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A B S T R A C T

Papillary thyroid carcinoma (PTC) is the most common endocrine carcinoma. Our previous study revealed that
punicalagin (PUN), an active component from pomegranate, triggered autophagic cell death and DNA damage
response (DDR) in papillary thyroid carcinoma BCPAP cells. But the detailed anti-cancer mechanisms of puni-
calagin against PTC still remained to be further explored. DDR activation is a proven cause of cellular senes-
cence, which mediates anti-tumor processes under certain circumstances. In this study, we reported that puni-
calagin treatment generated a senescent phenotype of BCPAP cells characterized as altered morphology,
increased cell granularity and senescence-associated β-galactosidase (SA-β-Gal) staining. Senescence induced by
punicalagin treatment was further confirmed by cell cycle arrest and upregulation of cyclin-dependent kinase
inhibitor p21. Meanwhile, the senescence-associated secretory phenotype (SASP) included high levels of in-
flammatory cytokines, principally IL-6 and IL-1β. Furthermore, punicalagin exposure caused the phosphoryla-
tion and subsequent degradation of IκBα as well as the nuclear translocation of p65, suggesting the activation of
NF-κB signaling pathway. Inhibition of NF-κB by pyrrolidine dithiocarbamate (PDTC), a selective inhibitor of
NF-κB, partially reversed the cellular senescent phenotype induced by punicalagin in BCPAP cells as evidenced
by the decreased fraction of SA-β-Gal staining positive cells and blockage of SASP generation. These results
collectively showed that punicalagin treatment induced senescent growth arrest and SASP via triggering NF-κB
activation. These observations elucidated novel anti-cancer mechanisms of punicalagin and might provide new
potential prospects for PTC therapy.

1. Introduction

Cellular senescence is typically characterized as an irreversible cell
cycle arrest which can be triggered by various environmental and ge-
netic factors, such as UV exposure, DNA damage and oncogenes [1].
The eternal abrogation of cell cycle brings a catastrophic attack to tissue
renewal and cell homeostasis, which will result in a distinct senescence-
like phenotype as indicated by enlarged morphology, SA-β-Gal staining
and upregulation of cyclin dependent kinase inhibitors (CDKIs) [2].
Accumulating studies have highlighted the fact that cellular senescence
could contribute to the anti-tumorigenic therapy [3]. A variety of anti-
cancer agents have been reported to be able to induce senescence of
different tumor cell lines. Senescent cells could secrete senescence-

associated secretory phenotype (SASP) including pro-inflammatory
cytokines and chemokines to further influence the surrounding en-
vironment [4]. The secreted SASP, especially some pro-inflammatory
cytokines, which are tightly regulated by NF-κB pathway, can recruit
immune cells to clear up the damaged cells and premalignant cells to
prevent tumorigenesis [5]. Indeed, targeting cellular senescence has
been reported to inhibit the progression of liver carcinoma [6], prostate
tumorigenesis [7], thyroid cancer [8] and so on.

Thyroid cancer is the most common endocrine cancer with an in-
creased incidence and mortality [9]. Papillary thyroid carcinoma (PTC)
is the major type of thyroid cancer. Surgical thyroidectomy, hormone
suppression and radiotherapy are conventional treatment methods for
PTC therapy and patients usually have a good prognosis. However,

https://doi.org/10.1016/j.biopha.2018.04.074
Received 4 January 2018; Received in revised form 8 April 2018; Accepted 9 April 2018

⁎ Corresponding author at: Jiangsu Institute of Nuclear Medicine, 20 Qian Rong Road, Wuxi, 214063, China.

1 These authors contributed equally to this work.
E-mail address: zhangli@jsinm.org (L. Zhang).

Biomedicine & Pharmacotherapy 103 (2018) 490–498

0753-3322/ © 2018 Elsevier Masson SAS. All rights reserved.

T

http://www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2018.04.074
https://doi.org/10.1016/j.biopha.2018.04.074
mailto:zhangli@jsinm.org
https://doi.org/10.1016/j.biopha.2018.04.074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2018.04.074&domain=pdf


there is still a certain amount of patients, especially those harboring
BRAF and TERT mutations, will more likely possess a recurrent or
metastatic stage. Some of them will even develop into a kind of
radioactive iodine-refractory differentiated thyroid cancer (RAI-R-DTC)
[10]. The strategy for treating these aggressive thyroid cancer patients
remained an arduous task. Multi-targeted inhibitors including sorafenib
and levatinib have been approved by FDA for the thyroid cancer mo-
lecular targeting therapy [11]. Nevertheless, developing novel therapy
strategies or searching for new drugs is still an urgent for the therapy of
aggressive and RAI-R-DTC patients.

Punicalagin (PUN) acts as a natural anti-cancer agent against var-
ious malignant tumors including colon and glioma cancer [12]. Our
previous studies showed that punicalagin treatment could not only
trigger autophagic cell death [13] but also induce DNA damage re-
sponse (DDR) of thyroid cancer cells after 24 h incubation [14]. How-
ever, the long-term effect of punicalagin on thyroid cancer cells remains
to be further defined. Considering both autophagy and DDR are closely
related with cellular senescence [15], it is reminiscent of the possibility
that cellular senescence might also be involved in the growth inhibition
effects of punicalagin on thyroid cancer cells.

In the present study, we addressed that punicalagin inhibited the
proliferation of thyroid cancer BCPAP cells by inducing irreversible
senescent cell cycle arrest. Our study illustrated a new anti-cancer
mechanism of punicalagin and provided a promising anti-cancer target
for PTC therapy.

2. Materials and methods

2.1. Chemicals, reagents and antibodies

Punicalagin (PUN, HPLC ≥98%) was purchased from klamar-re-
agent (Shanghai puzhen Biotechnology Co., Ltd). Newborn calf serum
(NCS) was purchased from Zhejiang Tianhang Biological Technology
Co., Ltd. Methyl thiazolyl tetrazolium (MTT) and dimethyl sulfoxide
(DMSO) were purchased from Sangon (Shanghai, China). SA-β-Gal
staining kit, Nuclear Protein and Cytoplasmic Protein Extraction Kit and
pyrrolidine dithiocarbamate (PDTC) were purchased from Beyotime
Biotechnology (Haimen, China). Thapsigargin (Tg, T9033) was pur-
chased from Sigma. UltraSYBR Mixture (CW2601M) was purchased
from CWBIO biotech Co., Ltd. The antibodies used in this article were as
follows: anti-NF-κB p65 (#8242P), anti-phospho-NF-κB p65 (Ser 536,
#3033P), anti-IκBα (#4814P) and anti-phospho-IκBα (Ser 32, #2859P)
were purchased from Cell Signaling Technology (Beverly, MA, USA).
Anti-β-actin (sc-47778), anti-p53 (sc-6243) and anti-PARP (sc-7150)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Anti-tubulin (AT819-1) and anti-p21 (AP021) were purchased from
Beyotime Biotechnology (Shanghai, China). All primers were synthe-
sized by Sangon Biotech Co. Ltd. (Shanghai, China).

2.2. Cell culture and drug treatments

Papillary thyroid carcinoma BCPAP cells were cultured with RPMI
1640 medium containing 10% newborn calf serum, 100 U/mL peni-
cillin and 100 U/mL streptomycin in a humid atmosphere of 5% (v/v)
CO2 and 95% (v/v) air at 37 °C. Punicalagin was dissolved in methanol
to a concentration of 50mM and stored at −20 °C. Unless otherwise
specified, BCPAP cells were treated with 25–100 μM of punicalagin for
24 h [13]. Solvent control contains equal amount of methanol to that of
100 μM of punicalagin. Thapsigargin and PDTC were dissolved in
DMSO to a concentration of 1mM and 100mM, respectively. These
stock solutions were stored at −20 °C until diluted before use.

2.3. MTT assay

BCPAP cells were seeded in a 96-well plate and incubated overnight.
After punicalagin treatment, the cells in each well were incubated with

40 μl of MTT (2mg/ml) at 37 °C for 4 h. Cell supernatants were re-
moved and 100 μl of DMSO per well was added to dissolve the for-
mazan. The absorbance at 490 nm of each well was measured by a
microplate reader (μQuant). Cell viability was expressed as a percen-
tage of MTT reduction, assuming that the absorbance of untreated cells
was 100%.

2.4. Senescence associated β-Galactosidase (SA-β-gal) staining

Senescence associated β-Galactosidase staining was performed ac-
cording to the manufacture’s protocol (Beyotime Biotechnology,
Haimen, China). Briefly, the cells were treated with punicalagin for 24 h
and incubated for another 4 days. Then the cells were washed by PBS
and fixed for 15min at room temperature. Subsequently, the cells were
washed with PBS for three times and then incubated with 1ml staining
solutions at 37 °C overnight. After that, SA-β-gal staining was observed
by a microscope and positive cells in each well were counted in five
different fields. All counting results were normalized to that of solvent
control group.

2.5. Cell granularity analysis

Cells treated with punicalagin for 24 h were collected and washed
twice with PBS. Then the cells were subjected to flow cytometry ana-
lysis. Forward scatter (FSC) is directly proportional to cell size and side
scatter (SSC) is proportional to cellular granularity. The results were
quantified by Cell Quest software.

2.6. Western blot

After drug treatment, the cells were harvested and washed by ice-
cold PBS. Next, ice-cold cell lysis (150mM NaCl, 50mM Tris-HCl, pH
7.5, 2 mM ethylene diamine tetraacetic acid (EDTA), 1% (w/v) Nonidet
P-40, 0.02% (w/v) sodium azide) which contains 1% protease in-
hibitors (phenylmethylsulfonyl fluoride, PMSF) was added to the cell
precipitates. The lysate was subjected to repeated freezing and thawing
for three times, and then centrifuged at 12, 000 rpm for 15min at 4 °C.
The supernatant was collected and protein concentration was de-
termined by Bradford assay. Then equivalent amount of proteins were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and were subsequently transferred to a nitrocellulose filter
membrane at low temperature. The membrane was blocked by 5% fat-
free milk for 1 h and incubated with primary antibody at 4 °C overnight.
After being washed by TBST buffer (137mM NaCl, 20 mM Tris-HCl,
0.1% tween-20, PH 7.6) for three times, the membrane was incubated
with corresponding secondary antibody for another 1 h and then wa-
shed three times again. The membrane was incubated with ECL che-
miluminescence and visualized by film exposure.

2.7. Cell cycle analysis

Cell cycle distribution was determined by PI (Propidium Iodide)
staining. The cells were collected after drug treatment and then were
fixed by 70% ethanol at 4 °C overnight. Samples were washed by PBS
and then incubated with DNA staining reagent containing 0.1% Triton
X-100, 0.1mM EDTA (PH 7.4), 50 μg RNase and 50 μg PI per ml at 37 °C
in dark for 30min. Samples were detected by flow cytometry at FL2-A
channel and the data were analyzed by FlowJo software.

2.8. Reverse transcription-polymerase chain reaction (RT-PCR)

After drug treatment, the cells were harvested and total RNA was
isolated with TRIzol reagent (Invitrogen, USA) as the manufacturer’s
directions. First-strand cDNAs were generated by reverse transcription
using oligo (dT) from 2 μg of total RNA samples. Following cDNA
synthesis, PCR was performed. The condition was shown as followed:
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initial denaturation at 95 °C for 5min, 30 or 35 cycles of denaturation
at 95 °C for 30 s, annealing at annealing temperature (Tm) for 30 s,
elongation at 72 °C for 30 s, and final extension at 72 °C for 5min. Most
of the PCR products were separated by 1.5% agarose gel electrophoresis
(AGE). For XBP1 splicing detection, the PCR products were separated
by 3.5% AGE and visualized by ethidium bromide (20 μg/mL) staining.
The sequences of primers used in this article were as follows: XBP-1,
Forward: 5′-CCTTGTAGTTGAGAACCAGG-3′; Reverse: 5′-GGGGCTTGG
TATATATGTGG-3′; IL-6, Forward: 5′-GTCCAGTTGCCTTCTCCC-3′,
Reverse: 5′-GCCTCTTTGCTGCTTTCA-3′; IL-1β, Forward: 5′-ACAGTGG
CAATGAGGATG-3′, Reverse: 5′-TGTAGTGGTGGTCGGAGA-3′; IL-8,
Forward: 5′-ATGACTTCCAAGCTGGCCGTG-3′, Reverse: 5′-TGTGTTGG
CGCAGTGTGGTC-3′; Actin, Forward: 5′-GCCGGGACCTGACTGAC
TAC-3′, Reverse: 5′-CGGATGTCCACGTCACACTT-3′.

2.9. Quantitative real-time polymerase chain reaction (qPCR)

After drug treatment, the RNA was extracted and then reversed as
described in 2.8. The obtained cDNA was diluted 5 times and then
mixed with 10 μl UltraSYBR Mixture, 4 μl RNase free water, 0.5 μl for-
ward and 0.5 μl reverse primers to a final 20 μl reaction system. PCR
was performed with the following conditions: initial denaturation at
95 °C for 5min, 40 cycles of denaturation at 95 °C for 15 s and an-
nealing at 60 °C for 1min. The mRNA relative expression level was
analyzed by ΔCt method. The sequence of primers used in this article
were as follows: IL-6, Forward: 5′-TTCTGCGCAGCTTTAAGGAG-3′,
Reverse: 5′-AGGTGCCCATGCTACATTTG-3′; IL-1β, Forward: 5′- ACAG
TGGCAATGAGGATG-3′, Reverse: 5′-TGTAGTGGTGGTCGGAGA-3′;
Actin, Forward: 5′-GACTTAGTTGCGTTACACCCTTTCT-3′, Reverse:
5′-GCTGTCACCTTCACCGTTCC-3′.

2.10. Statistical analysis

All the data were presented as means ± S.D. of three independent
experiments. Statistical significance was determined by one-way
ANOVA and t-test was used for two groups comparison at equal var-
iance. *P < 0.05, represents significant difference, **P < 0.01, re-
presents highly significant difference, ***P < 0.001, represents ex-
tremely significant difference.

3. Results

3.1. Punicalagin induces senescence of BCPAP cells

As is known, all senescent cells display common features, such as
larger cell size, granularity, and increased activity of senescence-asso-
ciated-β-glactosidase (SA-β-gal) [16]. First, the morphological changes
of BCPAP cells before and after punicalagin treatment were observed.
Compared with solvent control group, punicalagin-treated cells ex-
hibited enlarged and flattened morphology, which is more evident in
the group treated with 100 μM of punicalagin (Fig. 1A). The mean value
of the cellular area in each group was measured and it showed that
cellular area of BCPAP cells significantly elevated in a dose-dependent
manner by punicalagin treatment (Fig. 1A). Next, cell granularity was
detected by flow cytometry. As expected, cell granularity significantly
increased after 25 to 100 μM of punicalagin treatment (Fig. 1B). Fur-
thermore, SA-β-Gal staining assay was performed. As shown in Fig. 1C,
punicalagin treatment dose-dependently increased the percent of SA-β-
Gal staining positive cells. Compared with solvent control, the rate of
SA-β-Gal positive staining cells increased from 3.5 ± 0.7% to
9.5 ± 0.5% and 21.9 ± 6.5% at 50 and 100 μM of punicalagin treat-
ment respectively. Consistent with above observations, SA-β-gal
staining positive cells exhibited enlarged cell size and flattened shape.
These results suggested punicalagin could induce cellular senescence of
BCPAP cells.

3.2. Punicalagin regulates cyclin-dependent kinase inhibitors and causes cell
cycle arrest

Halting cell cycle progression is a distinctive feature of senescent
cells, which leads to a relatively slow cell growth rate [17]. Our pre-
vious studies [13] showed that the cell cycle distribution was merely
altered by 100 μM of punicalagin incubation for 24 h. However, a
longer duration of incubation, which extended to 72 h, caused a cell
cycle arrest at G0/G1 phase (Fig. 2A and B). P53, a well-known tumor
suppressor, is also a key mediator of cellular senescence [18]. P53 can
integrate many cellular stress signals including DNA damage. When
DNA damage is irreparable, phosphorylated p53 promotes senescence
via transactivation of CDKN1A, which encodes the cyclin dependent
kinase inhibitor p21 [19]. The hypo-phosphorylated Rb which is acti-
vated by p21 inhibits the transcription of E2F target genes and arrests
cells in the cell cycle [20]. As shown in Fig. 2C, punicalagin exposure in
a short time failed to alter the protein levels of p53 and p21. Whereas,
punicalagin treatment for 72 h augmented the protein expressions of
both p53 and p21, which coincided with the cell cycle arrest results
mentioned above. Thus, punicalagin-induced cellular senescence of
BCPAP cells was confirmed by cell cycle arrest.

3.3. Punicalagin generates SASP in BCPAP cells

It has been verified that cellular senescence is accompanied by al-
tered metabolic activity manifested by an increase in the level of many
secreted factors involved in intercellular signaling, such as in-
flammatory cytokines (e.g. IL-1, IL-6) and chemokines (e.g. IL-8) [21].
These phenomena are termed as senescence-associated secretory phe-
notypes (SASP) [22,23]. To further validate the induction of senescence
in BCPAP cells by punicalagin, the mRNA levels of IL-6, IL-8 and IL-1β
were analyzed by RT-PCR. As shown in Fig. 3A, punicalagin dose-de-
pendently enhanced the mRNA expression of IL-6 and IL-1β without
affecting IL-8. Similar results were obtained from qPCR assay (Fig. 3B).
A growing body of evidence suggests that ER stress can also contribute
to inflammatory responses [24], which serves as an important regulator
of inflammatory genes such as vascular endothelial growth factor
(VEGF) and IL-8 [25]. Thapsigargin (Tg), a classic ER stress inducer,
significantly increased the mRNA levels of IL-6, IL-1β and IL-8 in BCPAP
cells (Fig. 3A). The different expression pattern of inflammatory factors
evoked by punicalagin and Tg treatment promoted us to further in-
vestigate the effects of punicalagin on the induction of ER stress. In-
deed, punicalagin failed to trigger ER stress in BCPAP cells as evidenced
by the undetectable X-box binding protein 1 (XBP1) mRNA splicing
(Fig. 3C), which is a marker of ER stress [26]. Collectively, punicalagin
induced senescence and generated SASP in BCPAP cells.

3.4. Punicalagin-induced senescence is mediated by NF-κB activation in
BCPAP cells

It has been reported that NF-κB signaling pathway is involved in
SASP generation to facilitate senescence [27]. The NF-κB transcription
complex consists of two proteins designated p50 and p65. The p50:p65
complex, which is trapped by IκB, retained in the cytoplasm in an in-
active form [28]. Upon appropriate activation, IκBα will be phos-
phorylated, ubiquitinated and eventually degraded, thereby resulting in
the release of free NF-κB [29]. The released p65 then translocates to
nucleus to activate the transcription of downstream genes [30]. As
shown in Fig. 4A, the phosphorylated-IκBα (p-IκBα) was elevated ac-
companied by a decrease in total IκBα protein as detected by western
blot analysis. These results indicated that the phosphorylation and de-
gradation of IκB-α occurred after punicalagin treatment. As expected,
punicalagin promoted the phosphorylation of NF-κB/p65 in a dose-
dependent manner (Fig. 4B). The subsequent translocation of NF-κB
p65 subunit to the nucleus was evaluated by cytoplasm and nuclear cell
fraction assay. As shown in Fig. 4C, after 100 μM of punicalagin
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Fig. 1. Punicalagin induces senescence of BCPAP cells. (A) After BCPAP cells were treated with different dosages of punicalagin for 24 h, cell morphology was captured. Scale
bar, 20 μm. The area of cell was measured. The average area of 100 cells randomly chosen from 5 fields in each well was calculated. Each value stands for means ± S.D. of
three independent experiments (n=3). *P < 0.05, **P < 0.01 vs. SC group. SC, solvent control. (B) BCPAP cells were treated with punicalagin for 24h and then cell
granularity was analyzed by flow cytometry. The data in histogram were presented as means ± S.D. of three independent experiments (n=3). **P < 0.01 vs. SC group. (C)
BCPAP cells were treated with punicalagin for 24 h. After the withdrawal of the drug, the cells were cultured for additional 4 days. Then the cells were stained for SA-β-gal and
observed under a microscope. SA-β-gal staining positive cells appeared green. Scale bar, 20μm. SA-β-gal positive cells were counted at 3 different fields in each group and the
data of histogram were representative of means ± S.D. of three independent experiments (n=3). **P < 0.01, ***P < 0.001 vs. solvent control.
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treatment, a portion of p65 translocated from the cytoplasm to the
nucleus. The conditional medium collected from punicalagin-treated
BCPAP cells was able to trigger the phosphorylation of p65 in thyroid
cancer cells as well (Fig. 4D). Moreover, punicalagin-induced phos-
phorylation of p65 (Fig. 4E) as well as its nuclear translocation (Fig. 4F)
was blocked by PDTC, a potent NF-κB inhibitor.

To further confirm the participation of NF-κB signaling in punica-
lagin-induced senescence, we next examined the changes of senescent
features in the presence of PDTC. As shown in Fig. 5A, co-treatment
with PDTC markedly reversed the increased SA-β-gal positive staining
cells by punicalagin treatment. Compared to punicalagin-treated alone
group which had a positive SA-β-gal staining rate at 5.2 ± 1.0%, the
combination treatment group showed a higher SA-β-gal staining rate at
15.6 ± 3.6%. In accordance, the induction of SASP was also

ameliorated upon the treatment of PDTC as expected. Compared with
control group, punicalagin treatment led to 4.8- and 1.9- fold increase
in the mRNA expressions of IL-6 and IL-1β respectively. PDTC markedly
reversed punicalagin-induced SASP expression (Fig. 5B). Similar results
were obtained by qPCR assay. Upon punicalagin treatment, the mRNA
levels IL-6 and IL-1β increased to 2.4 ± 0.85 and 3.0 ± 0.48 fold of
that in control group. PDTC decreased the expression folds of IL-6 and
IL-1β to 0.91 ± 0.21 and 1.49 ± 0.44 (Fig. 5C). Moreover, PDTC re-
versed the G0/G1 cell cycle arrest which was induced by punicalagin
treatment (Fig. 5D). All these data convincingly showed that punica-
lagin induced cellular senescent cell cycle arrest in BCPAP cells through
the activation of NF-κB signaling pathway.

Fig. 2. Punicalagin regulates cyclin-dependent
kinase inhibitors and causes cell cycle arrest.
(A) BCPAP cells were treated with 100 μM of
punicalagin for 72 h. Cells were stained with PI
followed by the analysis of cell cycle distribu-
tion using flow cytometry. (B) The cell cycle
phase distribution was quantified. Histogram
was presented as means ± S.D. of three in-
dependent experiments (n= 3). (C) BCPAP
cells were treated with 100 μM of punicalagin
for 72 h. Protein levels of p53 and p21were
detected by western blot. β-actin was used as a
loading control.

Fig. 3. Punicalagin generates SASP in BCPAP
cells. (A) BCPAP cells were treated with puni-
calagin or thapsigargin for 24 h and then the
mRNA levels of IL-6, IL-1β and IL-8 were de-
tected by RT-PCR. Actin was used as an internal
control. Histogram represented the relative
intensity of the corresponding bands. (B) The
cells treated with different dosages of punica-
lagin for 24 h were collected. IL-6 and IL-1β
mRNA levels were determined by qPCR and
normalized to that of Actin. *P < 0.05,
***P < 0.001 vs. SC group. SC, solvent con-
trol. (C) BCPAP cells were treated as in (A) and
then XBP-1 splicing was detected by RT-PCR.
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4. Discussion

Differentiated thyroid cancer (DTC), including papillary, follicular
and Hurthle cell subtypes accounts for nearly 93% of all thyroid cancers
[31]. Applying surgery, radioactive iodine ablation for remnant thyroid
tissue and subsequent TSH suppression are conventional therapy
methods for DTC therapy [32]. For patients with distant metastasis
after resection of primary DTC, serial treatment of radioactive iodine
(RAI) will be applied. If failed to response to RAI therapy, those patients
which termed as RAI-refractory DTC (RAI-R-DTC) have to rely on the
use of oral kinase inhibitors such as sorafenib, levatinib, sunitinib and
vandetanib [33]. Thus, searching for new drugs for DTC treatment re-
mained to be further addressed. Studies by our group and others de-
monstrated that punicalagin possessed antioxidant, antiinflammatory,
antiviral, anti-proliferation and anticancer properties [13]. In the pre-
sent study, we further illustrated that punicalagin could induce senes-
cent growth inhibition of thyroid cancer cells.

Senescence can be broadly classified into two types, ageing and

cellular senescence. Ageing is a reproductive senescence which is a
consequence of finite proliferation ability termed as “Hayflick limit”
[34]. Cellular senescence is an accelerated permanent cell growth arrest
in response to a variety of stimuli like ectopically expression of onco-
genes (oncogene-induced senescence, OIS) and chemotherapeutic drugs
(therapy-induced senescence, TIS). Both cellular senescence and ageing
are closely related to DNA damage responses (DDR). In mammals, DNA
damage and mutations accumulate with age. Anti-cancer agents such as
adrimycin, cisplatin and multi-kinase inhibitors, which are major TIS
inducers, will cause cellular senescence accompanied by DDR [35]. Our
previous studies showed that punicalagin triggered DNA damage in an
ATM-dependent manner in thyroid cancer cells [14]. It prompted us to
speculate that punicalagin might induce tumor cell senescence. In fact,
punicalagin induced a senescence-like phenotype with enlarged cell
size, flattened cell shape and a terminal cell cycle arrest in papillary
thyroid cancer BCPAP cells (Figs. 1 and 2).

NF-κB is a central mediator of the cellular response to diverse insults
such as DDR, inflammation and ROS [36]. NF-κB binds to the chromatin

Fig. 4. Punicalagin activates NF-κB signaling in
BCPAP cells. (A and B) BCPAP cells were
treated with different concentrations of puni-
calagin (25–100 μM) for 24 h and then the
protein levels of IκBα and phosphorylated-IκBα
(p-IκBα) were detected by western blot in (A).
Phosphorylated (p-p65) and non-phosphory-
lated p65 (p65) were detected in (B). β-actin
was used as a loading control. *P < 0.05 vs.
SC. SC, solvent control. (C) BCPAP cells were
incubated with or without 100 μM of punica-
lagin for 24 h followed by extraction of cyto-
plasmic and nuclear fractions. The protein le-
vels of p65 in the cytoplasmic and nuclear
fractions were detected by western blot.
Tubulin and PARP were used as quality con-
trols for the cytoplasmic and nuclear fractions
respectively. Quantified results were shown in
histogram and the data stand for
means ± S.D. of three independent experi-
ments (n=3). *P < 0.05 vs. solvent control.
(D) BCPAP cells were treated with 100 μM
punicalagin for 24 h, and then were incubated
with fresh medium for another 24 h. The su-
pernatant were collected as conditional
medium (CM) and the new seeded BCPAP cells
were incubated with CM for another 24 h.
Protein levels of p-p65 and p65 were detected
by western blot. β-actin was used as a loading
control. Quantified results were determined
using ImageJ software. (E) BCPAP cells were
treated with 100 μM of punicalagin in the
presence or absence of different doses of PDTC
for 24 h. Protein levels of p-p65 and p65 were
detected by western blot. β-actin was used as a
loading control. (F) BCPAP cells were in-
cubated with 100 μM of punicalagin in the
presence or absence of 100 μM of PDTC for
24 h. The protein levels of p65 in the cyto-
plasmic and nuclear fractions were detected by
western blot.
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Fig. 5. Punicalagin-induced cellular senescence is reversed by PDTC in BCPAP cells. (A) BCPAP cells were treated with 100 μM of punicalagin in the presence or
absence of 100 μM of PDTC for 24 h. After the withdrawal of the drug, the drugs were cultured for additional 4 days. SA-β-gal staining assay was performed and
typical micrographs were shown. Scale bar, 20 μm. The percent of SA-β-gal staining positive cells was quantitatively analyzed. ##P < 0.01, **P < 0.01. (B) The
mRNA levels of IL-6 and IL-1β were detected by RT-PCR. Actin was used as an internal control. The relative expression fold was listed below the corresponding bands.
(C) The qPCR analysis of the mRNA levels of IL-6 and IL-1β. #P < 0.05, ##P < 0.01 vs. untreated group, *P < 0.05 vs. punicalagin-treated alone group. (D) BCPAP
cells were treated with 100 μM punicalagin and 100 μM PDTC for 24 h. Cells were stained with PI followed by flow cytometry. The cell cycle distribution was
analyzed using Flowjo software (left) and the cell cycle phase distribution was quantified (right).
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of senescent cells in a major form of heterodimer of p65 and p50 [37].
Furthermore, NF-κB will induce the secretion of SASP which create a
proliferative barrier for cancer cells [38,39]. As shown in our results,
cell cycle regulator p53/p21 were activated by punicalagin, resulting in
an everlasting cell cycle arrest (Fig. 2). It is our limitation that we have
not directly determine the upstream of NF-κB under the treatment of
punicalagin. However, numerous reports provoked that DNA damage
kinase protein ATM will enhance the signaling of NF-κB. ATM would
directly bind to and induce IKKs in cytoplasm through the co-translo-
cation with desumoylated NEMO [36]. Moreover, ATM can also acti-
vate IKKs through ATM/TRAF6/cIAP1 signaling [40]. All these findings
demonstrated that DNA damage response is closely related to the NF-κB
activation. In addition to DDR, ROS production, oxidative phosphor-
ylation and ATP generation also play a central role in cellular senes-
cence [41]. In our previous work, punicalagin was proven to exert its
anti-cancer property against thyroid cancer BCPAP cells in a ROS-in-
dependent manner [42]. Therefore, we can speculate that the NF-κB
mediated senescence which is triggered by punicalagin treatment may
majorly depend on DDR in BCPAP cells.

Therapy-induced senescence (TIS) is usually accompanied by se-
nescence-associated secretory phenotype (SASP) secretion including
inflammatory cytokines and chemokines [43]. SASP can function in
both an autocrine and paracrine modes [43]. On the one hand, SASP
reinforces the senescent state of cancer cells, and on the other hand, it
induces senescence in the neighboring cells [43]. Consistently, our re-
sults showed that punicalagin promoted the induction of SASP which
included secreted factors such as IL-6 and IL-1β (Fig. 3). The expres-
sions of these pro-inflammatory factors were mediated by NF-κB acti-
vation (Figs. 4 and 5). Whether TIS constitutes a barrier for tumor-
igenesis or contributes to tumor malignancy remain controversial. It
seemed that the efficiency of eliminating the senescent cells by re-
cruiting tumor-infiltrating immune cells decided the destiny of senes-
cence into tumor inhibition or progression [43]. Of note, certain in-
spiring works demonstrated that targeting senescence will be a
promising method for cancer therapy. It has been verified that induc-
tion of senescence in mice delayed cancer recurrence and markedly
rescued the poor prognosis [44]. In another case, the combination of
senescence induction with BRAF inhibition dramatically inhibited the
melanoma tumorigenesis and sensitized the cancer cells to the treat-
ment of PLX4770, a BRAF inhibitor [45]. Collectively, senescence is a
potential target for cancer therapy.

Punicalagin is a large polyphenol compound and belongs to a family
of ellagitannins which can be further hydrolyzed [46]. The released
ellagic acid entered circulation in a prolonged manner [47]. In prostate
cancer clinical trials, 370mg/day oral consumption of punicalagin
provides a significant prolongation of PSA doubling time without severe
adverse effects [48]. Comparably, 100 μM of punicalagin which equals
to 25mg/250ml in human beings is reachable in clinic and have a good
response of senescence in thyroid cancer cells. Though more well-de-
signed clinical trials are needed to pave, our research suggests a new
therapeutic prospect for malignant thyroid cancer treatment.

5. Conclusions

In the present study, we further uncovered the anti-cancer me-
chanism of punicalagin against thyroid cancer. After a quick elimina-
tion by autophagic cell death which was triggered by punicalagin
treatment within 24 h [13], the remnant cancer cells underwent a
growth arrest in an accelerated senescent manner. Our work not only
highlighted the potential value of punicalagin in thyroid cancer treat-
ment but also provided a novel view of targeting senescence for thyroid
cancer therapy.
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