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Suberoyl bis-hydroxamic acid activates Notch1 signaling and
induces apoptosis in anaplastic thyroid carcinoma through p53
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Abstract. Anaplastic thyroid cancer (ATC), usually derived
from well-differentiated thyroid cancers is one of the most
lethal human endocrine malignancies. In the present study, we
report that in human ATC tumor tissue samples exist unde-
tectable Notchl and the active Notchl intracellular domain
could not be detected in ATC-CAL-62 cells. Interesting,
suberoyl bis-hydroxamic acid (SBHA) administration could
induce Notchl intracellular domain levels in a dose-dependent
manner, coupled with the increase of p53 and p21. Furthermore,
ectopic expression of Notchl or deletion of p53 with small-
interfering RNA was able to abolish the effects of SBHA to
elevation of Notchl and p53 in ATC cells. As a result, SBHA
treatment efficiently induced ATC cell apoptosis. These results
indicate that SBHA may play antitumor functions via regu-
lating Notch1/p53 signals, and highlight that SBHA could have
clinical potential to benefit the therapy of ATC patients.

Introduction

Thyroid cancer is the most prevalent endocrine malig-
nancy accounting for 1% of cancers worldwide. Follicular
thyroid cancer (FTC) and papillary thyroid cancer (PTC)
are differentiated tumors that respond to surgery followed
by radioactive iodine (RAI) therapy and thyroid hormone
suppression. On the other hand, anaplastic thyroid cancer
(ATC) is an undifferentiated thyroid cancer, and one of the
most deadly solid human malignancies. ATC ranges from 1.3
to 9.8% of all thyroid cancers globally, but accounts for nearly
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one-third of thyroid cancer deaths (1-3). The median survival
of patients with ATC is less than 6 month, and 90% of patients
with ATC present with unresectable locally advanced or
distant metastatic disease at time of diagnosis (3-6). Clinical
presentation is frequently characterized by a rapidly growing
neck mass with associated compressive symptoms (7). ATC
also displays highly invasive behavior, with extrathyroid
extension and lymph node metastasis affecting 40% of ATC
patients, whereas the remaining 60% of patients have distant
metastases (8). The aggressive phenotype and poor prognosis
associated with ATC form the basis for its automatic clas-
sification as TNM stage IV regardless of tumor burden (9).
ATC is a disease with low survival rate due to uncontrolled
systemic metastasis and with less effective treatment options.
It is resistant to standard chemotherapy, external beam
radiation, and radioiodine treatment, thus, new treatments are
urgently desired.

The Notch pathway is a highly evolutionally conserved
molecular pathway that plays an important role for cell fate
determination, proliferation, differentiation and survival in
development, neurogenesis and homeostasis (10,11). There are
four Notch proteins (NOTCHI-4) that function as receptors
for five Notch ligands [Delta-like (DIl) 1, -3, -4 and JAGI and
-2] in mammalians. The interactions between Notch receptor
and ligand result in proteolytic cleavages finally leading to the
release of the Notch intracellular domain (NICD) that translo-
cates to the nucleus and associates with DNA-binding proteins
to assemble a transcriptional complex to activate downstream
target genes (12). Recent years have seen major advances in the
understanding of the dual function of Notchl signaling as both
an oncogene and a tumor suppressor (13,14). Aberrant Notch
signaling has been associated with various cancers, including
thyroid cancers (15). For epithelial thyroid cancers, it has been
found that the expression level of activated Notchl (NICD) is
much lower in human thyroid cancer tissue compared with
normal thyroid tissue, which has abundant NICD (15). Similar
findings have been reported in another study, which shows
that the downregulation of Notchl signaling in thyroid tumors
is associated with the dedifferentiated phenotype of ATC.
Furthermore, overexpression of Notchl restores the differenti-
ated phenotype of thyroid cancer cells (16). Based on these
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findings, Notchl pathway activating compounds could be
employed as a potential therapeutic strategy for ATC.

Recent research has also shown that the Notch signaling
pathway is regulated by a histone deacetylase (HDAC)
co-repressor complex that is sensitive to HDAC inhibi-
tors (17). As histone deacetylase (HDAC) inhibitors have
the ability to block the activities of HDACs to subsequently
emerge as effective anticancer agents (18,19). Suberoyl bis-
hydroxamic acid (SBHA) has a similar structure to HDAC
inhibitors, such as suberoylanilide hydroxamic acid (SAHA)
and trichostatin A (TSA), two of the mostly studied HDAC
inhibitors. Thus, we hypothesized that SBHA may be able
to affect the Notchl signaling cascade by manipulating
HDAGC:S.

Materials and methods

Cell culture and reagents. Human ATC cells (CAL-62) were
obtained from Shanghai Institute of Biochemistry and Cell
Biology (SIBCB), Shanghai Institutes for Biological Sciences
(SIBS) and Chinese Academy of Sciences (CAS) and main-
tained in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 TU/
ml penicillin and 100 ug/ml streptomycin in a humidified
atmosphere of 5% CO, in air at 37°C. SBHA (Beijing Solarbio
Science and Technology, Co., Ltd., Beijing, China) was
dissolved in dimethyl sulfoxide (DMSO) at a stock concentra-
tion 50 mg/ml and stored at -20°C. Fresh dilutions in medium
were made for each experiment.

Cell viability assay. Drug sensitivity of ATC cells growing in
a monolayer was determined by the methylthiazolyldiphenyl-
tetrazolium bromide (MTT) assay as previously described (20).
Briefly, cells were plated at a density of 2,000 cells/well on
96-well plates in quadruplicate and incubated overnight under
standard conditions to allow cell attachment. The cells were
then treated with SBHA in concentrations of 0-20 yM and
incubated for up to 48 h. After the treatment medium was
removed, 200 ul of serum-free medium containing 0.5 mg/ml
MTT was added to each well and incubated for 4 h at 37°C.
MTT formazan crystals were dissolved by adding 150 ul of
dimethyl sulphoxide in each well and the absorbance was
measured at 570 nm in a spectrophotometer (DU640; Beckman
Coulter, Brea, CA, USA).

Notchl RNA interference assays. Small-interfering RNA
(siRNA) against Notchl and non-specific sSiRNA (Shanghai
GenePharma, Co., Ltd., Shanghai, China) were transfected
into CAL-62 cells according to the manufacturer's instruc-
tions. Briefly, CAL-62 cells were plated at a density of 30-60%
confluency in 6-well plates. The next day, transfection with
siRNA using Lipofectamine 2000 was carried out, 6 h later, the
medium was changed with complete medium and after 24 h,
the cells were treated either with or without SBHA (15 pM/I)
for another 48 h. Cell lysates were prepared and western blot
analysis was done as described below for Notchl and other
desired proteins.

Western blot analysis. ATC cells were treated with SBHA at
various concentrations for 24 h. Then, the cells were washed
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twice with PBS before the lysis buffer was added. The protein
lysates were prepared as previously described (21). Protein
concentration was quantified using the BCA protein assay
kit (Thermo Fisher Scientific) following the manufacturer's
instructions. Cellular extracts (30 pg) were denatured by
boiling for 5 min and separated by 8 or 10% SDS-PAGE.
Proteins were transferred onto nitrocellulose membranes (Bio-
Rad Laboratories, Hercules, CA, USA), blocked in 5% non-fat
milk solution, and exposed to primary and secondary anti-
bodies as described. The following primary antibody dilutions
were used: NICD (1:1,000), p53 (1:1000), p21 (1:1,000), cleaved
poly(ADP-ribose) polymerase (PARP; 1:1,000), cleaved
caspase-3 (1:1,000), GAPDH (1:1,1000 all from Cell Signaling
Technology, Beverly, MA, USA) and B-actin (1:2,000).
Primary antibody incubations were kept overnight at 4°C and
then, depending on the antibody, membranes were washed
three times 10 min in wash buffer (0.1% Tween-20 in phos-
phate-buffered saline). Next, the membranes were incubated
with a 1:4,000 dilution of horseradish peroxidase-conjugated
anti-mouse secondary antibody (for actin) (Cell Signaling
Technology) or anti-rabbit secondary antibody (for NICD,
cleaved caspase-3, cleaved PARP, p53, p21 and GAPDH). The
immunoreactive protein bands were visualized by the detection
systems of Immun-Star (Bio-Rad Laboratories), SuperSignal
West Pico, or SuperSignal West Femto (Pierce Biotechnology,
Rockford, IL, USA). Immunoblot analyses were repeated at
least twice and the expression levels of f-actin or GAPDH
were used as the loading control.

Detection of cell apoptosis by flow cytometry. Cell apoptosis
was detected by flow cytometric analysis using PE Annexin V
apoptosis detection kit I (BD Biosciences, San Diego, CA,
USA) according to the manufacturer's instructions. In brief,
ATC cell lines were seeded in a 6-well plate and treated with
SBHA at different concentrations for 24 or 48 h. Cells were
harvested and resuspended in binding buffer (10 mmol/l
HEPES/NaOH, pH 7.4, 140 mmol/l NaCl and 2.5 mmol/l
CaCl,) at a concentration of 1x10° cells/ml. Then PE (5 ul)
and Annexin V (5 pl) were added to 100 ul of each sample.
Cells were gently mixed and incubated for 15 min at room
temperature in the dark followed by the addition of another
200 pl of binding buffer. Stained cells were acquired within
1 h on FACSCalibur (Becton Dickinson, Franklin Lakes, NJ,
USA) and data were analyzed by FlowJo software.

Quantitative real-time PCR. Total RNA was isolated from
cultured cells 24 h after SBHA treatment using silica-gel
membrane based spin-column technology (Qiagen). Each
RNA sample was examined by electrophoresis on a formal-
dehyde agarose gel and was quantified by NanoDrop (Thermo
Fisher Scientific) to ensure the purity and integrity of RNA.
Total RNA (2 ug) was reverse transcribed using the iScriptc
DNA Synthesis kit (Bio-Rad Laboratories). Sequences for
each pair of PCR primers are listed in Table I. The quantitative
real-time PCR reactions were conducted on MyiQ Thermal
cycler (Bio-Rad Laboratories). Target gene expression was
normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) levels in respective samples as an internal standard,
and the comparative cycle threshold (ACt) method was used to
calculate relative expression levels of target genes.
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Table I. Sequences for each pair of PCR primers.
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Forward primers

Reverse primers

Notchl F: 5-GTCAACGCCGTAGATGACCT-3'
HES1 F: 5-“TTGGAGGCTTCCAGGTGGTA-3'
p53 F: 5-GTTCTTCACGCCCAAAAGATG-3'
p21 F: 5~ AGGGGACAGCAGAGGAAG-3'
GAPDH F: 5'-ACCTGCCAAATATGATGAC-3'

R: 5-TTGTTAGCCCCGTTCTTCAG-3'

R: 5'-GGCCCCGTTGGGAATG-3'

R: 5-GGACAGTTGGGAAGAGTGTCATT-3'
R: 5-GCGTTTGGAGTGGTAGAAATCTG-3'
R: 5'-ACCTGGTGCTCAGTGTAG-3'

Immunohistochemical staining. Eighteen anaplastic thyroid
cancer slides were deparaffinized in xylene 3 times. Heat
antigen retrieval was performed in 10 mM sodium citrate
buffer (pH 6.0). Non-specific background staining was
blocked by incubating in 3% H,O, solution. The primary
antibodies Notchl (1:50), p53 (1:50) (both from Cell Signaling
Technology) were used. Finally, all slides were incubated with
DAB substrate and counterstained with hematoxylin before
they were dehydrated and mounted. The color of the antibody
staining in the tissue sections was observed under microscopy.

Statistical analysis. Statistical analyses were performed
utilizing the Statistical Package for the Social Sciences (SPSS,
version 17; IBM Corp., Armonk, NY, USA). Unless specifi-
cally noted, all data are represented as mean + SEM. One-way
ANOVA or two-tailed Student's t-test was used to determine
statistical significance. P<0.05 was considered significant.

Results

Antitumor roles of SBHA in ATC cell line CAL-62. To study
the potential antitumor roles of SBHA, we chose an ATC cell
line CAL-62, in which SBHA could significantly inhibit cell
viability in a dose-dependent manner detected with MTT
assays (Fig. 1). In detail, low concentration of SBHA (2.5 uM)
could significantly inhibit the proliferation of CAL-62 cells,
moreover, ~50% of cellular growth was inhibited after treat-
ment with 20 uM SBHA for 48 h. Notably, we demonstrated
that SBHA could induce cell apoptosis detected with apoptosis
markers that cleaved caspase-3 and PARP (Fig. 1B). Moreover,
the apoptosis cells were identified by flow cytometer as the
positive staining with Annexin V after treatment SBHA for
24-48 h (Fig. 1C). Taken together, all these observations
strongly suggested that the SBHA antitumor functions in ACT
cells are mainly due to induction of cell apoptosis.

SBHA activates the Notchl signaling cascade.It is known that
a functional Notch cascade relies on HDAC activity (17), and
previous studies demonstrate that overexpression of Notchl
intracellular domain (NICD) inhibits cell proliferation and
restores the differentiated phenotype of thyroid cancer cells
(16,22). Therefore, we hypothesized that the HDAC inhibitor
SBHA was capable of activating the Notchl signaling cascade
in CAL-62 cells. To this end, we first confirmed the effect of
SBHA in CAL-62 cells treated with various concentrations
of SBHA. As shown in Fig. 2, SBHA treatment led to a dose-
dependent increase of Notchl signaling cascade compared
with non-detectable NICD proteins in CAL-62 cells without

the treatment of SBHA. These results demonstrated that
SBHA activates the Notchl signaling pathway in CAL-62
cells.

Deletion of Notchl blocks the SBHA antitumor effects in
CAL-62 cells. To determine whether the Notchl signaling
cascade is necessary for SBHA antitumor effects, Notchl was
deleted by siRNA in CAL-62 cells, where SBHA-induced
expression of NICD could be antagonized by specific siRNA
against Notchl, resulted in repressing the Notchl signaling
pathway. These results indicate that SBHA-associated
manipulating of Notchl signaling pathway in CAL-62 cells
was mediated by induction of NICD levels (Fig. 3).

Notchl induces CAL-62 cell apoptosis through p53. To
identify the molecular mechanism of SBHA-mediated Notchl-
dependent cellular apoptosis, we examined the status of the
tumor suppressor protein, such as p53 and p21. As shown in
Fig. 4, SBHA administration could enhance the expression of
p53 and its downstream target p21 in a dose- and time-depen-
dent manner, coupled with increase of Notchl in CAL-62
cells. Conversely, knockdown of Notchl could diminish
SBHA induced p53 and p21 expression. These results indicate
that SBHA induce cell apoptosis partially via regulating the
Notchl-mediated p53 and p21 expression.

Notchl is correlated with p53 in human ATC samples. The
immunohistochemical staining demonstrated the possible
correlation of Notchl and p53 expression in the anaplastic
thyroid cancer samples (Fig. 5), in detail, positive staining of
Notchl and p53 was occurred in the same ATC sample, and all
other slides show double negative staining. These results indi-
cate that the possible correlation of Notchl and p53 pathway,
which should mediated SBHA antitumor functions to induce
cell apoptosis.

Discussion

Notchl is a 300-kDa non-covalent heterodimer consisting of a
180-kDa extracellular domain and a 115-kDa transmembrane
domain. Notchl receptors undergo three distinct proteolytic
cleavages during maturation and activation. After that, the
intracellular part of the molecule (NICD) binds to RBPJk (also
referred to as CSL and CBF-1), which in its quiescent state,
binds to corepressors, including HDACs, thus, regulating the
activity of Notch target genes. When NICD binds to RBP-Jk, it
displaces the corepressors; instead, transcriptional co-activa-
tors are recruited (23).
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Figure 1. SBHA inhibits anaplastic thyroid cancer cell growth and induces cell apoptosis. (A) CAL-62 cells were treated with different doses (0-20 xM) SBHA
for 48 h and cell proliferation was assessed using the MTT assay. P<0.05 vs. control. (B) SBHA induced apoptosis in a time- and dose-dependent manner.
ATC cell CAL-62 was exposed to different concentrations of SBHA for 24, 36 and 48 h before they were double stained with Annexin V and PI for flow
cytometric analysis. Percentage of early, late and total apoptotic cells exposed to different concentrations of SBHA for 24, 36 and 48 h. Data from 3 repeated
experiments are summarized in bar graph (C), P<0.05 vs. control cells without SBHA treatment. (D) Detection of apoptotic markers including cleaved-PARP,
cleaved-caspase 3 and Bax by western blot analysis in CAL-62 cell treated with 5 different concentrations of SBHA (2.5, 5, 10, 15 and 20 xM) or vehicle
control. Equal loading was confirmed with p-actin.
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Figure 2. SBHA induces Notchl expression and contributes activation of Notchl signal in CAL-62 cells. (A) SBHA treatment resulted in a dose-dependent
induction of NICD, the active form of the Notchl protein. (B and C) With Notchl activation, there was an increase in Notchl and HES1, downstream targets
of Notch1 signaling in mRNA levels; "P<0.05.
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Figure 3. Notchl RNA interference blocks the effects of SBHA in CAL-62
cells. Cells were transfected with non-targeting or targeting Notchl siRNA,
and then treated with SBHA (15 M) for 48 h.
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Figure 4. Notchl induces p53 and p21 expression in a Notchl-dependent
manner. After activation of Notchl, p53 and p21 increased the same dose-
dependent expression both in protein (A) and mRNA (B and C) levels; "P<0.05.

Modification of histones by acetylation and deacetylation
affects chromatin structure and plays an important role in
the regulation of gene transcription and expression. In addi-
tion, it was reported that HDAC inhibitors could upregulate
Notchl signaling in papillary and follicular thyroid cancers,
neuroblastoma, and certain neuroendocrine tumors, including
small cell lung cancer (24), pheochromocytoma (25),
and medullary thyroid carcinoma (26,27). Moreover,
Kunnimalaiyaan et al (22) proved that the absence of active
Notchl in these malignant diseases, and that overexpression
of Notchl led to tumor growth suppression, and the degree
of growth inhibition is directly proportional to the amount of
Notchl present (28).

Suberoyl bis-hydroxamic acid (SBHA) is a new histone
deacetylase (HDAC) inhibitor, and it can activate the Notchl
pathway and lead to a decrease in growth in human medullary
thyroid carcinoma (26), neuroblastoma cells (29) and other
kinds of cells, which indicated that Notchl may play a tumor-
suppressive role in these carcinomas. Our data demonstrated
that SBHA could inhibit proliferation, induce apoptosis in
anaplastic thyroid cancer CAL-62 cells. Furthermore, we
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Figure 5. Notchl expression is correlated with p53 in human ATC samples.
(A) Most slides show a negative result of Notchl. (B) Only one slide shows
a positive result of Notchl. (C) Most slides show a negative result of p53.
(D) Only one slide shows a positive result of p53.

found that SBHA triggered ATC cell apoptosis in a dose- and
time-dependent manner, so the number of apoptotic cells
increased with time as well as increasing doses of SBHA.
Importantly, expression of HES1L-1 did not decrease in ATC
cells treated with SBHA when Notchl signaling was blocked
by Notchl-specific siRNA.

Recent results have shown that Notch1 expression regulates
cell death through apoptosis (30-32). Therefore, we suspect
that the induction of Notchl by SBHA in ATC cells may be
at the transcriptional level. In this study, we observed that
levels of active caspase-3 an important effect or of apoptotic
cell death, increased in ATC cells treated with SBHA. Proper
functioning of active caspase-3 was subsequently demon-
strated by the detection of PARP, one of its cleaved substrates.
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These observations suggest that, after Notchl signaling acti-
vation, SBHA inhibits cell growth through apoptosis in ATC
cells. Furthermore, we found that SBHA induced upregulation
of the proapoptotic protein BAX. The percentage of apop-
totic cells significantly increased after 24 h of the treatment,
suggesting the failure of DNA repair and irreversible transition
to apoptosis. This was reflected by the induction of the pro-
apoptotic markers cleaved-PARP and cleaved-caspase-3 with
the concomitant increase in pro-apoptotic markers BAX.

p53 actively promotes apoptosis and plays a key role in
controlling tumor growth (33), and its transcriptional function
is considered as a marker of large-scale differently expressed
genes and involved in cell cycle arrest, which are the main
causes of cell apoptosis (34). There are many conflicting conclu-
sions on the reciprocal relationship between Notch signaling
and p53 function. First, Notch signaling may upregulate p53
transactivation. It has been demonstrated that p53-dependent
apoptosis increase in cells expressing activated Notchl. The
expression of Notchl-IC elevated the levels of nuclear p53
and its target gene transcription in several mammalian cell
lines such as hepatocellular carcinoma cells, and human
cervical cancer cells (35-37). Second, p53 may negatively
regulate Notch signaling. Oswald et al (38) found that p53
competitively binds to the common transcriptional coactivator
p300 with Notchl-IC, and it interferes with Notchl-mediated
transactivation. Furthermore, p5S3 downregulates Notchl acti-
vation by enhancing the transcription of p21 whose expression
represses the transcription of the gene for Presenilin-1, which
is necessary for Notch activation (39). Third, members of p53
family may activate the Notch signaling pathway. p63 and p73
are p53 family members, they can upregulate transcription
of Jag-1 and Jag-2 genes, which encode Notch ligands (40).
Fourth, Notch signaling may negatively regulate p53 function
and inhibit apoptosis. Overexpression of activated Notchl
decreased p53 transcriptional activity and p53-dependent
apoptosis in cultured mammalian cells (41,42).
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