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Abstract: The silencing of thyroid-related genes presents difficulties in radioiodine therapy for
anaplastic thyroid cancers (ATCs). Tunicamycin (TM), an N-linked glycosylation inhibitor, is an
anticancer drug. Herein, we investigated TM-induced restoration of responsiveness to radioiodine
therapy in radioiodine refractory ATCs. 2T uptake increased in TM-treated ATC cell lines, including
BHT101 and CAL62, which was inhibited by KClO4, a sodium-iodide symporter (NIS) inhibitor. TM
upregulated the mRNA expression of iodide-handling genes and the protein expression of NIS. TM
blocked pERK1/2 phosphorylation in both cell lines, but AKT (protein kinase B) phosphorylation was
only observed in CAL62 cells. The downregulation of glucose transporter 1 protein was confirmed in
TM-treated cells, with a significant reduction in 8F-fluorodeoxyglucose (FDG) uptake. A significant
reduction in colony-forming ability and marked tumor growth inhibition were observed in the
combination group. TM was revealed to possess a novel function as a redifferentiation inducer in
ATC as it induces the restoration of iodide-handling gene expression and radioiodine avidity, thereby
facilitating effective radioiodine therapy.

Keywords: tunicamycin; sodium-iodide symporter; anaplastic thyroid cancer; redifferentiation;
radioiodine therapy

1. Introduction

Well-differentiated thyroid cancer exhibits active radioactive iodide uptake owing
to the appropriate expression of iodide-handling genes, including sodium-iodide sym-
porter (NIS), thyroid peroxidase (TPO), and thyroid-stimulating hormone receptor (TSHR).
This facilitates the uptake and organification of radioactive iodine, resulting in good ther-
apeutic outcomes following radioiodine therapy [1,2]. The genetic alteration of serine/
threonine-protein kinase B-Raf (BRAF)V®E, Neurotrophic Receptor Tyrosine Kinase 1
(NTRK1), rearranged during transfection (RET), and the three isoforms of RAS (N, H,
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and K) occurs in anaplastic thyroid carcinoma (ATC) with aggressive metastasis to the
lungs, bones, and regional lymph nodes. These events cause constitutive mitogen-activated
protein kinase (MAPK) signaling, which induces the continuous suppression or silencing
of iodide-handling genes, leading to decreased radioiodine avidity and, finally, the failure
of radioiodine therapy. Many studies have been conducted to develop methods to re-
store radioiodine avidity by NIS delivery, epigenetic modulation, and MAPK inhibition in
PD/ATC cells. However, most of these approaches have not produced satisfactory clinical
outcomes. Accordingly, new approaches are urgently needed to restore radioiodine avidity
via redifferentiation induction with high-efficiency.

It has been reported that N-linked glycosylation may play an important role in main-
taining protein stability, localization, and function [3]. Many studies have shown that
tunicamycin (TM), a naturally occurring antibiotic, can inhibit N-linked glycosylation in
several types of cancer cells, presenting a useful therapeutic approach for cancer therapy
by decreasing angiogenesis [4], inducing endoplasmic reticulum stress-induced autophagy
and apoptosis, and increasing TRAIL-induced cell death (apoptosis) [5-7]. Another report
demonstrated that TM-induced N-linked glycosylation inhibition increases sensitivity to
cisplatin-mediated cytotoxicity in head and neck cancer cells [8]. Even though several
interesting findings have indicated the promising anticancer effects of TM, the effect of TM
on redifferentiation has not been explored in advanced thyroid cancer cells, especially in
ATC cells with poor differentiation.

Herein, we explored the effects of TM on iodide- and glucose-handling gene expression
in ATC cells with a KRAS or BRAF mutation. Furthermore, signal transduction (especially
levels of phosphorylated AKT and ERK) and the functional activity of NIS and a glucose
transporter was determined using radioiodine and ®F-fluorodeoxyglucose (FDG) uptake
assays. Finally, the applicability of TM for ATC treatment was evaluated in vitro and
in vivo.

2. Results
2.1. Restoration of Radioiodine Avidity in ATC Cells by TM

The effects of TM on the proliferation of CAL62/effluc and BHT101/effluc cells
were examined using in vitro bioluminescence imaging (BLI) 24 h and 48 h after treatment.
The proliferation of both ATC cell lines was reduced in a dose- and time-dependent manner
(Figure S1A,B).

Next, we determined whether TM could induce the restoration of radioiodine avidity
in CAL62 and BHT101 cells. After treatment with various doses of TM, we conducted
radioiodine uptake assays. TM significantly increased radioiodine uptake in both ATC cell
lines in a dose-dependent manner (Figure 1A,B). The maximum relative increase in iodide
uptake following treatment with 2 uM TM was 9.4- and 3.6-fold in CAL62/effluc cells
and BHT101/effluc cells, respectively, compared to the vehicle group (dimethyl sulfoxide
treated). To determine whether the increased radioiodine avidity was associated with
TM-mediated NIS function, we performed an inhibition study with KCIOy, a specific
inhibitor of NIS. The enhanced radioiodine avidity was completely inhibited by KClO4
in TM-treated CAL62/effluc and BHT101/effluc cells (Figure 1C,D), indicating that the
restoration of radioiodine avidity was related to the change in TM-induced iodide-handling
genes associated with NIS function.
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Figure 1. Effect of tunicamycin (TM) on iodide uptake in ATC cells. (A,C) CAL62 and (B,D) BHT101 cells were treated with
various TM doses for 24 h, followed by iodide uptake assays. To examine the inhibition of iodide uptake, ATC cells were
treated with 2 uM TM and 300 uM KCIOy (sodium-iodide symporter (NIS)-specific inhibitor) for 24 h, and iodide uptake
was assessed. * p < 0.05, ** p < 0.005, *** p < 0.0005, compared to absence of TM (Iodide uptake assay). * p < 0.05, ** p < 0.005
compared with TM (KCLOy inhibition study). Data are the mean + SD of three samples per group.

2.2. Restoration of lodide-Handling Genes by TM in ATC Cells

We examined the effect of TM on iodide-handling genes such as NIS, TPO, thyroglob-
ulin (TG), and TSHR in both ATC cell lines using quantitative real-time PCR and Western
blotting analysis. Quantitative real-time PCR revealed the restoration of TM-mediated
iodide-handling gene expression in CAL62 and BHT101 cells (Figure 2). The mRNA ex-
pression levels of NIS, TPO, and TG in both ATC cell lines reached a peak upon treatment
with TM as low as 0.5 pM. The maximum expression of TSHR mRNA in CAL62 cells



Int. J. Mol. Sci. 2021, 22,1077

40f13

was detectable at 2 uM TM. Immunoblotting analysis showed that TM induced a marked
increase in iodide-handling gene expression in CAL62 and BHT101 cells (Figure 3A,B).
The expression of NIS was the highest in CAL62 and BHT101 cells in the presence of 0.5 uM
TM. For other iodide-handling genes such as TPO, TG, and THSR, the peak expression was
observed upon treatment with 1~2 uM TM. We observed an increase in membrane NIS
protein in both ATC cell lines, as determined by biotinylation cell surface protein isolation
assays (Figure 3C).
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Figure 2. Upregulated mRNA expression of iodide-handling genes. Relative increases in iodide-handling gene expression
in TM-treated (A) CAL62 and (B) BHT101 cells 24 h post-treatment. ** p < 0.005, *** p < 0.0005, **** p < 0.0001 compared to
absence of tunicamycin. Data are the mean + SD of three samples per group.

2.3. Regulation of MAPK and AKT, As Well As Glucose Metabolism, by TM in ATC Cells

The MAPK and AKT pathways were examined following TM treatment in both
ATC cell lines. TM led to ERK phosphorylation inhibition in CAL62 and BHT101 cells
(Figure 4A,B). However, the downregulation of phosphorylated AKT was only detectable
in TM-treated CAL62 cells. Next, we determined whether TM affected glucose metabolism
as well as glucose transporter expression. The significant downregulation of Glutl was
observed in TM-treated CAL62 and BHT101 cells (Figure 4A,B). Consistently, a marked
reduction in '8F-FDG uptake was observed in both ATC cell lines, with a 44% and 25%
relative reduction in glucose uptake in CAL62 cells and BHT101 cells, respectively (Figure
4C).
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Figure 3. Restoration of iodide-handling genes by tunicamycin (TM). (A) Immunoblotting analysis of iodide-handling gene
expression in CAL62 and BHT101 cells treated with different doses of TM at 24 h post-treatment. (B) Quantitative analysis
of respective iodide-handling gene levels by scanning densitometry. (C) Immunoblotting analysis of membrane NIS protein
levels in CAL62 and BHT101 cells treated with 2 uM TM at 24 h post-treatment. The membrane fraction was collected by
previously described biotinylation-mediated cell surface protein isolation methods. * p < 0.05, ** p < 0.005, *** p < 0.0005,
compared to absence of TM. Data are the mean + SD of three samples per group.
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Figure 4. Inhibition of the MAPK pathway and glucose metabolism by tunicamycin (TM). (A,B) Inmunoblotting analysis of
AKT and ERK phosphorylation levels and Glutl protein level in CAL62 and BHT101 cells treated with 2 uM TM at 24 h post-
treatment. Quantitative analysis of pAKT, pERK, and Glut1 levels by scanning densitometry. (C) '8F-fluorodeoxyglucose
(FDG) uptake levels in TM-treated CAL62 and BHT101 cells at 24 h post-treatment. CPM, count per minute. * p < 0.05,
** p < 0.005, and *** p < 0.0005 compared to absence of TM. Data are the mean =+ SD of three samples per group.

2.4. Restoration of Unresponsiveness to Radioiodine Therapy by TM In Vitro and In Vivo

We explored whether TM can reverse the unresponsiveness of radioiodine therapy
against radioiodine refractory ATC. Treatment with either 131 or TM alone failed to decrease
colony formation ability in BHT101 cells (Figure 5A). However, the combination treatment
of TM and '3'T resulted in a drastic reduction in colony formation.
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Figure 5. Evaluation of therapeutic response to '3!1 therapy with TM treatment. (A) Colony formation assay. BHT101
cells treated with 2 uM TM and 1 mCi !3'T were seeded onto 6-well plates, followed by further incubation for 14 days.
After fixation, the cells were stained with crystal violet solution. (B) Brief scheme for in vivo therapy. When tumor mass was
detectable by palpation and inspection, BHT101 tumor-bearing mice received 0.02 mg/kg TM via intraperitoneal injection
twice a week for 2 weeks, followed by 1 mCi 1311 treatment intravenously. Tumor volume was measured with a caliper at
indicated times. (C) Tumor volume measurement. * p < 0.05, ** p < 0.005, compared with vehicle, TM, and 131y respectively.
Data are the mean 4 SD of 7 or 8 mice.

We additionally conducted a biodistribution study to evaluate radioiodine uptake in
BHT101 tumors. As shown in Figure S2, 0.02 mg/kg TM induced increased radioiodine
avidity in BHT101 tumors. However, there was no increase in radioiodine avidity in
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vehicle-treated mice. Radioiodine uptake was also seen in the thyroid and stomach due to
physiological reasons.

The potential of combination therapy of TM and '*!'I was evaluated in ATC-tumor-
bearing mice, as illustrated in Figure 5B. Rapid tumor progression was observed in vehicle-
treated mice (Figure 5C). Similarly, mice treated with either TM or !3'T alone showed
aggressive tumor growth during therapy monitoring. Treatment with TM and 1-131 led to
significant retardation of tumor growth. Bodyweight reduction and abnormal behavior
were not observed in all mice during in vivo therapy (data not shown).

3. Discussion

Thyroidectomy is the primary treatment for well-differentiated thyroid cancer,
followed by conventional radioiodine therapy for the complete removal of remaining
tumor lesions [9]. The full expression of iodide-handling genes is a key factor for successful
radioiodine therapy in thyroid cancer. However, poor differentiation in thyroid cancer
leads to the downregulation of iodide-handling genes and loss of radioiodine avidity,
both of which are found in ATC. Genetic studies have demonstrated that ATC originates
from pre-existing papillary thyroid cancer involving BRAF or RAS mutations that have
subsequently evolved toward ATC by acquiring additional genetic aberrations, particularly
in TP53, PIK3CA, and TERT promoters. Although many attempts were made to restore
radioiodine avidity in advanced thyroid cancer, an effective approach has not been found.

Several studies have demonstrated that TM can induce anticancer effects via the
inhibition of vascular formation, autophagy induction, and sensitization to anticancer
agents such as TRAIL, cisplatin, and trastuzumab in various types of cancer [5,8,10].
Even though several interesting reports have indicated the promising anticancer effects of
TM, the effect of TM on redifferentiation has not been explored in advanced thyroid cancer
cells, especially in ATC cells with poor differentiation.

To investigate whether TM has the potential as an inducer to restore iodide-handling
gene expression as well as radioiodine avidity in ATC cells, we evaluated its effects on
radioiodine uptake in CAL62 cells and BHT101 cells carrying KRAS and BRAF gene
mutations, respectively. These cells have been used to determine the therapeutic effects of
several drugs associated with cytotoxicity and iodide-handling gene restoration [11-13].
TM induced an increase in radioiodine uptake in a dose-dependent manner, which was
completely inhibited by the NIS-specific inhibitor KClO4. Other previous literature [14,15]
have demonstrated that tyrosine kinase inhibitors (cf. selumetinib) and retinoic acid can
re-differentiate thyroid cancer and non-thyroidal cancer, leading to the restoration of
radioiodine avidity. However, when these agents were applied to anaplastic thyroid cancer
cells, they were not effective in restoring radioiodine avidity and iodide-handling gene
expression (Figure S3). These findings suggest that the restoration of radioiodine avidity
and the restoration of iodide-handling genes in anaplastic thyroid cancer are related to
TM-modulated NIS functioning.

A unique property of thyroid follicular cells is the ability to trap and concentrate
iodide, which depends on the expression of NIS, TG, TPO, and TSHR. The NIS protein
mediates iodide uptake in normal and well-differentiated thyroid cancer. TPO iodinates
TG, which leads to iodide retention within thyroid follicles. Restoration of the expression
of these iodide metabolism-related genes is associated with successful radioiodine therapy
in ATC. In our study, the protein levels of iodide-handling genes were downregulated
in CAL62 and BHT101 cells, consistent with previous clinical findings [16]. However,
TM could simultaneously restore NIS, as well as TPO, TG, and TSHR mRNA and protein
expression levels in CAL62 cells and BHT101 cells.

Clinical evidence indicates that ATC exhibits not only a high FDG uptake with in-
creased glucose transporter expression levels but also a marked reduction in radioiodine
avidity [17-19]. Feine et al. also stated that increased glucose metabolism is a sign of greater
malignancy [20]. Our results showed that TM treatment led to the reduction of Glutl and
glucose metabolism. Taken together, the restoration of iodide-handling genes and down-
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regulation of glucose metabolism indicate that TM can re-induce the differentiation of ATC
cells.

Constitutive MAPK and AKT activation is related to ATC, resulting in poor respon-
siveness to radioiodine therapy. Thus, many attempts have been made to downregulate
MAPK and AKT signaling to restore iodide avidity using various kinase inhibitors such
as cabozantinib, dabrafenib, sorafenib, LY294002, and selumetinib in preclinical and clini-
cal situations [21-26]. When we examined TM-induced signal transduction in both ATC
cell lines, it was found that TM also induced the significant reduction of ERK phospho-
rylation (CAL62 and BHT101 cells) and AKT phosphorylation (CAL62 cells), indicating
that the restoration of iodide-handling genes and iodide avidity may be related to the
downregulation of the MAPK and AKT pathway.

Successful radioiodine therapy depends on the effective incorporation of therapeutic
radioiodine-131 into the cancerous thyroid gland. Based on our finding of the TM-mediated
increase in radioiodine avidity in vitro, we presumed that TM-induced redifferentiation
reduces unresponsiveness to radioiodine therapy in ATC. As expected, we observed a
drastic reduction in colony-forming ability when a combined treatment of TM and !3'I was
introduced to ATC cells. Consistent with the in vitro findings, the combination of TM and
1317 led to marked retardation of tumor growth in vivo, whereas few therapeutic effects
were observed in vehicle-treated, TM-treated, or 3 I-treated mice. These data indicate that
the TM-modulated upregulation of iodide-handling genes is a reasonable strategy for the
induction of effective radioiodine therapy.

Increasing iodine avidity is very important in differentiated thyroid cancer (DTC) as
well as ATC because positive iodine uptake does not always result in a good therapeutic
response in patients with DTC. Our findings would be better if TM induced the change of
iodide handling genes and radioiodine avidity in the DTC cells. When we have examined
the effects of TM on radioiodine uptake, as well as iodide-handling genes expression of
BCPAP as differentiated papillary thyroid cancer, TM led to an increase in radioiodine
avidity in BCPAP cells (Figure S4A). KCLO4, as a NIS-specific inhibitor, completely reduced
the enhanced radioiodine uptake to the basal level (Figure S4B). Furthermore, Western
blotting analysis showed the TM-induced upregulation of NIS, TPO, and TSHR protein
expression (Figure S4C). These results suggested that TM is also an effective agent for
restoring radioiodine avidity in differentiated thyroid cancer.

Despite our interesting finding that TM restored iodide-handling genes in ATC, some
issues should be addressed. Additional in vivo studies are warranted to conclusively estab-
lish their responsiveness to radioiodine therapy in other types of ATC models. Regarding
signal transduction, the detailed mechanism of the TM-induced recovery of radioiodine
avidity was not addressed; further studies should be conducted in this direction.

In conclusion, in this study, we demonstrated the ability of TM, a well-known N-
linked glycosylation inhibitor, to re-differentiate ATC cells, thereby effectively restoring
iodide-handling gene expression and radioiodine avidity. TM also downregulated glucose
metabolism, as well as MAPK and AKT expression (Figure 6). Importantly, the TM-
mediated redifferentiation of ATC allows for successful radioiodine therapy in radioiodine
therapy-refractive ATC tumors. Our findings reveal the utility of TM as a re-differentiating
agent for previously developed drugs (likely drug-repositioning candidates) in ATC.



Int. J. Mol. Sci. 2021, 22, 1077

10 of 13

Re-differentiation

Restoration of
unresponsiveness to
radioiodine therapy

Tunicamycin

y - ~\\\ o N
CAL62 { PERK 1 { Gut )
BHT101 '\/ v\ S
| PAKT | "
CAL62 " s
v “
lodide handling genes Glucose uptake
(NIS, TPO, TG, TSHR) (F-18 FDG)

ine uptake avidity

IRadloio

Radioiodine therapy

4----‘& E TETTETRRY 2

Figure 6. The proposed mode of action of TM-induced modulation of NIS function in anaplastic thyroid cancer (ATC)
cells. TM restored the iodide-handling genes such as NIS, thyroid peroxidase (TPO), thyroglobulin (TG), and -stimulating
hormone receptor (TSHR).

4. Materials and Methods
4.1. Cells

Two ATC cell lines, CAL62 and BHT-101, were purchased from Deutsche Samm-
lung von Mikrooganismen und Zellkulturen. Both cell lines were maintained in high-
glucose Dulbecco’s modified Eagle medium (Hyclone; Thermo Fisher Scientific, Waltham,
MA, USA), supplemented with 10% fetal bovine serum (Hyclone) and a 1% antibiotic-
antimycotic (Hyclone) at 37 °C in a 5% CO, atmosphere. CAL62 and BHT101 cells were
transduced with a retroviral vector containing enhanced firefly luciferase and Thy1.1 genes.
After infection, cells were stained with anti-Thy1.1 antibody and sorted using FACSAria
(BD Biosciences, San Jose, CA, USA). Sorted cells were enriched and called CAL62/effluc
and BHT101/effluc.

4.2. 1251 Uptake Assay

Cells were plated in 24-well plates (Thermo Fisher Scientific, Waltham, MA, USA) for
24 h, treated with tunicamycin (Sigma, St. Louis, MO, USA) as a 10 mM stock solution in
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dimethyl sulfoxide, and stored at 36 °C for 24 h. After aspiration of the drug-containing
medium, the cells were washed with 1 mL of Hanks balanced salt solution (HBSS) (Thermo
Fisher Scientific) and incubated with 500 mL of HBSS containing 0.5% bovine serum
albumin (Sigma) (bHBSS), 3.7 kBq of carrier-free 1251 (PerkinElmer, MA, USA), and a
10 umol/L solution of sodium iodide (specific activity of 740 MBq/mmol) at 37 °C for
30 min. The cells were then washed twice with ice-cold bHBSS and lysed with 500 mL of 2%
sodium dodecyl sulfate (Sigma). The radioactivity was measured using a gamma counter
(Cobra II; Canberra Packard, Packard Bioscience; PerkinElmer). The radioactivity of the
cells was normalized using total protein concentrations determined by a bicinchoninic
acid protein assay kit (Pierce Protein Biology; Thermo Fisher Scientific). Some cells were
preincubated with 300 uM KClOy (a specific inhibitor for NIS) (Sigma) for 30 min to inhibit
iodide uptake, followed by the 12T uptake test.

4.3. '8F-FDG Uptake Assay

The change in F-FDG uptake was evaluated as described previously [27], and
detailed information is described in the Supporting information.

4.4. Quantitative RT-PCR

The change in iodide-handling gene expression was evaluated as described previ-
ously [27], and detailed information is described in the Supporting information.

4.5. Western Blot

The change in protein expression was evaluated as described previously [27], and
detailed information is described in the Supporting information.

4.6. Clonogenic Assay

Cells were seeded on a T-75 Flask (Thermo Fisher Scientific) and treated with 2 uM TM
for 24 h. After 24 h, the cells were exposed to 1 mCi 1311 (Korea Institute of Radiological and
Medical Sciences, Seoul, Korea), incubated for 8 h, and 1000 cells per well were re-seeded
in 6-well plates for 14 days. Finally, cells were fixed in 4% paraformaldehyde solution
(Sigma) and stained with 0.05% crystal violet (Sigma).

4.7. Animals

Specific pathogen-free, 6-week-old, female BALB/c nude mice were obtained from
SLC, Inc. (Shizuoka, Japan). All animals were maintained and used in accordance with
The Guidelines for the Care and Use of Laboratory Animals of the Institute of Laboratory
Animal Center, Daegu-Gyeongbuk Medical Innovation Foundation. The animal studies
were conducted after approval by the Institutional Review Board on the Ethics of Animal
Experiments of the Daegu-Gyeongbuk Medical Innovation Foundation (approval number:
DGMIF-17120802-00, 8 December 2017).

4.8. In Vivo Therapy

To establish the ATC xenograft model, nude mice were subcutaneously challenged
with 5 million BHT101 cells. When tumor size reached within 150 mm?, tumor-bearing mice
were divided into four groups (n = 7) as follows: group 1, vehicle; group 2, 0.02 mg/kg TM
(intraperitoneal injection) twice a week for 14 days; group 3, a single dose of 1 mCi 131
(intravenous injection); and group 4, 0.02 mg/kg TM twice a week for 14 days followed
by a single dose of 1 mCi '3'1. After the final TM treatment, tumor-bearing mice received
radioactive 1*'1. Mouse body weight was monitored. Tumor size was measured with a
caliper at the indicated time points, and tumor volume (mm?®) was calculated using the
following formula, tumor volume (mm?) = d? x D/2, where d and D are the shortest and
longest diameter in mm, respectively.
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4.9. Statistical Analysis

All data are expressed as mean =+ SD, and statistical significance was determined
using an unpaired Student’s ¢-test in Prism 5 (GraphPad). p-values less than 0.05 were
considered statistically significant.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1422-006
7/22/3/1077/s1, Figure S1: Cell proliferation analysis of tunicamycin (TM)-treated ATC cells using
in vitro BLI; Figure S2: Biodistribution study; Figure S3: Effect of selumetinib on iodide uptake in
BHT101 cells; Figure S4: Effect of tunicamycin (TM) on iodide uptake in BCPAP cells.

Author Contributions: S.-W.L,, J-H.H., and Y.H.]. designed and conducted the whole project. Y.J.C.,
J-E.L., H.D.J., and B.-R.L. were the major contributors to project implementation and manuscript
writing. S.B.L., K.5.K., and I.-K.L. analyzed in vivo data. ]J.C.,S.J.C., and J.L. analyzed in vitro data.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the following grants, HI16C1501, HI19C0760, 2017R1D1/
A1B03028340, and 2014R1A1A1003323.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
Animal Experiments of the Daegu-Gyeongbuk Medical Innovation Foundation (protocol code and
date of approval approval number: DGMIF-17120802-00 and 8 December 2017).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: No potential conflicts of interest relevant to this article exist.
Abbreviations

ATCs  Anaplastic thyroid cancers

™ Tunicamycin

NIS Sodium-iodide symporter

TPO  Thyroid peroxidase

TSHR  Thyroid-stimulating hormone receptor
FDG  Fluorodeoxyglucose

References

1.

Bible, K.C.; Ryder, M. Evolving molecularly targeted therapies for advanced-stage thyroid cancers. Nat. Rev. Clin. Oncol. 2016, 13,
403. [CrossRef]

Chen, A.Y,; Jemal, A.; Ward, E.M. Increasing incidence of differentiated thyroid cancer in the United States, 1988-2005. Cancer
2009, 115, 3801-3807. [CrossRef]

Parodi, A.J. Role of N-oligosaccharide endoplasmic reticulum processing reactions in glycoprotein folding and degradation.
Biochem. ]. 2000, 348, 1-13. [CrossRef]

Elbein, A.D. Inhibitors of the biosynthesis and processing of N-linked oligosaccharide chains. Ann. Rev. Biochem. 1987, 56,
497-534. [CrossRef]

Shiraishi, T.; Yoshida, T.; Nakata, S.; Horinaka, M.; Wakada, M.; Mizutani, Y.; Miki, T.; Sakai, T. Tunicamycin enhances tumor
necrosis factor-related apoptosis-inducing ligand-induced apoptosis in human prostate cancer cells. Cancer Res. 2005, 65,
6364-6370. [CrossRef]

Yorimitsu, T.; Nair, U.; Yang, Z.; Klionsky, D.J. Endoplasmic reticulum stress triggers autophagy. J. Biol. Chem. 2006, 281,
30299-30304. [CrossRef]

Kim, S.H.; Shin, H.-Y,; Kim, Y.-S.; Kang, ].G.; Kim, C.S.; Ihm, S.-H.; Choi, M.G.; Yoo, H.J.; Lee, S.J. Tunicamycin induces paraptosis
potentiated by inhibition of BRAFV600E in FRO anaplastic thyroid carcinoma cells. Anticancer Res. 2014, 34, 4857-4868.

Hou, H.; Sun, H.; Lu, P; Ge, C,; Zhang, L.; Li, H.; Zhao, F; Tian, H.; Zhang, L.; Chen, T. Tunicamycin potentiates cisplatin
anticancer efficacy through the DPAGT1/Akt/ ABCG2 pathway in mouse Xenograft models of human hepatocellular carcinoma.
Mol. Cancer Ther. 2013, 12, 2874-2884. [CrossRef]

Haugen, B.R.; Alexander, E.K,; Bible, K.C.; Doherty, G.M.; Mandel, S.J.; Nikiforov, Y.E.; Pacini, F; Randolph, G.W.; Sawka, A.M.;
Schlumberger, M. 2015 American Thyroid Association management guidelines for adult patients with thyroid nodules and
differentiated thyroid cancer: The American Thyroid Association guidelines task force on thyroid nodules and differentiated
thyroid cancer. Thyroid 2016, 26, 1-133. [CrossRef]


https://www.mdpi.com/1422-0067/22/3/1077/s1
https://www.mdpi.com/1422-0067/22/3/1077/s1
http://doi.org/10.1038/nrclinonc.2016.19
http://doi.org/10.1002/cncr.24416
http://doi.org/10.1042/bj3480001
http://doi.org/10.1146/annurev.bi.56.070187.002433
http://doi.org/10.1158/0008-5472.CAN-05-0312
http://doi.org/10.1074/jbc.M607007200
http://doi.org/10.1158/1535-7163.MCT-13-0201
http://doi.org/10.1089/thy.2015.0020

Int. J. Mol. Sci. 2021, 22, 1077 13 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Han, X.; Zhang, X.; Li, H.; Huang, S.; Zhang, S.; Wang, E; Shi, Y. Tunicamycin enhances the antitumor activity of trastuzumab on
breast cancer in vitro and in vivo. Oncotarget 2015, 6, 38912. [CrossRef]

Pugliese, M.; Fortunati, N.; Germano, A.; Asioli, S.; Marano, E,; Palestini, N.; Frairia, R.; Boccuzzi, G.; Catalano, M.G. Histone
deacetylase inhibition affects sodium iodide symporter expression and induces 1311 cytotoxicity in anaplastic thyroid cancer
cells. Thyroid 2013, 23, 838-846. [CrossRef] [PubMed]

Catalano, M.G.; Fortunati, N.; Pugliese, M.; Marano, E; Ortoleva, L.; Poli, R.; Asioli, S.; Bandino, A.; Palestini, N.; Grange, C.
Histone deacetylase inhibition modulates E-cadherin expression and suppresses migration and invasion of anaplastic thyroid
cancer cells. J. Clin. Endocrinol. Metab. 2012, 97, E1150-E1159. [CrossRef] [PubMed]

Glassmann, A.; Winter, J.; Kraus, D.; Veit, N.; Probstmeier, R. Pharmacological suppression of the Ras/MAPK pathway in thyroid
carcinoma cells can provoke opposite effects on cell migration and proliferation: The appearance of yin-yang effects and the need
of combinatorial treatments. Int. . Oncol. 2014, 45, 2587-2595. [CrossRef] [PubMed]

Chakravarty, D.; Santos, E.; Ryder, M.; Knauf, J.A.; Liao, X.-H.; West, B.L.; Bollag, G.; Kolesnick, R.; Thin, T.H.; Rosen, N.
Small-molecule MAPK inhibitors restore radioiodine incorporation in mouse thyroid cancers with conditional BRAF activation.
J. Clin. Investig. 2011, 121, 4700-4711. [CrossRef]

Kogai, T.; Kanamoto, Y.; Che, L.H.; Taki, K.; Moatamed, F.; Schultz, ].J.; Brent, G.A. Systemic retinoic acid treatment induces
sodium/iodide symporter expression and radioiodide uptake in mouse breast cancer models. Cancer Res. 2004, 64, 415-422.
[CrossRef]

Molinaro, E.; Romei, C.; Biagini, A.; Sabini, E.; Agate, L.; Mazzeo, S.; Materazzi, G.; Sellari-Franceschini, S.; Ribechini, A.;
Torregrossa, L. Anaplastic thyroid carcinoma: From clinicopathology to genetics and advanced therapies. Nat. Rev. Endocrinol.
2017, 13, 644. [CrossRef]

Feine, U.; Lietzenmayer, R.; Hanke, J.-P.; Held, J. Fluorine-18-FDG and iodine-131-iodide uptake in thyroid cancer. ]. Nucl. Med.
1996, 37, 1468.

Matsuzu, K.; Segade, F.; Matsuzu, U.; Carter, A.; Bowden, D.W,; Perrier, N.D. Differential expression of glucose transporters in
normal and pathologic thyroid tissue. Thyroid 2004, 14, 806-812. [CrossRef]

Matsuzu, K.; Segade, F.; Wong, M.; Clark, O.H.; Perrier, N.D.; Bowden, D.W. Glucose transporters in the thyroid. Thyroid 2005, 15,
545-550. [CrossRef]

Feine, U.; Lietzenmayer, R.; Hanke, J.-P.; Wohrle, H.; Miiller-Schauenburg, W. 18FDG whole-body PET in differentiated thyroid
carcinoma. Flipflop in uptake patterns of 18FDG and 1311. Nukl. Arch. 1995, 34, 127-134.

Ruan, M.; Liu, M,; Dong, Q.; Chen, L. Iodide-and glucose-handling gene expression regulated by sorafenib or cabozantinib in
papillary thyroid cancer. J. Clin. Endocrinol. Metab. 2015, 100, 1771-1779. [CrossRef] [PubMed]

Rothenberg, S.M.; Daniels, G.H.; Wirth, L.]. Redifferentiation of Iodine-Refractory BRAF V600E-Mutant Metastatic Papillary
Thyroid Cancer with Dabrafenib—Response. Clin. Cancer Res. 2015, 21, 5640-5641. [CrossRef] [PubMed]

Ferrari, S.M.; Politti, U.; Spisni, R.; Materazzi, G.; Baldini, E.; Ulisse, S.; Miccoli, P.; Antonelli, A.; Fallahi, P. Sorafenib in the
treatment of thyroid cancer. Expert Rev. Anticancer Ther. 2015, 15, 863-874. [CrossRef] [PubMed]

Ho, A.L,; Grewal, RK,; Leboeuf, R.; Sherman, E.J.; Pfister, D.G.; Deandreis, D.; Pentlow, K.S.; Zanzonico, P.B.; Haque, S.; Gavane,
S. Selumetinib-enhanced radioiodine uptake in advanced thyroid cancer. N. Engl. . Med. 2013, 368, 623-632. [CrossRef] [PubMed]
Liu, Y.-Y,; Zhang, X.; Ringel, M.D.; Jhiang, S.M. Modulation of sodium iodide symporter expression and function by LY294002,
Akti-1/2 and Rapamycin in thyroid cells. Endocr. Relat. Cancer 2012, 19, 291. [CrossRef]

Kogai, T.; Sajid-Crockett, S.; Newmarch, L.S.; Liu, Y.-Y.; Brent, G.A. Phosphoinositide-3-kinase inhibition induces sodium /iodide
symporter expression in rat thyroid cells and human papillary thyroid cancer cells. J. Endocrinol. 2008, 199, 500. [CrossRef]
Singh, T.D.; Song, J.; Kim, J.; Chin, J.; Ji, H.D.; Lee, J.-E.; Lee, S.B.; Yoon, H.; Yu, ].H.; Kim, S.K. A novel orally active inverse
agonist of estrogen-related receptor gamma (ERRy), DN200434, a booster of NIS in anaplastic thyroid cancer. Clin. Cancer Res.
2019, 25, 5069-5081. [CrossRef]


http://doi.org/10.18632/oncotarget.5334
http://doi.org/10.1089/thy.2012.0359
http://www.ncbi.nlm.nih.gov/pubmed/23531031
http://doi.org/10.1210/jc.2011-2970
http://www.ncbi.nlm.nih.gov/pubmed/22563106
http://doi.org/10.3892/ijo.2014.2668
http://www.ncbi.nlm.nih.gov/pubmed/25269412
http://doi.org/10.1172/JCI46382
http://doi.org/10.1158/0008-5472.CAN-03-2285
http://doi.org/10.1038/nrendo.2017.76
http://doi.org/10.1089/thy.2004.14.806
http://doi.org/10.1089/thy.2005.15.545
http://doi.org/10.1210/jc.2014-3023
http://www.ncbi.nlm.nih.gov/pubmed/25768669
http://doi.org/10.1158/1078-0432.CCR-15-2298
http://www.ncbi.nlm.nih.gov/pubmed/26672087
http://doi.org/10.1586/14737140.2015.1064770
http://www.ncbi.nlm.nih.gov/pubmed/26152651
http://doi.org/10.1056/NEJMoa1209288
http://www.ncbi.nlm.nih.gov/pubmed/23406027
http://doi.org/10.1530/ERC-11-0288
http://doi.org/10.1677/JOE-08-0333e
http://doi.org/10.1158/1078-0432.CCR-18-3007

	Introduction 
	Results 
	Restoration of Radioiodine Avidity in ATC Cells by TM 
	Restoration of Iodide-Handling Genes by TM in ATC Cells 
	Regulation of MAPK and AKT, As Well As Glucose Metabolism, by TM in ATC Cells 
	Restoration of Unresponsiveness to Radioiodine Therapy by TM In Vitro and In Vivo 

	Discussion 
	Materials and Methods 
	Cells 
	125I Uptake Assay 
	18F-FDG Uptake Assay 
	Quantitative RT–PCR 
	Western Blot 
	Clonogenic Assay 
	Animals 
	In Vivo Therapy 
	Statistical Analysis 

	References

