low concentrations suppressed cell viability of
8505c and TPC-1 cells in a time-dependent manner (Fig. 1B). However,
melatonin at physiological concentrations (0.01–3 nM) showed no ef-
fects on thyroid cancer cells (Supplementary Fig. S1A). Additionally,
transwell assays indicated that melatonin was able to impede migration
of 8505c, TPC-1, KTC-1 and BCPAP cells to the lower chamber (Fig. 1C
and Supplementary Fig. S1B). Further wound closure assays confirmed
the anti-migration activity of melatonin (Fig. 1D, E and Supplementary
Fig. S1C). These data suggest that melatonin could inhibit proliferation
and migration of thyroid cancer cells.

3.2. Melatonin induces apoptosis and redox stress of thyroid cancer cell
lines

We proceeded to analyze thyroid cancer cell apoptosis after mela-
tonin treatment via flow cytometry. The percentage of apoptotic cells

increased in parallel with concentration of melatonin (Fig. 2A and
Supplementary Fig. S2A). Percentage of Annexin V positive cells after
treatment with melatonin at 8mM was 42.6%, 73.2%, 50.7% and
43.4% for 8505c, TPC-1, KTC-1 and BCPAP cells, respectively (Fig. 2A
and Supplementary Fig. S2A). Moreover, enzymatic activity of caspase
3/7 was significantly increased in 8505c, TPC-1, KTC-1 and BCPAP cells
in a dose-dependent manner (Fig. 2B and Supplementary Fig. S2B).
Cleavage of PARP and caspase 9 were also upregulated as detected by
immunoblotting assays (Fig. 2C). Expression of cytochrome C in the
cytosol was significantly increased while that in the mitochondrion was
decreased, indicating mitochondrion impairment by melatonin in
8505c, TPC-1, KTC-1 and BCPAP cells (Fig. 2D). Modulation of in-
tracellular ROS in cancer cells by melatonin remains controversial
[10,28]. We performed flow cytometry analysis with DCF-DA as the
ROS prober. As shown in Fig. 2E, fluorescence intensity for DCF-DA
significantly increased by more than 3-fold after melatonin treatment
than control cells. Consistently, apoptotic cells and caspase activity
(Figs. 2F and 2G) were reduced by pretreatment with the anti-oxidant
NAC, indicating that ROS accumulation may underlie pro-apoptotic
activity of melatonin in thyroid cancer cells.

3.3. Melatonin inhibits NF-κB/p65 signaling in thyroid cancer

Previous reports have demonstrated that NF-κB signaling blocking
suppresses thyroid tumorigenesis [30]. To determine whether mela-
tonin inhibits NF-κB/p65 signaling in thyroid cancer, the total and
nuclear portions of 8505c and TPC-1 cells were isolated after treatment
with different concentrations of melatonin. Fig. 3A clearly showed that
the nuclear expression of NF-κB/p65 and total phosphorylated NF-κB/
p65 was significantly suppressed by melatonin in a dose-dependent
manner. Phosphorylation and subsequent nuclear translocation of NF-
κB/p65 was vital in NF-κB signaling [17]. Concordantly, the NF-κB/p65
DNA binding activity in 8505c, TPC-1 and KTC-1 cells was decreased by
approximately 50% after treated with melatonin at 2mM (Fig. 3B).
Well-known NF-κB/p65 response genes including IL-1α, Bcl-xl,
TWIST1, MMP9, Cyclin D1 and CXCR4 were downregulated at both the
mRNA (Fig. 3C) and protein (Fig. 3D) level after melatonin treatment in
8505c, TPC-1 and KTC-1 cells. TNF-α showed potent capacity to acti-
vate NF-κB as is indicated by elevated nuclear NF-κB/p65 expression
and total NF-κB/p65 phosphorylation (Fig. 3E). However, these effects
could be blocked by co-treatment with melatonin in 8505c and TPC-1
cells (Fig. 3E) as well as in KTC-1 cells (Supplementary Fig. S3A), fur-
ther demonstrating potent inhibitory roles of melatonin on NF-κB/p65
phosphorylation and nuclear translocation.

To gain further insights into the roles of NF-κB signaling in med-
iating the anti-migration activity of melatonin, 8505c and TPC-1 cells
were treated with specific NF-κB/p65 siRNA (Supplementary Fig. S3B)
before they were subjected to melatonin treatment and subsequent
transwell assays. As shown in Supplementary Fig. S3C, melatonin had
no effects on cell migration after NF-κB/p65 knockdown by siRNA.
These results further suggested that abrogation of the NF-κB/p65
pathway may mediate the oncostatin effects of melatonin in thyroid
carcinoma.

3.4. Irradiation activates NF-κB/p65 signaling in thyroid cancer

Postoperative radiotherapy has long been the corner stone for
thyroid cancer treatment [5]. Intriguingly, treatment of TPC-1 and KTC-
1 cells with irradiation resulted in elevated nuclear NF-κB/p65 level
and total NF-κB/p65 phosphorylation (Fig. 4A). Consequently, NF-κB/
p65 response genes including IL-1α, TWIST1, MMP9, Cyclin D1 and
CXCR4 were upregulated at the mRNA and protein levels (Fig. 4B and
C). However, elevated Cyclin D1 and MMP9 expression induced by ir-
radiation were reversed by co-treatment with melatonin (Fig. 4D). Ex-
amination of NF-κB/p65 expression also indicated that melatonin could
inhibit nuclear expression of NF-κB/p65 expression and total

Z.-W. Zou et al. Redox Biology 16 (2018) 226–236

228



Fig. 1. Melatonin inhibits proliferation and migration of thyroid cancer cells. (A) Relative cell viability of thyroid cancer cells after treatment with melatonin at indicated
concentrations for 48 h. (B) Cell viability of 8505c and TPC-1 cells after treatment with melatonin at 2 mM or 4mM for three days as measured by OD490 value. (C) Migration assays of
8505c, TPC-1 and KTC-1 cells after treatment with melatonin at indicated concentrations for 24 h. Representative images (left panel) and quantification (right upper panel) were shown.
Wound closure assays of 8505c, TPC-1 and KTC-1 cells after treated with melatonin at 1 mM for 24 h. Representative images (D) and quantification (E) were shown. *P<0.05.
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Fig. 2. Melatonin induces apoptosis and intracellular ROS of thyroid cancer cells. (A) 8505c, TPC-1 and KTC-1 cells were treated with melatonin at the indicated concentrations and
cell apoptosis was analyzed by flow cytometry. Representative images (left panel) and quantification (right upper panel) were shown. (B) Relative caspase3/7 activity of 8505c, TPC-1
and KTC-1 cells after treatment with melatonin at the indicated concentrations. (C) Immunoblotting of cleaved PARP and cleaved caspase 9 in 8505c, TPC-1, KTC-1 and BCPAP cells after
treated with melatonin at the indicated concentrations. β-Actin was used as a loading control. (D) Western blot analysis of cytochrome C in the mitochondrion and in the cytoplasm. VDAC
and β-Actin were used as loading controls. (E) Flow analysis of intracellular ROS level in 8505c, TPC-1 and KTC-1 cells. (F) Percentage of apoptotic cells 8505c, TPC-1 and KTC-1 cells
after treated with or without NAC and melatonin at 8 mM for 24 h. (G) Relative caspase3/7 activity of 8505c, TPC-1 and KTC-1 cells after treatment with or without NAC and melatonin at
8 mM for 24 h. *P< 0.05.

Z.-W. Zou et al. Redox Biology 16 (2018) 226–236

230



phosphorylated NF-κB/p65 in 8505c and TPC-1 cells post irradiation
(Fig. 4E). Concordantly, enhanced DNA binding activity of NF-κB in-
duced by irradiation was abrogated by melatonin (Fig. 4F). It was
therefore worthwhile to evaluate the combinational effects of mela-
tonin and irradiation in thyroid cancer.

3.5. Melatonin synergizes with irradiation to induce cytotoxicity to thyroid
cancer cells

MTS assays showed that combination of irradiation and melatonin
significantly decreased cell viability compared with melatonin alone
(Fig. 5A). We used the Calcusyn software to calculate combination
index and found synergistic effects between irradiation and melatonin

in thyroid cancer (Supplementary Fig. S4A). Moreover, combination of
irradiation and melatonin significantly suppressed migration of 8505c,
TPC-1, KTC-1 and BCPAP cells compared with either agent alone
(Fig. 5B, C and Supplementary Fig. S4B). Apoptotic cells as detected by
flow cytometry were significantly increased after treatment with irra-
diation and melatonin than cells treated with either agent alone
(Fig. 5D). In line with the flow cytometry results, expression of cleaved
PARP and cleaved caspase 9, as well as activity of caspase3/7 was in-
creased after treatment with irradiation and melatonin in 8505c and
TPC-1 cells (Fig. 5E, Supplementary Fig. S4C and S4D). Additionally,
while intracellular ROS levels were significantly increased by melatonin
or irradiation alone, combination of both agents led to synergistic in-
duction of ROS (Fig. 5F). Taken together, melatonin potentiates

Fig. 3. Melatonin inhibits p65 phosphorylation and nuclear translocation in thyroid carcinoma. (A) Western blot analysis of nuclear NF-κB/p65 and p-NF-κB/p65 in 8505c and
TPC-1 cells treated with melatonin for 24 h. (B) ELISA analysis of NF-κB/p65 activity in 8505c, TPC-1 and KTC-1 cells after treatment with melatonin for 24 h. (C) Expression of NF-κB/
p65 response genes in 8505c, TPC-1 and KTC-1 cells was detected by qPCR assays. (D) Immunoblotting of IL-1α, Cyclin D1 and MMP9 in 8505c, TPC-1 and KTC-1 cells after treatment
with melatonin (2mM) for 24 h. β-Actin was used as a loading control. (E) Immunoblotting of NF-κB/p65 and p-NF-κB/p65 in 8505c and TPC-1 cells treated with or without TNFα
(10 ng/mL) and melatonin (2mM) for 24 h. β-Actin was used as a loading control. *P < 0.05.
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radiation-induced cytotoxicity in thyroid cancer cells via inhibition of
NF-κB/p65 phosphorylation and ROS induction.

3.6. Combination of melatonin and irradiation suppresses tumor growth of
thyroid cancer cells

To further evaluate the anti-tumor activity of melatonin in vivo,
subcutaneous xenograft mouse model was used. Tumors of xenografts
formed by the APC cell line 8505c cells in the treatment groups grew
significantly slower than that in the control group (Fig. 6A and B), as is
reflected by the tumor weight (Fig. 6C). Moreover, tumors formed by
TPC-1 cells were sensitive to melatonin treatment and achieved suc-
cessful synergy by combination of melatonin and irradiation

(Fig. 6D–F). Also, melatonin or irradiation treatment induced no weight
loss in nude mice (Supplementary Fig. S5A and S5B). Moreover, Ki-67
positive cells were significantly decreased by combination treatment,
indicating suppressed tumor growth (Fig. 6G). On the other hand, im-
munohistochemistry staining of phosphorylated NF-κB/p65 in the mice
xenografts further demonstrated that melatonin suppressed activated
NF-κB induced by irradiation (Fig. 6G). Taken together, melatonin
suppresses thyroid cell growth and enhances radiosensitivity via in-
hibition of NF-κB/p65 phosphorylation in vivo (Fig. 6H).

4. Discussion

The burden of thyroid carcinoma has continually increased

Fig. 4. Irradiation activates NF-κB/p65 phosphorylation. (A) Western blot analysis of nuclear NF-κB/p65 and p-NF-κB/p65 in 8505c, TPC-1 and KTC-1 cells after irradiation. (B)
Expression of NF-κB/p65 response genes in 8505c, TPC-1 and KTC-1 cells after irradiation was detected by qPCR assays. (C) Immunoblotting of IL-1α, Cyclin D1 and MMP9 in 8505c,
TPC-1 and KTC-1 cells after irradiation. β-Actin was used as a loading control. (D) qPCR analysis of Cyclin D1 and MMP9 in 8505c and TPC-1 cells after treatment with melatonin,
irradiation or both. (E) Western blot analysis of nuclear NF-κB/p65 and p-NF-κB/p65 in 8505c and TPC-1 cells after treated with melatonin, irradiation or both. (F) ELISA analysis of NF-
κB/p65 activity in 8505c, TPC-1 and KTC-1 cells after treated with melatonin, irradiation or both. *P< 0.05.
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Fig. 5. Melatonin enhances sensitivity of thyroid cancer cells to irradiation in vitro. (A) Relative cell viability of 8505c and TPC-1 cells after treatment with melatonin at the
indicated concentrations for 48 h with or without irradiation. (B) Migration assays of 8505c, TPC-1 and KTC-1 cells after treatment with melatonin, irradiation or both. (C) Quantification
of migration analysis in 8505c, TPC-1 and KTC-1 cells. When observed value is less than the predicted value, the combination effect is considered as synergistic. (D) Apoptotic cell
percentage in 8505c and TPC-1 cells after treated with melatonin, irradiation or both. (E) Immunoblotting of cleaved PARP and cleaved caspase 9 in 8505c and TPC-1 cells after treatment
with melatonin, irradiation or both. β-Actin was used as a loading control. (F) Flow analysis of intracellular ROS in 8505c and TPC-1 cells after treatment with melatonin, irradiation or
both. Representative images (left panel) and quantification (right panel) were shown. *P<0.05.
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[1,3,31]. Combined total thyroidectomy and postoperative 131I therapy
prevails as the corner stone of therapeutic strategy for thyroid cancer
patients [5]. Although the overall prognosis for DTC is good, patients
refractory to 131I-irradiation could only achieve a 10% 10-year survival
rate [9], which is comparable to that of ATC patients [32]. Moreover,
the ability of the remaining tumor cells after thyroidectomy to absorb
131I plays vital roles in determination the efficacy of irradiation therapy

[33]. The ATC cells could not concentrate 131I during the dediffer-
entiation process and thus become irradiation resistant. In some cases,
even 131I-sensitive DTC lesions become resistant to 131I therapy during
the treatment course. Therefore, development of novel anti-tumor
methods is urgently needed for thyroid cancer, especially for patients
with ATC.

Elevation of basal NF-κB activity in malignant thyroid tissues, which

Fig. 6. Melatonin suppresses growth of thyroid cancer cells, alone or in combination with irradiation. Growth curve of subcutaneous tumor formed by 8505c (A) or TPC-1 (D) cells
in the nude mice after treatment with PBS, melatonin, irradiation or both. (B, E) Dissected tumors were photographed. (C, F) Weight of tumors in the indicated groups were recorded. (G)
H&E staining and expression of Ki-67 and p-NF-κB/p65 in dissected samples were shown. (H) Schematic diagram shows that melatonin inhibits p65 phosphorylation and induces ROS in
thyroid tumor and enhances sensitivity to irradiation. *P<0.05.
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is attributed to the upstream kinase mutation, RET gene rearrangement
or PTEN deletion [34] confers survival advantage to thyroid cancer
cells and plays a critical role in thyroid carcinogenesis, thus making NF-
κB an attractive target for molecular therapy [18,34]. Several previous
reports have shown that inhibition of NF-κB signaling in ATC as well as
DTC cells markedly suppressed tumor growth in vitro and in vivo
[24,30,35]. Based on these studies, we hypothesized that NF-κB–tar-
geted therapy could potentially result in more complete suppression of
thyroid cancers. However, off target and side effects has narrowed
therapeutic application of previous inhibitors [35]. Clinical trials
showed that no effective small molecule compound was available to
inhibit the NF-κB cascade selectively. Knowing that melatonin has been
reported to inhibit NF-κB signaling, can be easily achieved through
dietary supplementation, and has no major side effects, we decided to
investigate the effect of this compound in thyroid cancer.

Anti-tumor activity of melatonin, alone or in combination with
other chemotherapeutic regimens has been well established in many
types of human tumors, such as colorectal [26], esophageal [10], breast
[16] and pancreatic [15] cancer. Disruption of oncogenic signaling
[10,15] or modulation of intracellular reactive oxygen species (ROS)
[10,28] underlie the oncostatin roles of melatonin. For instance, in-
hibition of NF-κB DNA-binding activity by melatonin resulted in re-
duced metastatic activity of renal cell carcinoma [36], decreased pro-
liferation of colorectal cancer [26] and increased apoptosis in
pancreatic cancer [15]. In the current study, we showed for the first
time that melatonin at micro molar level in DTC as well as ATC in-
hibited p65 translocation to the nucleus and decreased the levels of
several proteins encoded by NF-κB-dependent genes, which was sup-
ported by a previous report [15]. As a result of melatonin treatment, we
observed caspases activation and increased apoptosis in vitro and de-
layed tumor growth in vivo.

Both anti-oxidant and pro-oxidant roles of melatonin have been
reported. Melatonin was shown to induce elevated intracellular ROS
level in esophageal squamous carcinoma cell lines [10]. By contrast,
melatonin was reported to abolish intracellular ROS induced by dox-
orubicin in A549 lung cancer cells [28]. Our data supported the notion
that the anti-tumor activity of melatonin is dependent on its pro-oxi-
dant properties in thyroid cancer, as pretreatment with NAC sig-
nificantly decreased apoptotic cells induced by melatonin.

Importantly, chemo- or radio-sensitization effects of melatonin have
been observed in several cancers [10,15,16,26]. Melatonin induces
apoptosis and overcomes gemcitabine resistance in pancreatic cancer
by abrogating NF-κB activation [15]. Pretreatment with melatonin
sensitizes the human breast cancer cells to the ionizing radiation by
decreasing around 50% the activity and expression of proteins involved
in the synthesis of estrogens [16]. Moreover, melatonin suppressed
proliferation of colorectal cancer cells, and significantly enhanced
sensitivity of cancer cells to ursolic acid at micro molar level via in-
hibition of p65 nuclear translocation [26]. ROS mediates chemo-sen-
sitizing roles of melatonin to 5-Fu in esophageal squamous cell carci-
noma [10]. Previous reports showed that aberrantly activated NF-κB
signaling induced by irradiation functions as key determinants for ra-
diation efficiency in several malignancies including thyroid cancer
[22,37]. Our results indicated that irradiation activated NF-κB signaling
as evidenced by elevated p65 phosphorylation, enhanced NF-κB re-
porter activity and upregulated Bcl-xl, XIAP and MMP9 expression.
However, these effects were reversed by cotreatment with melatonin.
Consequently, melatonin could enhance sensitivity of thyroid cancer
cells to irradiation via inhibition of NF-κB activation in vitro and in vivo.
Previous randomized clinical trials showed that oral supplementation of
melatonin (20mg per day) could enhance the quality of life or minimize
the chemoradiation induced sides effects in cancer patients [38,39].
However, further studies are warranted to explore the effects of mela-
tonin in lowering cancer related recurrence and mortality rate although
this naturally occurring agent has shown promising pharmacological
potential in preclinical studies [40].

In our present study, we have shown that melatonin significantly
decreases clonogenicity and inhibits proliferation of DTC and ATC cell
lines as a single agent. Melatonin could sensitize TPC-1 and 8505c cells
to irradiation via inhibition of NF-κB through suppression of p65
phosphorylation and induction of ROS in vitro and in vivo. Our data
suggest that melatonin-induced radio-sensitization may have clinical
benefits for thyroid cancer.
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