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Abstract: Epigenetic modifications have been identified as being responsible for the de-differentiation
of thyroid tissue and its malignant transformation. Cell proliferation inhibitory effects of the
pan-deacetylase inhibitors panobinostat, SAHA and Trichostatin A (TSA), the modulation of the
sodium iodide symporter (NIS; SLC5A5), thyroid transcription factor 1 (TTF1), high mobility group
A2 (HMGA2), and H19 and their putative targeting miRNAs have been evaluated in vitro. The cell
viability was measured in five thyroid cancer cell lines (FTC133, TPC1, BCPAP, 8505C, C643) by
real time cell analyzer xCELLigence. Expression of the above mentioned markers was performed
by RT-qPCR and Western Blot. Radioiodine up-take was detected by Gamma Counter with I131.
Cell viability decreased after treatment in all five cell lines. 10 nM panobinostat; 1 µM TSA or 10 µM
SAHA caused a significant over-expression of NIS transcript in all five cell lines, whereas NIS protein
was up-regulated in FTC133, BCPAP, and C643 cell lines only. Radioiodine up-take increased in
FTC133 and C643 cells after 48 h of treatment with 10 nM panobinostat and 1 µM TSA. A significant
down-regulation of the oncogene HMGA2 was detected in all five cell lines; except for TPC1 cells that
were treated with 1 µM TSA. In accordance, hsa-let-7b-5p and hsa-let-7f-5p were stable or significantly
over-expressed in all of the cell lines, except for TPC1 cells that were treated with 10 µM SAHA.
TTF1 was significantly down-regulated in FTC133, BCPAP, and 8505C cells; whereas, TPC1 and
C643 showed an up-regulated or stable expression. TTF1 was over-expressed in samples of human
anaplastic thyroid cancer; whereas, it was down-regulated in follicular and undetectable in papillary
thyroid cancer. H19 was over-expressed after 48 h treatment, except for BCPAP cells that were treated
with panobinostat and SAHA. H19 was differently expressed in human anaplastic, follicular and
papillary thyroid tumor samples. Deacetylase inhibitors reduced cell viability, restored NIS and H19,
and suppressed the oncogenes HMGA2 and TTF1 in thyroid cancer cells.
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1. Introduction

Thyroid cancer is the most common endocrine malignancy and its incidence is increasing
worldwide every year. Follicular and papillary thyroid cancer (FTC and PTC) has shown a favorable
prognosis and low recurrence due to the effectiveness of surgical therapy, followed by I131 radio
ablation and TSH (thyroid stimulating hormone) suppression with T4. Poorly differentiated (PDTC)
and anaplastic thyroid cancer (ATC) are characterized by high metastatic potential and a failure of
radioiodine response [1], resulting in poor patient outcome and short survival rate. The resistance to
radioiodine in PDTC as well as in ATC is caused by a dysfunction of the sodium-iodide symporter
(NIS; SLC5A5). This dysfunction is mainly due to suppression, loss of NIS gene [2,3], and/or a
distorted alignment at the cytosolic membrane site [4]. NIS transcript and protein level have been
shown to be low in undifferentiated thyroid cancer, the re-expression of NIS gene could restore the
radioiodine up-take [5]. Furthermore, it has been shown that NIS is a target of miRNAs belonging
to Let7 family. In particular, the expression of hsa-let-7f-5p and hsa-let-7b-5p is significantly high in
patients that are affected by thyroid cancer and this is correlated with the strong down-regulation of
NIS mRNA [6].

Furthermore, it has been shown that HMGA2 (High Mobility Group AT-hook 2), which is
a well-known non-transcription factor with oncogenic properties, is highly expressed in several
benign tumors of mesenchymal origin, e.g., pituitary adenomas [7,8] and several malignancies,
including thyroid cancer [6]. It is responsible for supporting the activity of proliferation
related transcription factors, e.g., E2F1, leading to proliferation and survival of tumor cells [9].
HMGA2 down-regulation, as mediated by epigenetic modifications that imply the over-expression of
Let7 family miRNAs, leads to cell cycle block and cell death in liver cancer cells [10].

Thyroid transcription factor 1 (TTF1 NKX2-1) missense mutation has been implicated in thyroid
tumorigenesis of familial non-medullary cancer [11], it is responsible for an increased proliferation
rate of tumor cells in a rat tumor model of thyroid cancer [12]. Additionally, NKX2-1 has been
found to be responsible for the down-regulation of the tumor suppressor gene ABI3 (ABI gene family
member 3) [13].

In addition, long non-coding RNA H19, which is known for its metastatic property in several
tumors [14], has also been found to be implicated in thyroid cancer [15]. Its ability to target miR-17-5p
and to control the expression of genes related to cell viability, migration, and invasion has been shown
in TPC1 and NIM thyroid cancer cells [14].

A successful treatment for thyroid cancer is strictly correlated with an active Sodium Iodide
Symporter (SLC5A5; NIS), which allows the retention of radioiodine in the tumor cells, leading to cell
death. Although the tyrosine kinase inhibitors (TKI), e.g., lenvatinib, sorafenib, and selumetinib,
have shown progression-free survival in phase III clinical trials of patients affected by thyroid
cancer [16], these compounds have shown strong adverse effects that are related to drug toxicity
with frequent dose adjustments (dose interruption or reduction) and high therapy costs [17].

Histone deacetylase inhibitors (HDACi), e.g., Trichostatin A, panobinostat, and vorinostat
(SAHA, Zolinza), are able to induce epigenetic modifications, leading to cell death and differentiation.
In particular, they have been approved for the treatment of several solid and blood malignancies [18].
The restoration of NIS expression mediated by deacetylase inhibitors [19], as already shown in breast
cancer cells (MDA 157 and MDA 468) [20,21], could represent a valuable advancement in the therapy
of thyroid cancer. Clinical trials for the treatment of advanced thyroid cancers are showing promising
results, e.g., in medullary thyroid cancer [22] and in combination with sorafenib [23].

Panobinostat has been shown to be effective at small doses in comparison with Trichostatin A
and SAHA. Its use in therapy has shown moderate side effects. It is able to induce cell death by
inducing alternative apoptotic mechanisms [24–26]. Furthermore, it is able to modulate the histone
methylation [27] and the expression of miRNAs belonging to Let7 family, leading to down-regulation
of their putative target HMGA2 and the miRNA cluster 19–31, then modulating the expression of key
player of apoptosis and autophagy [28].
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This study aimed to clarify the mechanisms induced by HDACi in in vitro models of thyroid
cancer, highlighting the ability of these compounds to induce re-differentiation in thyroid cancer
cell lines via the over-expression of NIS, the modulation of the long non-coding RNA H19, and the
suppression of oncogenes, like TTF1 and HMGA2. Furthermore, the implications of hsa-let-7f-5p and
hsa-let-7b-5p will be analyzed in order to understand their involvement in the regulation of their
putative targets NIS and HMGA2 in our proposed model.

2. Materials and Methods

2.1. Cell Lines

Five cell lines with various histopathological background and mutation status were used.
Two originated from papillary (TPC1 and BCPAP) [29], one from an anaplastic (C643) [30], one from
a poorly differentiated (8505C) [31], and one from follicular (FTC133) [32] thyroid carcinoma.
The mutation status is as follows: TPC1, Ret/PTC, C643, HRAS and TP53, BCPAP, BRAFV600E,
8505C, BRAFV600E and TP53, FTC133, and TP53 (Table 1).

Table 1. Schematic representation of cell lines used in the study. Origin specification and
mutation panel.

FTC133 TPC1 BCPAP 8505C C643

Origin follicular papillary papillary poorly differentiated anaplastic
TP53 mut mut mut

HRAS mut
Ret/PTC mut

BRAF mut; V600 mut; V600

TPC1; C643 and FTC133 cells were kindly provided by Prof. A. Zielke (Diakonie-Klinikum
Stuttgart, Stuttgart, Germany); whereas BCPAP and 8505C cell lines were purchased from the DSMZ
(Leibnitz Institute DSMZ-German Collection of Microorganisms and cell Cultures).

2.2. Cell Culture

All cell lines were grown in RPMI 1640 (Biochrom, Berlin, Germany) supplemented with 10% fetal
bovine serum (FBS, Biochrom, Berlin, Germany) and 10 U/mL penicillin and 100 µg/mL streptomycin
(Biochrom, Berlin, Germany) under standard conditions (37 ◦C; 5% CO2). They were routinely tested
for Mycoplasma contamination.

2.3. Sample Collection

Patient sample collection and allowance to use for research purpose.
Tissue samples of patients with thyroid carcinoma, who underwent thyroid resection at the

Philipps-University Hospital Marburg, were randomly collected and stored in liquid nitrogen tissue
bank (−196 ◦C). 14 PTC, 8 FTC, and 12 ATC tissue samples were included in the study from patients
resected between 1998 and 2012. Normal thyroid tissue from regions adjacent to the tumor area
was collected as well and served as control tissue. Only two FTC and one ATC tissue samples were
excluded from the study, because the RNA was not measurable. The study was conducted under the
approval of the ethic committee of Marburg University Hospital (Nr. 166/09) and all of the patients
provided signed informed consent.

2.4. Real-Time Cell Viability Analysis

The xCELLigence RTCA SP system (Roche Applied Science; Mannheim, Germany) was used
for real-time and time-dependent analysis of the cellular response of thyroid cancer cells following
incubation with 1 nM to 10 µM panobinostat, 1 nM to 10 µM SAHA, and 1 nM to 10 µM Trichostatin
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A. To perform this analysis, 3000 cells were seeded in 150 µL complete growth medium per well
in a 96-well E-plate (OLS; Bremen, Germany) and were incubated with the previously mentioned
compounds. Cell Index, which indicates attachment and adherence of cells to the plate’s electrode, was
continuously measured for the following 120 h using the cell impedance detection system. Data analysis
was performed using the RTCA Software v1.2.1 for the calculation of the temporal dynamics of cellular
attachment (i.e., viability).

2.5. RNA Isolation and Quantitative Real Time RT-PCR

Cells were seeded in 25 cm2 cell culture flasks (0.5 × 106 cells/flask) and were treated with
10 nM panobinostat, 10 µM SAHA, and 1 µM Trichostatin A for 48 h. Total RNA, including short
RNA was isolated by use of miRNeasy Mini Kit (Qiagen, Hilden, Germany), according to the
manufacturer‘s instruction.

miRNA enriched RNA was reverse transcribed with miScript II RT Kit (Qiagen, Hilden, Germany).
cDNA was amplified with miScript SYBR Green PCR Kit (Qiagen, Hilden, Germany) using a CFX96
cycler (Bio-Rad, Munich, Germany), hsa-let-7f-5p (MS00006489), and hsa-let-7b-5p (MS00003122)
miScript Primer Assays (Qiagen, Hilden, Germany). RNU6 (MS00029204) was amplified as internal
control miRNA.

For the amplification of SLC5A5, HMGA2, NKX2-1, and H19 RNA lysates were reverse transcribed
using the iScript cDNA Syntesis Kit (Bio-Rad, Munich, Germany). PCR was run with the SsoFast
Eva Green Supermix (Bio-Rad, Munich, Germany) on CFX96 cycler. GAPDH was amplified as
reference gene. Primer Assays for SLC5A5 (PPH10926A), NKX2-1 (QT00015981), lncRNA H19
(PPH05814B), and GAPDH (QT01192646) were purchased from Qiagen. HMGA2 (10025636) was
purchased from Bio-Rad.

Data Analysis: Results were analyzed using CFX Manager (Bio-Rad, Munich, Germany) and
Rest 2008. Significance was calculated using the t-test for paired samples. p < 0.05 was regarded
as significant.

2.6. Protein Isolation and Western Blotting

Cells were seeded in 75 cm2 cell culture flasks (1.5 × 106 cells/flask) and incubated with 10 nM
panobinostat; 10 µM SAHA and 1 µM Trichostatin A for 48 h. The cell pellet was lysed with RIPA
(Santa Cruz, Heidelberg, Germany) containing protease and phosphatase inhibitors (71µL 7× protease
cocktail and 50 µL 10× phosphatase cocktail (Roche, Basel, Switzerland) per 500 µL RIPA buffer).
Protein content was determined by BCA-assay (Pierce, Rockford, LA, USA). Samples that were
adjusted to 50 µg were separated on SDS-PAGE (NuPAGE Novex 4–12% Bis-Tris gels, NuPage MOPS
running buffer (Invitrogen by Life Technologies, Carlsbad, CA, USA)), and transferred to nitrocellulose
(Amersham, Piscataway, NJ, USA). Membranes were probed using anti-human sodium iodide
symporter (hNIS); clone FP5A (1:500) (Thermofisher Scientific, Fremont, CA, USA) as primary antibody.
HRP conjugated secondary antibodies were from SIGMA-Aldrich. Visualization was performed by
ECL western blotting reagent (Amersham, Piscataway, NJ, USA) and using an image capture and
analysis system (Fusion; PeqLab, Erlangen, Germany). Equal loading was verified by anti-GAPDH
(ab 9485. 1:2500) (Abcam, Cambridge, MA, USA).

2.7. In Vitro Radioiodine Up-Take

For the analysis of radioiodine up-take, the cells were seeded in 6-well plates at a density of
4 × 105 cells/well. Immediately after treatment with 10 nM panobinostat, 10 µM SAHA and 1 µM
Trichostatin A; 1 Mbq I131 was added to the cells and the plates were incubated for 24 and 48 h
in complete growth medium (see Cell Culture) containing 0.4 × 10−3 mmol/L Magnesium Sulfate
(0.5 % elemental Magnesium). Subsequently, the cells were washed with PBS and trypsinized for
5 min. The suspension was rinsed with 3 mL PBS, collected, and centrifuged at 900 rpm for 5 min.
The supernatant was discarded and the pellet was suspended in 5 mL PBS. The suspension was once
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more centrifuged. The supernatant was discarded and the cells were processed into a Gamma counter
for the measurement of the retained radioactive I131. The untreated cells were used as control for
the measurement.

2.8. Statistical Analysis

Data were collected using Excel (Microsoft Office, Microsoft Corporation, Redmond, WA, USA).
Significance was calculated using the t-test for paired samples. p < 0.05 was regarded as significant.

3. Results

3.1. Cytotoxic Effects of Deacetylase Inhibitors in Thyroid Cancer Cells

As shown in Figure 1, a significant reduction of cell viability could be observed after treatment
with 10 nM panobinostat.

The treatment with SAHA was almost ineffective at most concentrations; only at 10 µM a cytotoxic
effect was present (Figure 2).

Trichostatin A affected the cell viability of all cell lines beginning at 1 µM (Figure 3).
Panobinostat showed the strongest efficacy in comparison with SAHA and Trichostatin A by

showing a reduction of cell viability after treatment with 10 nM. Thus, 10 nM panobinostat, 10 µM
SAHA, and 1 µM Trichostatin were employed as the lowest best efficacious concentrations for the
following experiments.
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Figure 1. Real time cell viability of thyroid cancer cells treated with panobinostat. FTC133, TPC1,
BCPAP, 8505C, and C643 cells were plated on gold-coated 96-well plates. After approx. 24 h,
panobinostat was added at concentration between 1 nM and 10 µM. The cell viability was monitored
constantly for up to 100 h. Cell index was normalized to the time point of treatment. Shown are
means ± SD of three independent experiments performed in triplicates.
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Figure 2. Real time cell viability of thyroid cancer cells treated with SAHA. FTC133, TPC1, BCPAP,
8505C, and C643 cells were plated on gold-coated 96-well plates. After approx. 24 h, SAHA was added
at concentration between 1 nM and 10 µM. The cell viability was monitored constantly for up to 100 h.
Cell index was normalized to the time point of treatment. Shown are means ± SD of three independent
experiments performed in triplicates.
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Figure 3. Real time cell viability of thyroid cancer cells treated with Trichostatin A. FTC133,
TPC1, BCPAP, 8505C, and C643 cells were plated on gold-coated 96-well plates. After approx. 24 h,
Trichostatin A was added at concentration between 1 nM and 10 µM. The cell viability was monitored
constantly for up to 100 h. Cell index was normalized to the time point of treatment. Shown are
means ± SD of three independent experiments performed in triplicates.
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3.2. Expression of SLC5A5 (NIS), HMGA2, and Their Regulatory miRNAs Hsa-let-7b-5p Hsa-let-7f-5p

The cell lines that were included in the study showed almost no detectable expression of
the SLC5A5 transcript level. In the conducted experiments, 48h treatment with pan-deacetylase
inhibitors panobinostat (10 nM), SAHA (10 µM), and Trichostatin A (1 µM) induced a significant
restoration/over-expression of SLC5A5 in all the cell lines (Figure 4A).

It is of note that 48 h treatment with HDACi caused a significant down-regulation of HMGA2
transcript in all of the cell lines (Figure 4B). The negative regulation of HMGA2 was independent of
the pathological characterization of the cell lines.
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Figure 4. NIS; HMGA2; hsa-let-7b-5p and hsa-let-7f-5p RNA level modulation. RT-qPCR analysis
of NIS (A); HMGA2 (B); hsa-let-7b-5p (C); and, hsa-let-7f-5p (D) in FTC133; TPC1; BCPAP; 8505C;
and, C643 cells after 48h of treatment with 10 nM panobinostat; 10 µM SAHA; and, 1 µM Trichostatin
A. mRNA expression was normalized to GAPDH, miRNA expression was normalized to RNU6.
Results are expressed relative to untreated controls set at 1.0. Shown are means ± SEM of three
independent experiments performed in triplicates.

Furthermore, the status of two members of Let7 miRNAs family, hsa-let-7b-5p, and hsa-let-7f-5p,
was evaluated because of their putative role as binder and repressor of SLC5A5 and HMGA2
transcripts. Hsa-let-7b-5p (Figure 4C) showed a stable expression after 48 h treatment with 10 nM
panobinostat; 10 µM SAHA caused a significant down-regulation of hsa-let-7b-5p in TPC1 cells and
a significant over-expression of it in BCPAP cells. 48 h treatment with 1 µM Trichostatin A caused
an over-expression of hsa-let-7b-5p in BCPAP and 8505C cells. Hsa-let-7f-5p (Figure 4D) was not
significantly over-expressed in four cell lines that were treated for 48 h with 10 nM panobinostat,
C643 showed only a not significant suppression of it. 10 µM SAHA caused an over-expression of
hsa-let-7f-5p in TPC1 and BCPAP cells; FTC133, 8505C, and C643 showed a stable expression of it.
The treatment with 1 µM Trichostatin A (48 h) caused a significant over-expression of hsa-let-7f-5p in
four cell lines; C643 cells showed a stable expression of hsa-let-7f-5p. The stable and/or over-expressed
level of hsa-let-7b-5p and hsa-let-7f-5p could inversely correlate with the down-regulation of HMGA2
transcript only. SLC5A5 transcript expression resulted independent from miRNAs expression.

3.3. NIS Protein Modulation after Treatment with HDACi

In order to determine whether HDACi caused change in protein level of NIS, all of the thyroid
cancer cell lines that are included in this study were incubated for 48 h with 10 nM panobinostat,
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10 µM SAHA, and 1 µM Trichostatin A, and whole cell lysate was processed by western blot. As shown
in Figure 5, panobinostat, SAHA, and Trichostatin A caused a strong re-expression of NIS protein
level in FTC133, BCPAP, and C643 cells in comparison with untreated cells. In TPC1 and 8505C cells,
the expression of NIS was stable after treatment with HDACi in comparison with untreated cells.

Interestingly, HDACi caused a re-expression and/or a strong over-expression of NIS protein in
cells lacking of NIS protein or expressing it at very low level, whereas no effect was observed in cell
lines showing a basal level of NIS protein.
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Figure 5. NIS protein level after treatment with deacetylase inhibitors. NIS protein level was detected
in FTC133, TPC1, BCPAP, 8505C, and C643 cells after 48 h of treatment with 10 nM panobinostat,
10 µM SAHA, and 1 µM Trichostatin A. The band detected a protein of 68 kDa corresponding to NIS.
GAPDH was detected as loading control.
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3.4. Radioiodine Up-take after HDACi Treatment

The function of NIS protein was analyzed by radioiodine up-take measurement after HDACi
treatment. The activity of NIS was almost stable in all five cell lines. Interestingly, 48 h treatment
with 10 µM SAHA and 1 µM Trichostatin A caused an increase of radioiodine up-take in FTC133 cells
(Figure 6A). C643 cells showed a higher iodine activity after 48 h treatment with 10 nM panobinostat
and 1 µM Trichostatin A (Figure 6C).
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BCPAP (B), C643 (C), TPC1 (D) and 8505C (E) cells were treated for 24 and 48 h with 10 nM panobinostat,
10 µM SAHA and 1 µM Trichostatin A and 1 MBql I131. The radioactivity of cells was measured on
a gamma counter. Data represent mean ± SEM of experiments performed in triplicates.* p < 0.05
regarded as significant change between treated and untreated control samples.

3.5. TTF1 Expression in Primary Thyroid Tumor Samples and in Vitro after Treatment with HDACi

First, the expression of TTF1 was determined in thirteen samples of patients affected by ATC,
eight samples of FTC, and 16 samples of PTC. Seven patients out of 13 ATC showed a detectable
expression of TTF1. In particular, it was observed a significant over-expression (p < 0.05) of TTF1 in
four samples, two samples showed a significantly lower expression (p < 0.05), and one sample showed
no variation (Figure 7A), in comparison with normal thyroid tissue from regions, adjacent to the
tumor area, used as control. All eight FTC samples showed a detectable significantly (p < 0.05) lower
expression of TTF1 (Figure 7B) when compared to normal thyroid tissue. The analysis of PTC samples
showed no detectable expression of TTF1 transcript. Figure 7 panel C shows the analysis of TTF1
transcript level in five thyroid cancer cell lines treated for 48 h with 10 nM panobinostat, 10 µM SAHA,
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and 1 µM Trichostatin A. The level of TTF1 was significantly down regulated in FTC133, BCPAP,
and 8505C cells treated with 10 nM panobinostat; whereas, in TPC1 and C643 cells, an up-regulation of
TTF1 transcript was observed. The treatment with 10 µM SAHA caused a down-regulation of TTF1 in
FTC133, BCPAP, and 8505C cells; also, TPC1 cells showed an up-regulation and C643 cells a stable
expression of TTF1. 1 µM Trichostatin caused a significant down-regulation of TTF1 transcript in
FTC133, TPC1, BCPAP, and 8505C cells; the level of TTF1 transcript was stable in C643 cells.
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Figure 7. Expression of TTF1 in anaplastic thyroid cancer (ATC), Follicular thyroid cancer (FTC),
and thyroid cancer cells treated with deacetylase inhibitors. RT-qPCR analysis of TTF1 transcript level
in ATC (A), FTC (B) and FTC133, TPC1, BCPAP, 8505C, and C643 cells (C) after 48 h of treatment with
10 nM panobinostat, 10 µM SAHA and 1 µM Trichostatin A. mRNA expression was normalized to
GAPDH. Results are expressed relative to untreated controls set at 1.0. Shown are means ± SEM of
three independent experiments performed in triplicates.

In conclusion, the transcript level of TTF1 was strongly suppressed in all of the cell lines treated
with HDACi. C643 cells isolated from anaplastic thyroid cancer and having a highly undifferentiated
status showed a high or basal expression of TTF1, even after treatment with HDACi.

3.6. Expression of Long Non-Coding RNA H19 in Primary Thyroid Tumor Samples and In Vitro after
Treatment with HDACi

First, we investigated the expression of H19 in samples of patients that were affected by ATC, FTC,
and PTC. Six ATC samples showed an over-expression of H19, two of them a down-regulation, and four
showed a stable expression in comparison with normal thyroid tissue used as control (Figure 8A).
Analysis of eight FTC samples determined that five patients had a down-regulated H19 and the other
three patients showed a stable expression of it (Figure 8B). Only 11 out of 16 PTC samples showed an
expression of H19. In detail, five samples showed a significant over-expression, two had a significant
down-regulation, whereas the other four samples showed no variation of H19 expression (Figure 8C).

The expression of H19 was found heterogeneous in all three distinct tumor entities and no
correlation could be attributed between tumor type and H19 expression.
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We therefore determined H19 expression after 48 h treatment with HDACi in FTC133, TPC1,
BCPAP, 8505C, and C643 TC cell lines (Figure 8D).

H19 showed a nearly 10-fold increase in FTC133 cells treated for 48 h with 10 nM panobinostat,
10 µM SAHA, and 1 µM Trichostatin A. In the PDTC cell line 8505C, a 5-10-fold increase was seen only
after treatment with SAHA and Trichostatin A. In C643 cells, a significant increase was observed with
a more than 100-fold increase of H19 level after panobinostat and SAHA, respectively. Treatment with
1 µM Trichostatin A caused an H19 increase of more than 1000-fold. BCPAP and TPC1 cells both
representing PTC showed a basal expression of H19 after treatment with HDACi, in comparison with
untreated cells that were used as control.
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Figure 8. Expression of lncRNA H19 in ATC, FTC, PTC, and thyroid cancer cells that were treated
with deacetylase inhibitors. RT-qPCR analysis of TTF1 transcript level in ATC (A), FTC (B), PTC (C)
and FTC133, TPC1, BCPAP, 8505C and C643 cells (D) after 48 h of treatment with 10 nM panobinostat,
10 µM SAHA and 1 µM Trichostatin A. mRNA expression was normalized to GAPDH. Results are
expressed relative to untreated controls set at 1.0. Shown are means ± SEM of three independent
experiments performed in triplicates.

4. Discussion

Differentiated thyroid cancer has a good prognosis, but certain poorly differentiated TC and
anaplastic TC have a very different malignant behavior. They show fast tumor growth, early metastases,
and scarce or totally absent radioiodine up-take. Therapy remains challenging and new drugs have
emerged, but their efficacy is still not well defined.

In the present study, the cytotoxic effects of histone deacetylase inhibitors panobinostat, SAHA,
and Trichostatin A were tested in five thyroid cancer cell lines. Interestingly, all three deacetylase
inhibitors showed a strong cytotoxic effect in all of the tested cell lines independently of their
tumor type and origin. In particular, the three compounds showed the same efficacy in a time
and dose dependent manner in cell lines deriving from ATC, FTC, and PTC. Panobinostat, in particular,
showed the highest efficacy, already at 10 nM. Here, we could confirm, for the first time, the highest
potency of panobinostat in comparison with other pan-deacetylase inhibitors, e.g., SAHA and
Trichostatin A. Thus, confirming previous studies showing the higher efficacy of panobinostat for the
treatment of other solid tumors and its capability to overcome the resistance to SAHA in cutaneous
T-cell lymphoma [33–35].

It is widely accepted that histone deacetylase inhibitors can induce re-expression of tumor
suppressor silenced genes in cancer cells [36], and that they can induce radioiodine up-take in
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patients affected by radioiodine refractory thyroid cancer [19]. In our study, the expression of
NIS at the transcript and protein level was examined. Five thyroid cancer cell lines showed a
strong re-expression/over-expression of NIS transcript after treatment with deacetylase inhibitors.
Additionally, the protein level of NIS was up-regulated in three cell lines; FTC133, BCPAP and C643,
the ones that showed a low or absent basal level of NIS protein. These data, including the treatment
with nanomolar concentration of panobinostat, confirmed the previous study of Furuya and colleagues
showing the re-expression of SLC5A5 (NIS), TPO (thyroperoxidase), and Tg (Thyroglobulin) mRNA
after treatment with HDACi depsipeptide and Trichostatin A in poorly differentiated and anaplastic
thyroid cancer in vitro and in vivo [37].

This study could confirm that treatment with deacetylase inhibitors is able to increase the
radioiodine up-take in thyroid cancer cells, as previously shown [37]. However, this effect was
observed in only two of the cell lines that are involved in the study, the poorly differentiated cell line
FTC 133 and anaplastic cell line C643, whose showed an increase of I131 retention after treatment
with deacetylase inhibitors. Interestingly, those cells were characterized by an up-regulation of NIS
protein level. So, we could assume that the cell lines expressing low or absent NIS were the most
sensitive to deacetylase inhibitors modulation of radioiodine up-take. Papillary thyroid cancer cells
TPC-1 and the poorly differentiated cells 8505C did not show any difference in radioiodine up-take
after HDACi treatment, as already observed for the NIS protein level. BCPAP cells, despite an increase
of NIS protein level after treatment, mainly with 10 nM Trichostatin A, showed also no increase of
radioiodine up-take.

Based on previous studies describing the localization of functional NIS protein at the baso-lateral
cell membrane [38] we could assume that the treatment with deacetylase inhibitors could not only
restore the expression of NIS in thyroid cancer cells, but also modulate the activity of the sodium iodide
symporter, as confirmed by the partial increase of radioiodine up-take. As previously reported, NIS
expression could be modulated by the expression of miRNAs belonging to Let7 family. In particular,
in silico analysis reported NIS transcript as validated target of hsa-let-7f-5p [6]. The treatment with
deacetylase inhibitors caused a stable or not significant over-expression of hsa-let-7f-5p in thyroid
cancer cells that could exclude its role as NIS’ trap in our proposed model. Furthermore, hsa-let-7b-5p
was detected. Except for a significant down-regulation in TPC1 cells treated with 10 µM SAHA, it was
observed a stable expression of this miRNA in thyroid cancer cells that were treated with deacetylase
inhibitors. Interestingly, the stable expression of those miRNAs belonging to Let7 family could be
inversely correlated with the significant down-regulation of HMGA2, which is a non-transcription
factor with well-known oncogenic properties. These results confirm previous studies that were
conducted in liver cancer cells treated with panobinostat [10].

Furthermore, this study focused on the role exerted by H19 in thyroid cancer cells that were
treated with deacetylase inhibitors. H19, a 2.7 kb gene transcribed from the maternally inherited allele,
is a long non-coding RNA that is highly expressed during tumorigenesis [39]. Lin Liu and colleagues
demonstrated that H19 is able to bind and block miRNA hsa-miR-17-5p, leading to the modulation of
YES1 translation in thyroid carcinogenesis [14], thus promoting in vitro cell proliferation, migration,
and invasion. In hepatocellular carcinoma, H19 was shown to act as a tumor suppressor [40].

In this study, it was observed that H19 is present in anaplastic, follicular and papillary thyroid
tumors and it is heterogeneously expressed. Specifically, ATC showed a general over-expression of
H19, whereas a general down-regulation was observed in FTC. Papillary thyroid cancer samples
showed a heterogeneous expression of H19. Interestingly, despite the tumor type, all five tested cell
lines that were treated with HDACi showed a stable and/or significant over-expressed level of H19
transcript. As previously published, acetylation of histones promotes the over-expression of H19,
together with Insulin Growth Factor 2(IGF2) [41]. Furthermore, H19 has been shown to inhibit Insulin
receptor Substrate 1(IRS-1), leading to reduction of cell viability, migration, and invasion in thyroid
cancer cells [42]. These studies further confirm the general mechanism of induction of H19 in our
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proposed model, thus supporting an alternative tumor suppressor role exerted by H19 in thyroid
cancer cells that are treated with deacetylase inhibitors, leading to differentiation and cell death.

Nonetheless, this study showed that TTF1, which is a well-known thyroid transcription factor
with oncogenic property, is highly expressed in ATC, suppressed in FTC, and not detectable in PTC
samples. Treatment with deacetylase inhibitors panobinostat, SAHA, and Trichostatin A caused a
significant down-regulation of the TTF1 transcript in FTC133, BCPAP, and 8505C cells. TPC1 and C643
cells, which are the most undifferentiated cells, showed a high expression or similar to untreated cells,
even after treatment. The suppression of TTF1 could favor the re-expression of the tumor suppressor
ABI3, as previously published [13], thus supporting the cell death mechanism mediated by deacetylase
inhibitors in thyroid cancer cells.

5. Conclusions

To summarize, treatment with the deacetylase inhibitors panobinostat, SAHA, and Trichostatin
A was effective in inducing cell death in thyroid cancer cells. The mechanism was independent of
tumor origin and its mutation status. Interestingly, panobinostat was the compound that had the
highest efficacy with the lowest concentration (10 nM), avoiding severe side effects that have been
reported for SAHA and Trichostatin A in solid and hematologic cancer [43]. Treatment with deacetylase
inhibitors triggered the well-defined molecular mechanisms that involved the re-expression of NIS,
the up-regulation of H19, and the suppression of the oncogenes TTF1 and HMGA2. This represents
a favorable aspect for the clinical application of deacetylase inhibitors in patients with radioiodine
refractory thyroid cancer that needs to be evaluated in future studies.

Acknowledgments: The study was supported by internal funds and from Kempkes Foundation to S.W..

Author Contributions: S.W., A.I.D., M.E., S.R., S.A.F. and P.D.F. performed the experiments. A.I.D., M.E., F.A.V.,
S.A.F. and P.D.F. analysed the data. S.W., A.I.D., D.K.B. and P.D.F. wrote the manuscript. S.W., A.I.D., A.W., F.V.,
D.K.B. and P.D.F critically revised the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hsu, K.T.; Yu, X.M.; Audhya, A.W.; Jaume, J.C.; Lloyd, R.V.; Miyamoto, S.; Prolla, T.A.; Chen, H. Novel
approaches in anaplastic thyroid cancer therapy. Oncologist 2014, 19, 1148–1155. [CrossRef] [PubMed]

2. Dohan, O.; Carrasco, N. Advances in Na+/I- symporter (NIS) research in the thyroid and beyond.
Mol. Cell. Endocrinol. 2003, 213, 59–70. [CrossRef] [PubMed]

3. Dohan, O.; De la Vieja, A.; Paroder, V.; Riedel, C.; Artani, M.; Reed, M.; Ginter, C.S.; Carrasco, N. The
sodium/iodide symporter (NIS): Characterization, regulation, and medical significance. Endocr. Rev. 2003,
24, 48–77. [CrossRef] [PubMed]

4. Wapnir, I.L.; van de Rijn, M.; Nowels, K.; Amenta, P.S.; Walton, K.; Montgomery, K.; Greco, R.S.; Dohan, O.;
Carrasco, N. Immunohistochemical profile of the sodium/iodide symporter in thyroid, breast, and other
carcinomas using high density tissue microarrays and conventional sections. J. Clin. Endocrinol. Metab. 2003,
88, 1880–1888. [CrossRef] [PubMed]

5. Schmohl, K.A.; Dolp, P.; Schug, C.; Knoop, K.; Klutz, K.; Schwenk, N.; Bartenstein, P.; Nelson, P.J.; Ogris, M.;
Wagner, E.; et al. Reintroducing the sodium-iodide symporter to anaplastic thyroid carcinoma. Thyroid 2017,
27, 1534–1543. [CrossRef] [PubMed]

6. Damanakis, A.I.; Eckhardt, S.; Wunderlich, A.; Roth, S.; Wissniowski, T.T.; Bartsch, D.K.; Di Fazio, P.
MicroRNAs let7 expression in thyroid cancer: Correlation with their deputed targets HMGA2 and SLC5A5.
J. Cancer Res. Clin. Oncol. 2016, 142, 1213–1220. [CrossRef] [PubMed]

7. Pallante, P.; Sepe, R.; Puca, F.; Fusco, A. High mobility group a proteins as tumor markers.
Front. Med. (Lausanne) 2015, 2, 15. [CrossRef] [PubMed]

8. Fedele, M.; Palmieri, D.; Fusco, A. HMGA2: A pituitary tumour subtype-specific oncogene?
Mol. Cell. Endocrinol. 2010, 326, 19–24. [CrossRef] [PubMed]

http://dx.doi.org/10.1634/theoncologist.2014-0182
http://www.ncbi.nlm.nih.gov/pubmed/25260367
http://dx.doi.org/10.1016/j.mce.2003.10.059
http://www.ncbi.nlm.nih.gov/pubmed/15062574
http://dx.doi.org/10.1210/er.2001-0029
http://www.ncbi.nlm.nih.gov/pubmed/12588808
http://dx.doi.org/10.1210/jc.2002-021544
http://www.ncbi.nlm.nih.gov/pubmed/12679487
http://dx.doi.org/10.1089/thy.2017.0290
http://www.ncbi.nlm.nih.gov/pubmed/29032724
http://dx.doi.org/10.1007/s00432-016-2138-z
http://www.ncbi.nlm.nih.gov/pubmed/26960757
http://dx.doi.org/10.3389/fmed.2015.00015
http://www.ncbi.nlm.nih.gov/pubmed/25859543
http://dx.doi.org/10.1016/j.mce.2010.03.019
http://www.ncbi.nlm.nih.gov/pubmed/20347930


J. Clin. Med. 2018, 7, 61 14 of 15

9. Fedele, M.; Visone, R.; De Martino, I.; Troncone, G.; Palmieri, D.; Battista, S.; Ciarmiello, A.; Pallante, P.;
Arra, C.; Melillo, R.M.; et al. HMGA2 induces pituitary tumorigenesis by enhancing E2F1 activity. Cancer Cell
2006, 9, 459–471. [CrossRef] [PubMed]

10. Di Fazio, P.; Montalbano, R.; Neureiter, D.; Alinger, B.; Schmidt, A.; Merkel, A.L.; Quint, K.; Ocker, M.
Downregulation of HMGA2 by the pan-deacetylase inhibitor panobinostat is dependent on hsa-let-7b
expression in liver cancer cell lines. Exp. Cell Res. 2012, 318, 1832–1843. [CrossRef] [PubMed]

11. Peiling Yang, S.; Ngeow, J. Familial non-medullary thyroid cancer: Unraveling the genetic maze.
Endocr. Relat. Cancer 2016, 23, R577–R595. [CrossRef] [PubMed]

12. Ngan, E.S.W.; Lang, B.H.H.; Liu, T.; Shum, C.K.Y.; So, M.-T.; Lau, D.K.C.; Leon, T.Y.Y.; Cherny, S.S.; Tsai, S.Y.;
Lo, C.-Y.; et al. A germline mutation (A339V) in thyroid transcription factor-1 (TITF-1/NKX2.1) in patients
with multinodular goiter and papillary thyroid carcinoma. JNCI J. Natl. Cancer Inst. 2009, 101, 162–175.
[CrossRef] [PubMed]

13. Moraes, L.; Galrao, A.L.; Rubio, I.; Cerutti, J.M. Transcriptional regulation of the potential tumor suppressor
ABI3 gene in thyroid carcinomas: Interplay between methylation and NKX2-1 availability. Oncotarget 2016,
7, 25960–25970. [CrossRef] [PubMed]

14. Liu, F.T.; Pan, H.; Xia, G.F.; Qiu, C.; Zhu, Z.M. Prognostic and clinicopathological significance of long
noncoding RNA H19 overexpression in human solid tumors: Evidence from a meta-analysis. Oncotarget
2016, 7, 83177–83186. [CrossRef] [PubMed]

15. Murugan, A.K.; Munirajan, A.K.; Alzahrani, A.S. Long noncoding RNAs: Emerging players in thyroid cancer
pathogenesis. Endocr. Relat. Cancer 2018, 25, R59–R82. [CrossRef] [PubMed]

16. Liu, J.W.; Chen, C.; Loh, E.W.; Chu, C.C.; Wang, M.Y.; Ouyang, H.J.; Chang, Y.T.; Zhuang, W.Z.; Chou, C.W.;
Huang, D.J.; et al. Tyrosine kinase inhibitors for advanced or metastatic thyroid cancer: A meta-analysis of
randomized controlled trials. Curr. Med. Res. Opin. 2017, 1–9. [CrossRef] [PubMed]

17. Gild, M.L.; Topliss, D.J.; Learoyd, D.; Parnis, F.; Tie, J.; Hughes, B.; Walsh, J.P.; McLeod, D.S.A.;
Clifton-Bligh, R.J.; Robinson, B.G. Clinical guidance for radioiodine refractory differentiated thyroid cancer.
Clin. Endocrinol. (Oxf.) 2018, 88, 529–537. [CrossRef] [PubMed]

18. Gryder, B.E.; Sodji, Q.H.; Oyelere, A.K. Targeted cancer therapy: Giving histone deacetylase inhibitors all
they need to succeed. Future Med. Chem. 2012, 4, 505–524. [CrossRef] [PubMed]

19. Hong, C.M.; Ahn, B.C. Redifferentiation of radioiodine refractory differentiated thyroid cancer for
reapplication of I-131 therapy. Front. Endocrinol. (Lausanne) 2017, 8, 260. [CrossRef] [PubMed]

20. Baldan, F.; Lavarone, E.; Di Loreto, C.; Filetti, S.; Russo, D.; Damante, G.; Puppin, C. Histone post-translational
modifications induced by histone deacetylase inhibition in transcriptional control units of NIS gene.
Mol. Biol. Rep. 2014, 41, 5257–5265. [CrossRef] [PubMed]

21. Kelkar, M.G.; Senthilkumar, K.; Jadhav, S.; Gupta, S.; Ahn, B.C.; De, A. Enhancement of human sodium
iodide symporter gene therapy for breast cancer by HDAC inhibitor mediated transcriptional modulation.
Sci. Rep. 2016, 6, 19341. [CrossRef] [PubMed]

22. Damaskos, C.; Garmpis, N.; Valsami, S.; Spartalis, E.; Antoniou, E.A.; Tomos, P.; Karamaroudis, S.;
Zoumpou, T.; Pergialiotis, V.; Stergios, K.; et al. Histone deacetylase inhibitors: A novel therapeutic
weapon against medullary thyroid cancer? Anticancer Res. 2016, 36, 5019–5024. [CrossRef] [PubMed]

23. Ngamphaiboon, N.; Dy, G.K.; Ma, W.W.; Zhao, Y.; Reungwetwattana, T.; DePaolo, D.; Ding, Y.; Brady, W.;
Fetterly, G.; Adjei, A.A. A phase I study of the histone deacetylase (HDAC) inhibitor entinostat, in
combination with sorafenib in patients with advanced solid tumors. Investig. New Drugs 2015, 33, 225–232.
[CrossRef] [PubMed]

24. Bonaterra, G.A.; Then, H.; Oezel, L.; Schwarzbach, H.; Ocker, M.; Thieme, K.; Di Fazio, P.; Kinscherf, R.
Morphological alterations in gastrocnemius and soleus muscles in male and female mice in a fibromyalgia
model. PLoS ONE 2016, 11, e0151116. [CrossRef] [PubMed]

25. Montalbano, R.; Waldegger, P.; Quint, K.; Jabari, S.; Neureiter, D.; Illig, R.; Ocker, M.; Di Fazio, P. Endoplasmic
reticulum stress plays a pivotal role in cell death mediated by the pan-deacetylase inhibitor panobinostat in
human hepatocellular cancer cells. Transl. Oncol. 2013, 6, 143–157. [CrossRef] [PubMed]

26. Di Fazio, P.; Schneider-Stock, R.; Neureiter, D.; Okamoto, K.; Wissniowski, T.; Gahr, S.; Quint, K.;
Meissnitzer, M.; Alinger, B.; Montalbano, R.; et al. The pan-deacetylase inhibitor panobinostat inhibits
growth of hepatocellular carcinoma models by alternative pathways of apoptosis. Cell. Oncol. 2010, 32,
285–300. [PubMed]

http://dx.doi.org/10.1016/j.ccr.2006.04.024
http://www.ncbi.nlm.nih.gov/pubmed/16766265
http://dx.doi.org/10.1016/j.yexcr.2012.04.018
http://www.ncbi.nlm.nih.gov/pubmed/22683924
http://dx.doi.org/10.1530/ERC-16-0067
http://www.ncbi.nlm.nih.gov/pubmed/27807061
http://dx.doi.org/10.1093/jnci/djn471
http://www.ncbi.nlm.nih.gov/pubmed/19176457
http://dx.doi.org/10.18632/oncotarget.8416
http://www.ncbi.nlm.nih.gov/pubmed/27036019
http://dx.doi.org/10.18632/oncotarget.13076
http://www.ncbi.nlm.nih.gov/pubmed/27825121
http://dx.doi.org/10.1530/ERC-17-0188
http://www.ncbi.nlm.nih.gov/pubmed/29146581
http://dx.doi.org/10.1080/03007995.2017.1368466
http://www.ncbi.nlm.nih.gov/pubmed/28812918
http://dx.doi.org/10.1111/cen.13508
http://www.ncbi.nlm.nih.gov/pubmed/29095527
http://dx.doi.org/10.4155/fmc.12.3
http://www.ncbi.nlm.nih.gov/pubmed/22416777
http://dx.doi.org/10.3389/fendo.2017.00260
http://www.ncbi.nlm.nih.gov/pubmed/29085335
http://dx.doi.org/10.1007/s11033-014-3397-x
http://www.ncbi.nlm.nih.gov/pubmed/24844212
http://dx.doi.org/10.1038/srep19341
http://www.ncbi.nlm.nih.gov/pubmed/26777440
http://dx.doi.org/10.21873/anticanres.11070
http://www.ncbi.nlm.nih.gov/pubmed/27798860
http://dx.doi.org/10.1007/s10637-014-0174-6
http://www.ncbi.nlm.nih.gov/pubmed/25371323
http://dx.doi.org/10.1371/journal.pone.0151116
http://www.ncbi.nlm.nih.gov/pubmed/26986947
http://dx.doi.org/10.1593/tlo.12271
http://www.ncbi.nlm.nih.gov/pubmed/23544167
http://www.ncbi.nlm.nih.gov/pubmed/20208142


J. Clin. Med. 2018, 7, 61 15 of 15

27. Zopf, S.; Ocker, M.; Neureiter, D.; Alinger, B.; Gahr, S.; Neurath, M.F.; Di Fazio, P. Inhibition of DNA
methyltransferase activity and expression by treatment with the pan-deacetylase inhibitor panobinostat in
hepatocellular carcinoma cell lines. BMC Cancer 2012, 12, 386. [CrossRef] [PubMed]

28. Henrici, A.; Montalbano, R.; Neureiter, D.; Krause, M.; Stiewe, T.; Slater, E.P.; Quint, K.; Ocker, M.; Di Fazio, P.
The pan-deacetylase inhibitor panobinostat suppresses the expression of oncogenic miRNAs in hepatocellular
carcinoma cell lines. Mol. Carcinog. 2015, 54, 585–597. [CrossRef] [PubMed]

29. Ishizaka, Y.; Itoh, F.; Tahira, T.; Ikeda, I.; Ogura, T.; Sugimura, T.; Nagao, M. Presence of aberrant transcripts
of ret proto-oncogene in a human papillary thyroid carcinoma cell line. Jpn. J. Cancer Res. 1989, 80, 1149–1152.
[CrossRef] [PubMed]

30. Heldin, N.E.; Westermark, B. The molecular biology of the human anaplastic thyroid carcinoma cell.
Thyroidology 1991, 3, 127–131. [PubMed]

31. Ito, T.; Seyama, T.; Iwamoto, K.S.; Hayashi, T.; Mizuno, T.; Tsuyama, N.; Dohi, K.; Nakamura, N.; Akiyama, M.
In vitro irradiation is able to cause RET oncogene rearrangement. Cancer Res. 1993, 53, 2940–2943. [PubMed]

32. Wright, P.A.; Lemoine, N.R.; Goretzki, P.E.; Wyllie, F.S.; Bond, J.; Hughes, C.; Roher, H.D.; Williams, E.D.;
Wynford-Thomas, D. Mutation of the p53 gene in a differentiated human thyroid carcinoma cell line, but not
in primary thyroid tumours. Oncogene 1991, 6, 1693–1697. [PubMed]

33. Bernhart, E.; Stuendl, N.; Kaltenegger, H.; Windpassinger, C.; Donohue, N.; Leithner, A.; Lohberger, B.
Histone deacetylase inhibitors vorinostat and panobinostat induce G1 cell cycle arrest and apoptosis in
multidrug resistant sarcoma cell lines. Oncotarget 2017, 8, 77254–77267. [CrossRef] [PubMed]

34. Wilson, P.M.; Labonte, M.J.; Martin, S.C.; Kuwahara, S.T.; El-Khoueiry, A.; Lenz, H.J.; Ladner, R.D.
Sustained inhibition of deacetylases is required for the antitumor activity of the histone deactylase inhibitors
panobinostat and vorinostat in models of colorectal cancer. Investig. New Drugs 2013, 31, 845–857. [CrossRef]
[PubMed]

35. Shao, W.; Growney, J.D.; Feng, Y.; O’Connor, G.; Pu, M.; Zhu, W.; Yao, Y.M.; Kwon, P.; Fawell, S.; Atadja, P.
Activity of deacetylase inhibitor panobinostat (LBH589) in cutaneous T-cell lymphoma models: Defining
molecular mechanisms of resistance. Int. J. Cancer 2010, 127, 2199–2208. [CrossRef] [PubMed]

36. Richon, V.M.; Sandhoff, T.W.; Rifkind, R.A.; Marks, P.A. Histone deacetylase inhibitor selectively induces
p21WAF1 expression and gene-associated histone acetylation. Proc. Natl. Acad. Sci. USA 2000, 97,
10014–10019. [CrossRef] [PubMed]

37. Furuya, F.; Shimura, H.; Suzuki, H.; Taki, K.; Ohta, K.; Haraguchi, K.; Onaya, T.; Endo, T.; Kobayashi, T.
Histone deacetylase inhibitors restore radioiodide uptake and retention in poorly differentiated and
anaplastic thyroid cancer cells by expression of the sodium/iodide symporter thyroperoxidase and
thyroglobulin. Endocrinology 2004, 145, 2865–2875. [CrossRef] [PubMed]

38. Dai, G.; Levy, O.; Carrasco, N. Cloning and characterization of the thyroid iodide transporter. Nature 1996,
379, 458–460. [CrossRef] [PubMed]

39. Raveh, E.; Matouk, I.J.; Gilon, M.; Hochberg, A. The H19 long non-coding RNA in cancer initiation,
progression and metastasis—A proposed unifying theory. Mol. Cancer 2015, 14, 184. [CrossRef] [PubMed]

40. Zhang, L.; Yang, F.; Yuan, J.H.; Yuan, S.X.; Zhou, W.P.; Huo, X.S.; Xu, D.; Bi, H.S.; Wang, F.; Sun, S.H. Epigenetic
activation of the MiR-200 family contributes to H19-mediated metastasis suppression in hepatocellular
carcinoma. Carcinogenesis 2013, 34, 577–586. [CrossRef] [PubMed]

41. Pedone, P.V.; Pikaart, M.J.; Cerrato, F.; Vernucci, M.; Ungaro, P.; Bruni, C.B.; Riccio, A. Role of histone
acetylation and DNA methylation in the maintenance of the imprinted expression of the H19 and Igf2 genes.
FEBS Lett. 1999, 458, 45–50. [CrossRef]

42. Wang, P.; Liu, G.; Xu, W.; Liu, H.; Bu, Q.; Sun, D. Long noncoding RNA H19 inhibits cell viability, migration,
and invasion via downregulation of IRS-1 in thyroid cancer cells. Technol. Cancer Res. Treat. 2017, 16,
1102–1112. [CrossRef] [PubMed]

43. De Souza, C.; Chatterji, B.P. HDAC inhibitors as novel anti-cancer therapeutics. Recent Pat. Anticancer
Drug Discov. 2015, 10, 145–162. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/1471-2407-12-386
http://www.ncbi.nlm.nih.gov/pubmed/22943463
http://dx.doi.org/10.1002/mc.22122
http://www.ncbi.nlm.nih.gov/pubmed/24375802
http://dx.doi.org/10.1111/j.1349-7006.1989.tb01645.x
http://www.ncbi.nlm.nih.gov/pubmed/2516841
http://www.ncbi.nlm.nih.gov/pubmed/1726928
http://www.ncbi.nlm.nih.gov/pubmed/8319199
http://www.ncbi.nlm.nih.gov/pubmed/1923534
http://dx.doi.org/10.18632/oncotarget.20460
http://www.ncbi.nlm.nih.gov/pubmed/29100385
http://dx.doi.org/10.1007/s10637-012-9914-7
http://www.ncbi.nlm.nih.gov/pubmed/23299388
http://dx.doi.org/10.1002/ijc.25218
http://www.ncbi.nlm.nih.gov/pubmed/20127862
http://dx.doi.org/10.1073/pnas.180316197
http://www.ncbi.nlm.nih.gov/pubmed/10954755
http://dx.doi.org/10.1210/en.2003-1258
http://www.ncbi.nlm.nih.gov/pubmed/14976143
http://dx.doi.org/10.1038/379458a0
http://www.ncbi.nlm.nih.gov/pubmed/8559252
http://dx.doi.org/10.1186/s12943-015-0458-2
http://www.ncbi.nlm.nih.gov/pubmed/26536864
http://dx.doi.org/10.1093/carcin/bgs381
http://www.ncbi.nlm.nih.gov/pubmed/23222811
http://dx.doi.org/10.1016/S0014-5793(99)01124-2
http://dx.doi.org/10.1177/1533034617733904
http://www.ncbi.nlm.nih.gov/pubmed/29332545
http://dx.doi.org/10.2174/1574892810666150317144511
http://www.ncbi.nlm.nih.gov/pubmed/25782916
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Lines 
	Cell Culture 
	Sample Collection 
	Real-Time Cell Viability Analysis 
	RNA Isolation and Quantitative Real Time RT-PCR 
	Protein Isolation and Western Blotting 
	In Vitro Radioiodine Up-Take 
	Statistical Analysis 

	Results 
	Cytotoxic Effects of Deacetylase Inhibitors in Thyroid Cancer Cells 
	Expression of SLC5A5 (NIS), HMGA2, and Their Regulatory miRNAs Hsa-let-7b-5p Hsa-let-7f-5p 
	NIS Protein Modulation after Treatment with HDACi 
	Radioiodine Up-take after HDACi Treatment 
	TTF1 Expression in Primary Thyroid Tumor Samples and in Vitro after Treatment with HDACi 
	Expression of Long Non-Coding RNA H19 in Primary Thyroid Tumor Samples and In Vitro after Treatment with HDACi 

	Discussion 
	Conclusions 
	References

