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The dedifferentiation of differentiated thyroid cancer (DTC) is a challenging problem for
radioactive iodine ('°'l) treatment, also known as radioiodine refractory differentiated
thyroid cancer (RAIR-DTC). The purpose of this study was to further explore the
mechanism of the redifferentiation of dedifferentiated thyroid cancer. Ineffective and
effective groups of '®'| therapy were analyzed and compared in both our clinical and
TCGA samples. Whole-exome sequencing, mutation analysis, transcriptome analysis,
and in vitro functional experiments were conducted. FLG, FRG1, MUC6, MUC20, and
PRUNEZ2 were overlapping mutation genes between our clinical cases, and the TCGA
cases only appeared in the ineffective group. The expression of miR-146b-3p target
MUC20 was explored. The expression levels of miR-146b-3p and MUC20 were
significantly increased, and the inhibition of miR-746b-3p expression significantly
inhibited proliferation and migration, promoted apoptosis, regulated the expression and
location of thyroid differentiation-related genes, and sodium/iodide symporter (NIS) in
dedifferentiated thyroid cancer cells (WRO). Thus, miR-146b-3p potentially targets
MUC20 participation in the formation of DTC dedifferentiation, resulting in resistance to
311 and the loss of the iodine uptake ability of DTC cancer foci, promoting refractory
differentiated thyroid cancer. miR-146b-3p may be a potentially therapeutic target for the
reapplication of '3 therapy in dedifferentiated thyroid cancer patients.

Keywords: miR-146b-3p, radioiodide therapy, sodium/iodide symporter, dedifferentiated thyroid cancer, MUC20

Frontiers in Oncology | www.frontiersin.org

1 January 2021 | Volume 10 | Article 566365


https://www.frontiersin.org/articles/10.3389/fonc.2020.566365/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.566365/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.566365/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.566365/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.566365/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.566365/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:tanpost@163.com
mailto:tj837547870@163.com
https://doi.org/10.3389/fonc.2020.566365
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.566365
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.566365&domain=pdf&date_stamp=2021-01-08

Hou et al.

A Possible Resistance Mechanisms to |-131 Therapy

INTRODUCTION

Thyroid cancer is the most common malignant tumor in the
endocrine system. According to the most recent statistics, the
incidence of thyroid cancer in the United States ranks sixth
among female malignant tumors in 2019 (1). Differentiated
thyroid cancer (DTC) is the most frequent subtype of thyroid
cancer. Radioiodine (**') is a classic radiotheragnostic agent
used for the treatment of DTC following a thyroidectomy based
on sodium-iodine symporter expression in normal and
neoplastic thyroid tissue (2). Non-iodine uptake is an
independent predictor of poor prognosis in DTC patients, and
our previous study found that 30% of DTC patients with lung
metastases did not take iodine (3). Surgery followed by
radioactive iodine (**'1) is effective in most DTC patients (4);
however, some DTC dedifferentiate during treatment, and
subsequently develop into radioiodine refractory differentiated
thyroid cancer (RAIR-DTC). RAIR-DTC is a difficult problem
associated with clinical treatment with rapid disease progression
and poor prognosis.

Researches into relevant mechanisms are extremely
important for the effective treatment of RAIR-DTC and some
progress had been achieved. It has been reported that some DTC
patients with metastases underwent degenerative changes in the
morphology and function of tumor cells during '*'I therapy. In
addition, impaired expression of iodine key protein and a loss of
iodine uptake eventually developed into dedifferentiated thyroid
cancer (5). At this point, the DTC is RAIR-DTC, which cannot
benefit from "*'I therapy, and the survival time is much shorter
than that of those with favorable iodine intake. For the RAIR-
DTC therapy, restoring the ability of dedifferentiated thyroid
cancer to uptake "*'I may represent a potential solution. It is
currently believed that the main mechanisms of '*'I treatment of
thyroid cancer are closely related to mutations in RAS,
BRAFVG600E, and TERT, activate the MAPK pathway, PI3KCA
mutation activates the PI3K/Akt pathway, and B-catenin
mutation activate the wnt/B-catenin pathway. They may cause
cellular proliferation and dedifferentiation, which leads to an

abnormal silence or decreased expression of key iodine uptake
proteins (NIS, TSHR, TPO, and Tg) and thyroid transcription
factors (e.g., TTF1 and TTF2) (6-9).

At present, several methods have been reported to improve
the radioiodine uptake ability of dedifferentiated cancer cells,
including prolonging the effective half-life of *'I, inducing cell
redifferentiation, and transgene therapy (10). However, these
methods are all associated with some shortcomings, including
unstable iodine uptake, rapid iodine outflow, inadequate
radiation efficiency, toxic side effects of molecular targeted
drugs, and acquired drug resistance. Additionally, it is
extremely important for radionuclide therapy of thyroid cancer
to redifferentiate undifferentiated lesions or metastatic lesions
and improve their uptake of '*'I. Therefore, in order to identify a
more effective strategy for the treatment of redifferentiation, it is
necessary to further explore the mechanisms associated with the
occurrence and development of RAIR-DTC.

MATERIALS AND METHODS

Human Tissues and DNA Extraction
Six DTC patients accepted '*'I therapy following total
thyroidectomy which is a complete removal of the thyroid
tumor and tissue, performed at Tianjin Medical University
General Hospital from October 2016 to August 2018.

The iodine uptake capacity of tumor tissue was mainly
evaluated using '*'T whole-body scan (**'I-WBS) after
radioiodine therapy, A combination of *'I-WBS, serum Tg
and TgAb levels, and imaging examinations were performed to
assess RAIR-DTC.

Among these patients, three were RAIR-DTC patients
without iodine uptake of lung metastases after 1311 remnant
ablation successful, all of which exhibited post-operative lung
metastases (test group, Figures 1A, B). The other three cases
possessed good iodine uptake capacity of lung metastases and
were sensitive to radioiodine therapy (control group, Figures 1C,
D). The primary surgical excision tissues were collected from

FIGURE 1 | "®"| whole-body scan (**'I-WBS) after radioiodine therapy. (A, B) "*'I-WBS and CT image of a patient without iodine uptake of lung metastases after
1311 remnant ablation successful. (C, D) '*'I-WBS and CT image of a patient with iodine uptake of lung metastases.
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these patients. All patients provided voluntary informed consent,
and the study was approved by the ethics committee at our
hospital. Genomic DNA was extracted and the concentration
with a QIAamp® DNA Micro kit (Qiagen, Heidelberg, Germany)
in accordance with the manufacturer’s protocol. A Qubit system
was used to quantify genomic DNA before library preparation.

Cell Culture

According to our previous experiments and reported studies (5,
11, 12), the dedifferentiated thyroid cancer cell line WRO was
selected for subsequent experiments. The WRO cell line was
purchased from Sigma-Aldrich (Munich, Gemany) and the cells
were cultured in DMEM medium (Gibco, USA) containing 10%
fetal bovine serum (FBS, Gibco, USA), 1% penicillin (100 U/mL)/
streptomycin (100 pug/mL; Gibco, USA), and were maintained in
a 37°C incubator in a humidified, 5% CO, atmosphere.

TCGA Data Screening and Download

of Mutation Information

A total of 491 thyroid cancer cases were selected from The
Cancer Genome Atlas (TCGA) database based on the following
screening criteria: 1) postoperative radioiodine therapy; 2) clear
effect of iodine therapy; 3) complete information of gene
mutation; and 4) complete information regarding microRNA
(miRNA) expression data. Disease stabilization and progression
were considered to be ineffective treatment (test group), and both
a partial or complete responses were effective (control group).
Thus, 167 ineffective and 324 effective patients were included.
Subsequently, the single nucleotide variant (SNV) and insertion/
deletion (Indel) mutations were downloaded and analyzed
between the test and control groups. In addition, the mutation
genes occurred only in the test group but not in control group
were screened out, and recorded as a test-specific mutation
gene set.

Whole-Exome Sequencing and Mutation
Analysis for Clinical Patients
After sheering and repairing the ends, the DNA samples were
purified using AMPure XP beads (Beckman-Coulter,
Indianapolis, USA). Subsequently, the paired-end adaptor was
ligated, the samples were purified, the adaptor-ligated library was
amplified, the amplified library was purified, and the quality and
quantity were assessed using a Qubit Fluorometer (Invitrogen,
Carlsbad, USA). A library hybridization kit, SeqCap EZ
MedExome Enrichment kit (Roche NimbleGen, Madison,
USA), was used to capture the target sequences. A whole-exon
probe system was customized from Roche NimbleGen to capture
target sequences, capture magnetic beads, and the elution of
hybridization libraries. After amplifying the captured library by
PCR, the constructed library was sequenced with an Illumina
HiSeq Xten sequencer. The average sequencing depth of the
tissue samples was 500X, which could detect mutations in tumor
genes with very low frequency of 0.1%.

The sequencing data were filtered by SOAPnuke to remove
the Adapter-containing sequences and low quality data. The
quality of the raw data after filtering met the Q30 requirement of

> 85%. BWA was used to compare the data to the human
reference genome (hgl9.fa). GATK was used to re-align the
reads in the interval, calibrate and rearrange the alkali matrix
quality values, and count the sequencing depth and coverage. An
indel detection was conducted with GATK and VarScant, SNV
was detected with MuTect and VarScan, and CNV was detected
with CONTRA. The test-specific mutation gene set was also
sifted out. Finally, they were annotated to a catalogue of somatic
mutations in cancer (COSMIC, https://cancer.sanger.ac.uk/
cosmic), the single nucleotide polymorphism database (dbSNP,
https://www.ncbi.nlm.nih.gov/snp/), and the important genes
related to the occurrence, development, treatment and prognosis
of thyroid cancer, were selected out. A Venn diagram was drawn
based on these genes and the TCGA data. Accordingly, the
overlapping test-specific mutation genes were selected between
TCGA cases and our clinical cases, and studied in in-depth.

Identification of Participating

Pathways Associated With

Overlapping Mutation Genes

Using the Rectome database (https://www.reactome.org/), a free,
open-source, curated and peer reviewed pathway database, we
analyzed the pathways of the above overlapping genes.

Transcriptome Analysis and Regulation
Network Construction

The mRNA and miRNA expression data were obtained from
TCGA data. After standardization with preprocessCore function
package V3.5 (http://www.bioconductor.org/packages/release/
bioc/html/preprocessCore.html), the differentially expressed
genes (DEGs) and differentially expressed microRNAs (DEGs)
were identified with the limma V3.18.13 software package
(http://www.bioconductor.org/packages/2.13/bioc/html/limma.
html) in the test group compared with control group. P < 0.05
and |log (fold-change)| > 2 were used as the threshold criteria.
Using mirwall 3.0 (http://mirwalk.umm.uni-heidelberg.de/), we
obtained the targeting relationship (gene-miRNA pairs) between
the DEMs and overlapping genes. The protein-protein interactions
(PPI) were analyzed via the STRING V10.0 database (http://string-
db.org), and the PPI pairs of the overlapping mutation genes were
screened out using more than 500 scores. Based on the above pairs,
the regulation network was ultimately constructed and visualized
using Cytoscape V3.5.1 software (http://www.cytoscape.org/
download.php).

miR-146b-3p Inhibitors/nc

Oligonucleotides and Cellular Transfection
The expression of miR-146b-3p and likely target MUC20 were
explored between our clinical cases and TCGA cases, and only
appeared in the ineffective group. Then miR-146b-3p inhibitors
and individual nc oligonucleotide products (GenePharma,
China) were synthesized. WRO cells were transfected with 100
nM of the indicated oligonucleotides separately using Lipo-
fectamine 3000 (Invitrogen) according to the manufacturer’s
protocol. At 24 to 48 h post-transfection, the resultant cells
were used for functional assays. The remaining cells were
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harvested for quantitative polymerase chain reaction (qRT-
PCR) analysis.

RNA Extraction and RT-PCR Analysis

The expressions of the overlapping mutation genes (FLG, FRGI,
MUC6, MUC20, and PRUNE2) were detected in the above
clinical surgical excision tissues. The primer sequences of the
genes are listed in Table 1. The total RNA was extracted using
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
USA). All of the specific primers were designed and synthesized
by Takara Biotechnology Co., Ltd (Dalian, China), and are listed
in Table 1. A PrimeScript® 1st Stand cDNA Synthesis kit
(Takara Biotechnology Co., Ltd., Dalian, China) and SYBR®
Premix Ex Taq'" kit (Takara Biotechnology Co., Ltd., Dalian,
China) were used to conduct reverse transcription PCR (RT-
PCR) in accordance with the manufacturer’s protocols. The
reaction conditions for reverse transcription were as follows:
30°C for 10 min, 42°C for 60 min, and 95°C for 5 min. Finally,
the relative expression value of the optical density was calculated
for the target gene.

Cell Proliferation Assay

A WRO Cell Counting Kit-8 (CCK-8; Dojindo, Japan) assay was
used to assess the level of cell proliferation/viability according to
the manufacturer’s instructions. After an incubation with miR-
146b-3p inhibitors (100 nmol/ul) or the same volume of 0.1%
DMSO (as control) for 24, 48, and 72 h, CCK8 reagent was added
into each well, and the cells were incubated at 37°C for 2 h. Cell
viability was measured by the level of absorbance (optical
density) at a wavelength of 450 nm using a microplate reader.

Cell Apoptosis Assay

WRO cells were seeded into six-well plates and treated with 100
nmol/ul miR-146b-3p inhibitors or the same volume of 0.1%
DMSO (as control) for 72 h, then harvested and stained with
Annexin V/propidium iodide (PI) staining kit (Beyotime, China)
according to the manufacturer’s instructions. Finally, the
apoptotic rates were obtained by flow cytometry.

Colony Formation Assay
Different groups of WRO cells were cultured in six-well plates.
The cells were cultured in a 37°C incubator under humidified,

TABLE 1 | Primer sequences of gRT-PCR of genes.

The name of the primer Primer sequences(5'-3")

FLG Forward GCTGAAGGAACTTCTGGAAA
Reverse CATCAGAAGAAACTCAGTGAA
FRG1 Forward GCTCCACACAAAGAAGTTGA
Reverse CTCTTGGTCCAATTGCATCT
MUC20 Forward GATCACAACCTCAGCGAAGA
Reverse GAGCTGCTGCATCAGCCTTT
MUC6 Forward CTCAACAAGGTGTGTGCAGA
Reverse GGAAAGGTCTCCTCGTAGTT
PRUNE2 Forward CAGTTCAGTGCTCAGGGTTT
Reverse CCAAACTTGTCTGTAAATGCTT
ACTING Forward CTGGACTTCGAGCAAGAGAT
Reverse GATGTCCACGTCACACTTCA

5% CO, conditions for 7 to 10 days. The cells were then fixed and
stained with a crystal violet solution for 30 min and images
were obtained.

Transwell Assay

Different groups of WRO cells were cultured, and a total of 1 x
10° cells in 100 ul serum-free DMEM were seeded into the upper
chamber of the transwell plates precoated with Matrigel
(Millipore). Complete DMEM medium was added to the lower
chamber. After 24 h, cells that invaded the membrane were fixed,
stained with a crystal violet solution for 2 min and counted.

Wound-Healing Assay

Different groups of WRO cells were transfected with miR-146b-
3p inhibitors or negative control and cultured until the cells
reached 90% confluence. The wound was created using a 200 pl
tip and the cells were continued to be cultured in DMEM
medium for another 24 h or 48 h. Cellular migration was
recorded by an inverted microscope and images were obtained.

Immunofluorescence

WRO cells were transfected with miR-146b-3p inhibitors or
negative control and were fixed in 4% paraformaldehyde in
phosphate-buffered saline. The cells were subsequently
incubated with an anti-NIS antibody (Bioss, China) overnight
at 4°C and subsequently incubated with a fluorescein-conjugated
secondary antibody (CST, USA) for 2 h. The nuclei were treated
with RNase- and stained with 20 mg/ml propidium iodide (PI;
Beyotime, China). Fluorescence was observed using a
fluorescence microscope (Nikon Instruments Inc., Melville,
NY, USA).

Western Blot

Different groups of WRO cells were seeded into 24-well plates
with a cover glass over each well and cultured for 24 h. Total,
membranous and cytoplasmic NIS and MUC20 proteins were
extracted according to the standard steps of the protein
extraction Kkits.

Lysates were quantified spectrophotometrically using the
bicinchoninic-acid-based (BCA) method. Twenty-five
micrograms of each sample was separated on gradient
polyacrylamide gels and transferred onto polyvinyldifluoride
membranes. Membranes were incubated with a primary
antibody (anti-NIS, Bioss, China; MUC 20, Abnova, USA;
MET, abcam, UK; MET pY1234/5, CST, USA; B-actin, CST,
USA) overnight at 4°C in TTBS/milk. The samples were
subsequently incubated with horseradish peroxidase-
conjugated secondary anti-mouse antibodies (CST, USA). The
protein was visualized using an enhanced chemiluminescence
Western blot detection system (Thermo Fisher Scientific).
Multiplication of the intensity and area of protein bands
indicated the relative levels of protein expression.

Radioiodide Uptake Assay (RAIU)

WRO cells were transfected with miR-146b-3p inhibitors or
negative control and were seeded into 24-well plates, the cells
were washed with ice-cold modified Hanks’ balanced salt
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solution (HBSS) three times and then incubated at 37°C with 500
ul buffered HBSS containing 2 uCi Na'*I for 30 min. Then,
radioactive medium was aspirated and cells were washed (x3)
with 1ml of ice-cold HBSS for 1min. Cells were harvested using
trypsin and counted with a hemacytometer. The radioactivity
was measured with a gamma counter. The radioactivity was
normalized to the number of cells present at the time of the assay
as cpm every 10° cells.

Statistical Analysis

SPSS V23.0 software (SPSS Inc., Chicago, USA) was used for all
statistical analyses, and the data were expressed as the mean *
SD. A t-test was used to compare the differences between two
groups, and P < 0.05 was considered to be statistically significant.

RESULTS

The Expression of miR-146b-3p Target
MUC20 Were Explored by Bioinformatics
Analysis

From the TCGA cases, a total of 7,335 mutation genes were
identified in 491 thyroid cancer samples. It was further found
that there were 1,915 specific mutation genes in test group
compared with the control group. In our clinical cases, there
were 55 test-specific variation sites in the test that occurred in 41
genes. After annotating to COSMIC and dbSNP, 10 genes were
directly related to thyroid cancer, and 9 genes may have been

related to thyroid cancer (associated with other cancers and
radiation therapy). The 19 genes were listed in Figures 2A, B, as
well as a Venn diagram and the above 1915 test-specific mutation
genes are shown in Figure 2C. Five test-specific mutation genes
were overlapped in TCGA and our clinical cases (i.e., FLG, FRGI,
MUC6, MUC20, and PRUNE2).

The gene-miRNA regulation network was further analyzed.
Among the TCGA cases, the results of the differential expression
analysis of the above overlapping mutation genes were compared
between the test group and control group, and MUC20 and FRGI
were found to be differentially expressed (Figure 2D).
Simultaneously, 10 DEMs were identified in the test group
compared with control group, including miR-204, miR-7-2,
and miR-551b (Table 2). Furthermore, the gene-miRNA pairs
were obtained by miRwall 3.0 and exhibited in Table 3 (e.g., miR-
146b-3p-MUC20 and hsa-miR-146b-3p-PRUNE?2). After
screening with STRING V10.0, 196 PPI pairs were obtained.
Eventually, the regulated network was constructed and presented
in Figure 3A. The network contained four functional groups,
which were recorded as the: 1) MUC6-MUC20 group; 2)
PRUNE?2 group; 3) FLG group; and 4) FRGI group.
Interestingly, hsa-miR-146b-3p connected the MUC6-MUC20
group and PRUNE2 group. Similarly, hsa-miR-551b-5p linked
the PRUNE2 group and FRGI group together.

After analysis of the above overlapping mutation genes, only
MUC20 was found to be participating in the pathways, “negative
regulation of MET activity” and “MET activates RAS signaling”
(Figure 4). FLG, FRGI, MUC6, and PRUNE2 were not found to
participate in any pathways.

>
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The number of variations in wach gene

Mucs 32  MUCZ0 PRUNE2 BRSK2  CEPIT0  CYPdF2
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The bumber ofvariations in each gene
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FIGURE 2 | Test-specific mutation genes directly and indirectly associated with thyroid cancer identified in our clinical samples. (A) Genes in the annotated
database that showed clear evidence of being associated with thyroid cancer. There were 10 genes that were directly related to thyroid cancer. (B) Genes in the
annotated database that showed clear evidence of being associated with other cancers and radiotherapy. There were nine genes that may be related to thyroid
cancer (associated with other cancers and radiation therapy). (C) The Venn diagram of test-specific mutation genes between our clinical and TCGA cases. There
were five overlapping test-specific mutation genes in TCGA and our clinical cases (FLG, FRG1, MUC6, MUC20, and PRUNEZ2). (D) Differential expression analysis of
the overlapping genes in the TCGA cases between the test an control groups. MUC20 and FRG1 were differentially expressed.
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TABLE 2 | The DEMs identified in test group compared with control group among TCGA cases.

MiRNA LogFC AveExpr T Value P Value

hsa-mir-204 0.863062063 6.400199623 3.88062297 0.000120147
hsa-mir-7-2 0.862249179 3.948694306 3.800144007 0.000164985
hsa-mir-551b -0.831391274 6.423744887 -3.54704631 0.000431436
hsa-mir-7-3 0.718090127 2.127805746 3.40904965 0.000711975
hsa-mir-676 0.527504431 3.443443543 3.378238087 0.000794446
hsa-mir-6715a 0.803311975 2.771116168 3.299026227 0.001049064
hsa-mir-146b -0.780099202 16.03598508 -3.161258887 0.001679494
hsa-mir-31 -0.746292503 7.960612802 -3.151052959 0.00173794
hsa-mir-1179 0.65710791 3.225364061 3.096506992 0.002083391
hsa-mir-375 -0.662702182 14.03006948 -2.844438491 0.004656558

DEMs, differential expression microRNAs; LogFC, Log (fold-change); AveExpr, average expression.

TABLE 3 | The gene-miRNA pairs between DEMs and overlapped mutation genes.

MiRNA Gene LogFC_miRNA LogFC_gene Position
hsa-miR-146b-3p MUC20 -0.780099202 -0.519617606 CDS
hsa-miR-146b-3p PRUNE2 -0.780099202 CDS
hsa-miR-204-3p PRUNE2 0.863062063 CDS
hsa-miR-204-5p PRUNE2 0.863062063 CDS
hsa-miR-31-3p PRUNE2 -0.746292503 CDS
hsa-miR-375 MUC6 -0.662702182 CDS
hsa-miR-551b-3p PRUNE2 -0.831391274 3'UTR
hsa-miR-551b-5p PRUNE2 -0.831391274 3'UTR
hsa-miR-551b-5p FRG1 -0.831391274 -0.70594252 CDS
hsa-miR-6715a-3p PRUNE2 0.803311975 CDS
hsa-miR-676-5p PRUNE2 0.527504431 3'UTR

DEMSs, differential expression microRNAs; LogFC, Log (fold-change); LogFC_miRNA, the logFC of miRNA; LogFC_gene, the logFC of gene; CDS, coding sequence; 3’'UTR, 3’
untranslated region.
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FIGURE 3 | Screening of the target genes and exploration of the miR-146b-3p target MUC20. (A) The regulated network of the overlapping mutation genes. The
network contained four functional groups, recorded as: MUCE6-MUCZ20 group, PRUNE2 group, FLG group, and FRG1 group. Interestingly, miR-146b-3p was
connected to the MUC6E-MUC20 group and PRUNE2 group, and miR-551b-5p linked the PRUNE2 and FRG1 groups together. (B) RT-PCR results regarding the
expression of the overlapping mutation genes. MUC20 was significantly highly expressed. (*p < 0.01).

Furthermore, the expression overlapping mutation genes  and WRO groups (Figure 3B). In particular, MUC20 was the
in thyroid cancer was validated by qRT-PCR. After most remarkable (p < 0.01). Through the above
verification by RT-PCR, FRGI, MUC6, MUC20, and  bioinformatics analysis, the expression of miR-146b-3p
PRUNE?2 were significantly different between the FTC-133  target MUC20 were explored.
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FIGURE 4 | Participating pathways analysis. Only MUC20 was found to participate in the pathways, “negative regulation of MET activity” and “MET activates RAS signaling”.

The Overexpression of miR-146b-3p in
Dedifferentiated Thyroid Cancer Cells

To investigate the possible function of miR-146b-3p in the
regulation of dedifferentiated thyroid cancer, we first examined
the level of miR-146b-3p mRNA expression in differentiated and
dedifferentiated thyroid cancer cell lines (TPC-1 and WRO) by
qRT-PCR. Interestingly, miR-146b-3p expression was significantly
increased in dedifferentiated thyroid cancer WRO cell lines (Figure

5A). Presumably, it is possible to associate miR-146b-3p expression
with the dedifferentiation of differentiated thyroid cancer.

To confirm our hypothesis, we established miR-146b-3p
knockdown models. As a result, the transfected cells carrying
miR-146b-3p inhibitors (anti-miR-146b-3p)/nc are considered
ideal tools for miR-146b-3p research.

Figure 5B shows that miR-146b-3p expression is apparently
lower than the nc control upon the transfection of inhibitors.
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miR-146b-3p following transfection with an inhibitor. The miR-146b-3p expression was substantially lower than that of the control groups following transfection with
inhibitors (**p < 0.01). (C) Effects of anti-miR-146b-3p on thyroid cancer cell proliferation was determined by CCK-8 cell proliferation assays. Data were represented
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This finding indicates that miR-146b-3p inhibitors have a
remarkable effect on a miR-146b-3p knockdown.

Anti-miR-146b-3p Inhibited Cell
Proliferation, Invasion, and Migration, as
Well as Induced Apoptosis in
Dedifferentiated Thyroid Cancer Cells

To analyze the role of miR-146b-3p in regulating the
proliferation of WRO cells, a CCK-8 assay was used. As
indicated in Figure 5C miR-146b-3p inhibitors significantly
suppressed the proliferation of WRO cells in a time-dependent
manner. Following transfection with miR-146b-3p inhibitors for
24 h, 48 h, and 72 h, the viability rates of WRO cells were
60.79% * 0.34%, 55.44% * 2.17%, and 46.38% * 1.64%,
respectively (P < 0.01). These findings revealed that miR-146b-
3p overexpression could significantly increase the proliferation of
dedifferentiated thyroid cancer cells.

Cell apoptosis was measured by flow cytometry. The results
showed that the level of apoptosis was significantly higher in
the miR-146b-3p inhibitors transfection group compared to
that of the control groups (Figure 6A). In the three groups of
WRO cells, apoptosis rates of 15.73% + 1.2%, 5.89% * 0.35%,
5.86% * 1.4%, and were observed in the miR-146b-3p

inhibitors transfection group and control groups, respectively
(P < 0.01). The results revealed that anti-miR-146b-3p could
significantly increase apoptosis in dedifferentiated thyroid
cancer cells.

We studied the effects of miR-146b-3p on cell growth and
colony formation by a colony-formation assay. The results
revealed that the number of miR-146b-3p inhibitor-transfected
cells was significantly lower than that of the control groups
(Figure 6B). This indicated that miR-146b-3p overexpression
could significantly increase growth in dedifferentiated thyroid
cancer cells.

Cell migration and invasion are critical for tumor growth. To
explore the effect of miR-146b-3p on WRO cell migration and
invasion, we performed both wound-healing and transwell
assays. The results showed that inhibition miR-146b-3p
expression obviously suppressed the migratory and invasive
ability of WRO cells compared to that of the control groups.
This revealed that miR-146b-3p overexpression could
significantly promote WRO cell migration and invasion
(Figures 6C, D).

Together, these findings suggest that the upregulation of miR-
146b-3p may contribute to dedifferentiated thyroid cancer
progression by promoting cell proliferation and metastasis.
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FIGURE 6 | Anti-miR-146b-3p inhibited dedifferentiated thyroid cancer cell proliferation, invasion, migration, and induction of apoptosis. (A) The effects of anti-miR-
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Anti-miR-146b-3p Upregulated NIS
Expression in Dedifferentiated Thyroid
Cancer Cells

We previously found that anti-miR-146b-3p caused significant
inhibition of WRO cell proliferation, growth, migration, as well
as the induction of apoptosis. We subsequently detected the level
of NIS protein expression by Western blot. The results showed
that the level of NIS protein (total and membranous/
cytoplasmic) expression in miR-146b-3p inhibitor-transfected
cells were obviously increased compared to that of the control
groups (Figures 7A, B). We further investigated the effect of
anti-miR-146b-3p on NIS protein translocation by
immunofluorescence. The results showed that anti-miR-146b-
3p increased both cytoplasmic and cytomembrane-located NIS
expression, the latter of which was more significant (Figure 8A).

miR-146b-3p/MUC20/MET Signaling
Pathway Modulates the NIS-Mediated
Radioiodide Uptake in Dedifferentiated
Thyroid Cancer Cells

We further explore and study the mechanism of miR-146b-3p
involving in dedifferentiation of thyroid cancer. The results
suggested that MUC20, MET, and phosphorylation of MET (p-
MET) significantly inhibited after inhibiting the miR-146b-3p
(Figure 7C). Moreover, we found that inhibition of miR-146b-3p
expression improve NIS-mediated radioiodide uptake ability
compared to the control groups (Figure 8B).

The above results indicated that miR-146b-3p/MUC20/MET
signal pathways may play vital roles in NIS expression and
radioiodide uptake by inhibition of miR-146b-3p expression to
induce redifferentiation of dedifferentiated thyroid cancer cells.

DISCUSSION

Radioiodine refractoriness is primarily related to the NIS
expression of the thyroid cancer cells. For RAIR-DTC, it is
mainly due to a decrease in the level of NIS expression or the
appearance of heterotopic expression outside the basement
membrane of the thyroid cancer cells. This makes the
treatment of "' ineffective, which causes disease progression.
The NIS is a membrane glycoprotein that can transport two
sodium ions and one iodide ion into the cytosol via extracellular
fluid (8, 13). Since radioiodine also can be taken up by the NIS,
radioiodine can be used to visualize or selectively kill DTC cells.
To upregulate the expression of NIS, restoration or improvement
of the treatment of *'I is an important measure for clinical
RAIR-DTC patients.

Recently, an in-depth study of miRNAs showed that miRNAs
can function as tumor suppressor genes or oncogenes, which are
closely related to the formation and development of thyroid
cancer and has become a topic of research interest in the field
of cancer (14-16). Some miRNAs have been found to participate
in the regulation of tumor radiosensitivity by regulating the
expression of target genes and vital signaling pathways (17, 18).
In our study, we sequenced and analyzed the pathological
specimens of RAIR-DTC patients, pathogenic miR-146b-3p was
selected as the key research objective. And through the
bioinformatics analysis, the expression of miR-146b-3p target
MUC20 were explored. Whether it is involved in dedifferentiation
of DTC is largely unknown.

Recent studies have shown that miR-146b is related to the
occurrence, development, proliferation, invasion, and
metastasis of thyroid cancer (19-21). Several reports have
confirmed miR-146b to be highly expressed in patients with a
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FIGURE 8 | Anti-miR-146b-3p upregulated the expression and translocation of sodium/iodide symporter (NIS)-mediated radioiodide uptake in dedifferentiated
thyroid cancer cells. (A) Effect of anti-miR-146b-3p on NIS protein translocation by immunofluorescence. The results showed that anti-miR-146b-3p increased both
cytoplasmic and cytomembrane-located NIS expression, the latter of which being more significant. (B) Radioactive iodine (RAIU) uptake in WRO cells was
determined. The results showed that anti-miR-146b-3p increased the radioactive iodine uptake (*p < 0.01).

high risk of BRAF V600E mutations and advanced PTC (P =
0.001), suggesting that miR-146b is a marker of recurrence or
metastasis in PTC patients (20). Riesco-Eizaguirre et al (22).
reported that miR-146b-3p could directly bind to the 3’-UTR of
the iodine metabolism-related proteins, PAXS8, and NIS,
resulting in decreased NIS expression and iodine uptake. In
our study, we first confirmed that miR-146b-3p was highly
expressed in WRO cells and positively correlated with the
degree of DTC malignancy, which could lead to decrease NIS
protein expression. We further investigated the biological
function of miR-146b-3p in a WRO model for tumor
progression and metastasis. Combined with the results of
MTS, flow cytometry, colony-forming, wound-healing and
transwell assays, we inferred that anti-miR-146b-3p had a
significant inhibitory effect on tumor growth, invasion,
migration, and induction of apoptosis in dedifferentiated
thyroid cancer cells. Furthermore, the western blot results
combined with immunofluorescence and Radioactive iodine
uptake, inferred that anti-miR-146b-3p could increase NIS-
induced iodide uptake by upregulating the expression and
trafficking of NIS to the cell surface of WRO cells. Similar
results were observed in previous studies (19, 22, 23).
Therefore, miR-146b-3p may play an important role in the
process of DTC dedifferentiation and represent a potential
target for the treatment of RAIR-DTC.

MUC is primarily encoded by its polypeptide gene (MUC
gene), a high molecular weight glycoprotein produced by
epithelial cells, which lubricates and protects the mucosa (24).
At present, more than 20 kinds of MUC have been reported,
mainly including the MUC1-20 subtype. Recent studies have
shown that different subtypes of MUC play an important role in
the occurrence and development of various cancers (25). MUC20
is over-expressed in many cancers, and has been shown to
regulate cell growth, differentiation, metastasis, adhesion, and

invasive immune surveillance. MUC20 is also an independent
prognostic factor for the poor survival rate of malignant tumors
(26, 27). In thyroid cancer, studies have found that MUCI,
MUC4, and MU15 are overexpressed in PTC. MUCI1
overexpression has been studied as a key molecular event in
the pathogenesis of invasive PTC. For PTC patients with a BRAF
V600E mutation, MUCI is an important oncogene that could be
used as a prognostic indicator (28). The study by Nam et al.
found that elderly, multifocal PTC patients with distant
metastasis were often accompanied by the overexpression of
MUCI5 (29). MUCI5 could be used as a prognostic marker and
represent a potential new therapeutic target for PTC and marker
for evaluating prognosis. At present, there have been no reports
regarding MUC20 in dedifferentiated thyroid cancer. Our
findings reveal that MUC20 is prone to mutation in the group
for which radioiodine therapy was ineffective. Moreover, MUC20
exhibited significantly high expression in dedifferentiated thyroid
cancer cells. Therefore, MUC20 may be related to the formation
of DTC dedifferentiation.

To further explore and study the mechanism of resistance to
treatment with '*>'T and DTC dedifferentiation, we performed a
pathway analysis and found that miR-146b-3p/MUC20
participated in the pathways, “negative regulation of MET
activity”, and “MET activates RAS signaling”. The MET
pathway is insensitive to targeted drugs (e.g., BRAF or MEK
inhibitors) in refractory thyroid cancer, which can cause a
BRAFV600E mutation by activating the downstream PI3K/
Akt pathway (30, 31). Other studies have shown that
combined treatment with MET and MAPK pathway
inhibitors can effectively inhibit the proliferation and
differentiation of thyroid cancer cells (32). Our results
suggested that MUC20, MET, and phosphorylation of MET
(p-MET) significantly inhibited after inhibiting the miR-146b-
3p (Figure 7C). Moreover, inhibition of miR-146b-3p
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expression could improve NIS-mediated radioiodide uptake
ability compared to the control groups (Figure 8B).
Therefore, it indicated that miR-146b-3p/MUC20/MET
pathways may play important role in NIS expression and
radioiodide uptake by inhibition of miR-146b-3p expression
to induce redifferentiation of dedifferentiated thyroid cancer
cells. These studies indicate that the miR-146b-3p/MUC20/
MET pathway may be related to the occurrence and
development of dedifferentiation of thyroid cancer. Thus,
inhibiting MET pathway may become a new strategy for the
treatment of dedifferentiation of thyroid cancer. Consequently,
we suspect that the miR-146b-3p/MUC20/MET signaling
pathway the targeting relationship of might play a role in the
redifferentiation of iodine-refractory thyroid cancer.

In our study, we assessed the therapeutic potential of miR-
146b-3p small-molecule inhibitor (anti-miR-146b-3p) for RAIR-
DTC using WRO cell lines. WRO is the same as WRO82-1, and
some websites stated that WRO and WRO82-1 are the same line
(https://www.wikidata.org/wiki/Q54994417, https://web.expasy.
org/cellosaurus/CVCL_0582). therefore, WRO cell line were
selected based on Shang and Ashley N Reeb studies (11, 12),
which showed that the expression of NIS and the radioiodine
uptake capacity of thyroid cancer cells in WRO were reduced.

Overall, our study synthesized relevant findings, and
demonstrated that miR-146b-3p was related to the formation of
DTC dedifferentiation, resulting in decreased NIS expression and
iodine uptake. Combined with a bioinformatics analysis, we put
forth the following reasonable hypothesis: the regulation of the
MET pathway by miR-146b-3p likely targets MUC20, which
participates in the formation of DTC dedifferentiation. This
results in resistance to ">'I and loss of the ability for DTC
cancer foci to uptake iodine, becoming refractory differentiated
thyroid cancer.

The following factors make the results of this study
significant: 1) due to the difficulties associated with AIR-DTC,
we analyzed and screened the pathological tissue samples of
RAIR-DTC patients, verified the biological function of the target
gene in vitro, and predicted related pathways that might
represent potential biomarkers of refractory thyroid cancer; 2)
the miR-146b-3p/MUC20/MET signaling pathway provided a
novel targets for the clinical treatment of RAIR-DTC, and the
possibility of its further application in radioactive therapy of
dedifferentiated thyroid-derived tumors was explored; 3) we
demonstrated the possibility that miR-146b-3p and MUC20
were likely oncogenes of refractory thyroid cancer, two novel
biological markers for screening refractory thyroid cancer, and
potential drug targets for gene therapy. Therefore, these results
have important clinical significance and provide possible avenues
for clinical transformation.

However, there are also some limitations associated with the
present study, including the small clinical sample size. Clinical
samples were difficult to obtain as a result of the long interval
between the determination of clinical effectiveness of radioiodine
therapy and surgical excision. The associated timing can take at
least six months or even longer than one year, and there is a
relatively small number of ineffective patients. We collected

samples throughout the past three years, excluding those with
severe nucleic acid degradation, unclear therapeutic effects, lost
to follow-up, and exhibiting non-lung metastasis. Only three
suitable samples were screened out in the experimental group. To
further clarify and verify the associated mechanism, the targeting
relationship of miR-146b-3p/MUC20/MET signaling pathway
should be further validated. In addition, the role and
mechanism of the targets in this pathway should be studied in-
depth in the context of redifferentiation of iodine-refractory
thyroid cancer.

CONCLUSION

In conclusion, our present findings show that anti-miR-146b-3p
could restore radioiodine uptake in dedifferentiated thyroid
cancer by up-regulating NIS expression and translocation to
the cell membrane in vitro by targeting MUC20 through MET
Signaling pathways. This provides valuable evidence that anti-
miR-146b-3p may represent a promising anticancer drug for the
treatment of dedifferentiated thyroid cancers.
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