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invasion of thyroid cancer via Wnt signaling pathway
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ABSTRACT
Objective: To identify the significantly altered circRNAs and mRNAs in thyroid cancer, investigate their
target miRNAs and determine their biological functions.
Methods: The differentially expressed circRNAs, mRNAs and pathways in thyroid cancer were identified
by microarray analysis and gene set enrichment analysis (GSEA). The correlative circRNAs and mRNAs
were found out through Pearson correlative analysis. The common target miRNAs of circNEK6 and FZD8
related to thyroid cancer was screened out through Targetscan, miRanda and HMDD analysis. The mRNA
and protein expressions in thyroid cancer tissues and cells were detected by qRT-PCR and western blot.
CircRNA was confirmed by the RNase R digestion and nucleic acid electrophoresis. The target relation-
ships were verified by the dual luciferase reporter assay. Cell viability, invasion and apoptosis were
determined by MTT assay, Transwell assay and flow cytometry, respectively.
Results: CircNEK6 and FZD8 were significantly up-regulated in thyroid cancer, with strong correlations.
The Wnt signaling pathway was activated in thyroid cancer. MiR-370-3p was the common target miRNA
of circNEK6 and FZD8, and it was down-regulated in thyroid cancer. Overexpression of circNEK6 and
FZD8 could promote the growth and invasion of thyroid cancer cells, while up-regulation of miR-370-3p
could suppress thyroid cancer progression and inhibit the Wnt signaling pathway. MiR-370-3p’s effect
on thyroid cancer cells could be rescued by circNEK6 or FZD8.
Conclusion: CircNEK6 promoted the progression of thyroid cancer through up-regulating FZD8 and
activating Wnt signaling pathway by targeting miR-370-3p.
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Introduction

In recent decades, thyroid cancer has aroused more and more
attentions globally because of its fastest increasing rate in incidence
among all cancer types.1 As the most common endocrine cancer,
the mortality rate of thyroid cancer worldwide is approximately
0.2–0.6 per 100,000 people.2 It has a disparity by sex as its inci-
dence rate is 3 times in women higher than that in men.3 Besides
the traditional treatment strategies of surgery, radiotherapy and
chemotherapy, researchers are now developing the promising
novel molecular targeted therapies for the better treatment of
thyroid cancer.4 Therefore, it is of great importance to understand
the mechanism of thyroid cancer and find potential targets.

Circular RNAs (circRNAs) are a novel class of long non-
coding RNA which are produced co-transcriptionally by the
spliceosome at the expense of canonical mRNA isoforms,
forming a head-to-tail backsplice to make exons join in a
non-linear order.5 The dysregulation of circRNAs have been
identified in many types of malignancies, which greatly
affected the progression of human cancer. For example,
circDOCK1 could suppress the apoptosis of oral squamous
cell carcinoma cells through inhibiting the expression of miR-
196a-5p.6 Overexpression of circRNA ciRS-7 abrogated the
inhibitory effect of miR-7 on gastric cancer.7 The studies on
thyroid cancer and circRNA are limited up to now. Peng et al.

investigated the microarray profiles of circRNAs in papillary
thyroid cancer and totally found 98 significantly dysregulated
circRNAs, among which circRNA_100395 showed a notice-
able interactive potential with cancer-related miRNAs.8

The influences of circRNAs on thyroid cancer and their
interactions with miRNA need to be more clearly elucidated.
MiR-370 was reported to be a tumor suppressor in several
kinds of malignancies, including hepatocellular carcinoma,9

lung cancer10and breast cancer.11 Therefore, its potential sup-
pressive effect on thyroid cancer was investigated in this
study, as well as its association with the key circRNA.

The Wnt signaling pathway was involved in many phases of
vertebrate embryonic development.12 Its aberrant activation could
facilitate the progression of various human cancers. For instance,
the suppression of theWnt signaling pathwayby lncRNAPTCSC3
effectively inhibited the proliferation and invasion of glioma cells.-
13 On the contrary, the esophageal cancer was accelerated by the
activation ofWnt signaling led by themethylation ofDACT2.14 In
thyroid cancer, it was deactivated bymiR-126, a tumor suppressor
that promoted the apoptosis and cell cycle arrest of thyroid cancer
cells.15 It was also reported to be able to regulate LGR5 in papillary
thyroid cancer and promote cellular migration.16 In short, many
studies proved that the Wnt signaling pathway was positively
related to the progression of human cancers.
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Frizzled class receptor 8 (FZD8) was reported to be one of
the cell surface receptor of the Wnt signaling pathway, which
belongs to the Frizzled family of serpentine proteins.17 The
cancer stem-like cells which contributed to head and neck
squamous carcinomas could be eliminated through the down-
regulation of FZD8 and the Wnt signaling.18 In colon cancer,
FZD7 was also up-regulated together with the canonical Wnt
signaling which supported colon epithelial tumor expansion.19

Although FZD8’s performance in thyroid cancer has not been
identified, its close relationship with the Wnt signaling path-
way implied its potential important role in the thyroid cancer.

Therefore, in present study, we identified the significantly
up-regulated circNEK6 and FZD8 in thyroid cancer through
bioinformatics analysis and investigated their target relation-
ships with miR-370-3p. CircNEK6 not only influenced the
progression of thyroid cancer through regulating FZD8, but
also activated the Wnt signaling pathway in thyroid cancer.
Our discoveries revealed the importance role of circNEK6 in
thyroid cancer and its interactions with FZD8 and miR-370-3p.

Methods and materials

Microarray analysis

The expression profiles of mRNAs and circRNAs of thyroid
cancer tissues were downloaded from microarray GSE3678
(GPL570) and GSE93522 (GPL19978) respectively through
the database of National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus (GEO). The
screening conditions for differentially expressed mRNAs and
circRNAs were |log2(FC)| > 1 and P.adjust < 0.05 (calculated
by Benjamini and Hochberg False Discovery Rate method).

Gene set enrichment analysis

The normalized mRNA expression profiles of GSE3678 were
uploaded to GSEA v3.0 software to conduct the enrichment
analysis of KEGG pathways. The significantly altered path-
ways were visualized by dotplot and joyplot by using ggplot2,
grid, devtools and easygplot2 packages. The genes involved in
the Wnt signaling pathway were further analyzed by the
GSEABase package.

Correlative analysis

The Pearson correlative analysis was employed to analyze the
relationships between the differentially expressed mRNAs in the
Wnt signaling pathway and the differentially expressed circRNAs
of thyroid cancer tissues. The criteria of closely related mRNAs
and circRNAs were Cutoff > 0.8 and P < 0.05. The relationship
network of mRNAs and circRNAs was constructed by Cytoscape
(version 3.5.1). In addition, the miRNAs that targeted FZD8 and
circNEK6 were predicted by Targetscan (http://www.targetscan.
org/vert_71/) and miRanda (http://www.microrna.org/microrna/
home.do), respectively. ThemiRNAs that related to thyroid cancer
were predicted by the Human MicroRNA Disease Database
(HMDD, http://www.cuilab.cn/hmdd). As a result, the common
miRNA that simultaneously targeted FZD8 and circNEK6 and
related to thyroid cancer was screened out.

Tissues and cells

Forty pairs of thyroid cancer tissues and the corresponding
adjacent normal tissues came from patients in the Third
Affiliated Hospital of Kunming Medical University
(Kunming, China). The informed consent was obtained
from all patients. The Human Research Ethics Committee of
the Third Affiliated Hospital of Kunming Medical University
approved this study.

The thyroid cancer cell lines TPC-1 and FTC-133 together
with the normal thyroid cell line Nthy-ori 3–1 were purchased
from BeNa Culture Collection (Beijing, China). FTC-133 cells
were maintained in the high glucose DMEM, while TPC-1
cells and Nthy-ori 3–1 cells were maintained in the RPMI and
F-12K mediums respectively. All mediums were supplemen-
ted with 10% fetal bovine serum (FBS, Hyclone, Logan, UT,
USA). Cells were cultured in humidity with CO2 at 37°C.

Rnase r digestion

Total RNA (5 μg) was incubated 15 min at 37°C with 3 U/μg
of RNase R (Epicentre Biotechnologies, Madison, WI, USA).
The RNase R digestion reaction was performed twice follow-
ing previously published procedures.

Nucleic acid electrophoresis

The agarose gels with TE buffer (Thermo Scientific, Waltham,
MA, USA) was used to detect the cDNA and genomic DNA
(gDNA) PCR products of circNEK6. DL600 (KeyGen,
Nanjing) was served as the DNA marker. The electrophoresis
at 110 V was employed to separate the DNA for 30 min, and
the results were measured by the UV irradiation.

Qrt-pcr

The total RNA of thyroid cancer cells was extracted by the
TRIzol reagent (Life Technologies corporation, Gaithersburg,
MD, USA). After the reverse transcription of RNA conducted
by using PrimeScript II 1st Strand cDNA Synthesis Kit
(TaKaRa, Tokyo, Japan), qRT-PCR was performed for the
obtained cDNA through SYBR Premix Ex Taq (TaKaRa).
U6 was the internal control for the determination of the
relative expressions of miR-370-3p, while GAPDH was the
internal control for the detection of circNEK6 and FZD8. The
relative expression was calculated by the 2�ΔΔCT method. The
primers were synthesized by Sangon Biotech (Shanghai,
China) and listed in Table 1.

Vector construction

To induce NEK6 transcript formation in vitro by nonlinear spli-
cing, circNEK6 over-expression vector was constructed. The spe-
cially designed front and back circular frames were synthesized
and added to pLO-circ vector for the circulation of transcripts. The
front circular frame contained the endogenous flanking genomic
sequence with Ndel restriction enzyme site, and the back circular
frame contained part of the inverted upstream sequence with
EcoRI site. The cDNA encoding circNEK6 in TPC-1 cells was
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amplified using primers 5ʹ-CATATGGAAGAAGACA-3ʹ and 5ʹ-
GAATTCCTCGTACAGCAG-3ʹ. As a result, the sequence con-
tained Ndel site, splice acceptor AG, circNEK6 sequence, splice
donor GT and Ndel site. Then the amplified fragment was cloned
to the vector between the two frames. Besides, we also established
the mock vector only containing a nonsense stuffer between the
two circular frames without the circNEK6 encoding cDNA. The
result of vector constructionwas verified by direct sequencing. The
vectors were constructed with the help of Guangzhou Geenseed
Biotech Co (Guangzhou, China).

Cell transfection

MiR-370-3p mimics, miR-370-3p inhibitor, si-circNEK6, pLO-
circNEK6, pcDNA3.1-FZD8, si-FZD8 and the empty vectors
were obtained from GenePharma (Shanghai, China). In the first
group, cells were divided intoNCwithout treatment, circNEK6(+)
transfected with pLO-circNEK6 and circNEK6(-) transfected with
si-circNEK6. In the second group, cells were divided into NC
without treatment, FZD8(+) transfected with pcDNA3.1-FZD8
and FZD8(-) transfected with si-FZD8. In the third group, cells
were divided into NC without treatment, miR-370-3p(+) trans-
fected with miR-370-3p mimics, miR-370-3p(-) transfected with
miR-370-3p inhibitor, miR-370-3p(+) + FZDB(+) that were co-
transfected with miR-370-3p mimics and pcDNA3.1-FZD8, and
miR-370-3p(+) + circNEK6(+) that were co-transfectedwithmiR-
370-3p mimics and pLO-circNEK6. The sequences were listed in
Table 2.

TPC-1 cells at logarithmic phase were digested by pancrea-
tin and resuspended to prepare the cell suspension at 24 h
before transfection. Then they were inoculated into 6-well
plates at the density of 1 × 106 cells/well to incubate for
18–24 h to ensure the cell confluence of each well was
80–90% before transfection. The original medium was
replaced with fresh medium without serum and antibiotics
at 3 h before transfection. Cell transfection was conducted by
using Lipofectamine 2000 (Life Technologies), and the trans-
fected cells were cultured for 48 h before further experiments.

Western blot

The total protein of thyroid cancer cells was extracted and
quantified by the Bradford protein assay (Bio-Rad, Hercules,
CA, USA) before it was separated by the SDS-PAGE and trans-
ferred to the PVDF membrane through iBlot Dry Blotting
Transfer System (Life Technologies). The membrane was then
blocked in PBS buffer solution with 5% skimmed milk and 0.1%
Tween-20 for 2 h. It was incubated by the primary antibodies at
4°C overnight, and then washed by PBS supplemented with 0.1%
Tween thrice before being further incubated with the secondary
antibody IgG-HRP (ab7090, 1:2000) for 1–2 h. After incubation,
the washed PVDF membrane was added with DAB developing
solution for exposure. Software ImageJ was employed to quantify
the visualized protein bands. β-actin was the internal control.
The primary antibodies used were anti-FZD8 (ab155650,
1:10000), anti-Cyclin D1 (ab134175, 1:10000), anti-c-myc
(ab32072, 1:10000) and anti-β-actin (ab8227, 1:1000). The anti-
bodies were all obtained from Abcam (Cambridge, MA, USA).

Dual luciferase reporter assay

The empty plasmid pmirGLO (Promega, Madison, WI, USA)
and the recombinant plasmids pmirGLO-circNEK6-wt,
pmirGLO-circNEK6-mut, pmirGLO-FZD8 -wt and pmirGLO-
FZD8-mut fromGenePharma were co-transfected withmiR-NC
or miR-370-3p mimics respectively into the 293T cells (BeNa
Culture Collection) by using Lipofectamine 2000 (Life
Technologies). After 48 h, the luciferase activity of 293T cells
was detected by the Dual Luciferase Reporter Gene Detection
System Kit (Promega) according to the instructions.

MTT assay

Cell proliferation was determined by the MTT Kit (Promega) in
accordance with manufacturer’s instructions. In brief, single cell
suspension at the density of 5 × 104 cells/ml was prepared by the
culture medium with 10% FBS. The suspension was added into
96-well plates (200 μl/well) to incubate for 3–5 days. After
transfection, the cells were further incubated for 24, 48 and
72 h before being added with 20 μl MTT (5 mg/ml). The
supernatant was removed after 4 h incubation with MTT, and
200 μl DMSO was added into the plates to solubilize the for-
mazan. The optical density at 490 nm was measured by the
microplate reader, representing the cell viability.

Transwell assay

Fifty μl Matrigel (BD Bioscience, San Jose, CA, USA) diluted
with serum free medium was added into the Transwell cham-
ber and solidified at 37°C. After 2 h, 200 μl serum free
medium was added into the chamber to hydrate the
Matrigel. The transfected cells digested with pancreatin were
added into the upper chamber of the Transwell (5 × 103 cells
in 200 μl cell suspension). The lower chamber was filled with
500 μl culture medium with 10% FBS. After incubation for
24 h, the chambers were washed by PBS twice and fixed with
4% paraformaldehyde for 20 min. The cells in the lower
chamber were stained with 0.1% crystal violet for 30 min.

Table 1. Sequences for transfection.

name Sequences

Si-circ_NEK6 5ʹ- CTGTCTGCTGTACGAGGAGAA −3’
Si-FZD8 5ʹ- CCCGATCTCAAGTTCTTCCTGTGCA −3’
MiR-370-3p mimics 5ʹ- GCCUGCUGGGGUGGAACCUGGU −3’
MiR-370-3p inhibitor 5ʹ- ACCAGGUUCCACCCCAGCAGGC −3’

Table 2. Primer Sequences for qRT-PCR.

Genes Sequences

Circ_NEK6 F: 5ʹ- CGCCCTACTACATGTCACCG −3’
(divergent)
Circ_NEK6
(convergent)

R: 5ʹ- GCAAACTTCTCTCCTGGGCA −3ʹ
F: 5ʹ-AAGAAGCAGAAGCGGCTCAT −3ʹ
F: 5ʹ-ATGGATCCTCTCCGGTGACA −3’

MiR-370-3p F: 5ʹ- ACACTCCAGCTGGGGCCTGCTGGGGTGGAACCT −3’
FZD8 R: 5ʹ- CTCAACTGGTGTCGTGGA −3ʹ

F: 5ʹ- TGGAGTGGGGTTACCTGTTG −3ʹ
R: 5ʹ- AGCGGCTTCTTGTAGTCCTC −3’

GAPDH F: 5ʹ-GGAAAGCTGTGGCGTGAT-3’
R: 5ʹ-AAGGTGGAAGAATGGGAGTT-3’

U6 F: 5ʹ- CTCGCTTCGGCAGCACA −3’
R: 5ʹ- AACGCTTCACGAATTTGCGT −3’

F: forward primer; R: reverse primer
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The Matrigel and cells in the upper chamber was removed by
the cotton wool. The invasive cells in the lower chamber were
photographed by the microscope and counted.

Cell apoptosis assay

Cells were collected and resuspended for the apoptosis detec-
tion 48 h after transfection. The apoptosis was determined
following the instructions of the PE Annexin V Apoptosis
Detection Kit (BD Bioscience). The flow cytometry FACS
Calibur was applied to detect the cells apoptosis. The software
FACS Diva was employed to analyze the data.

Statistical analysis

The data were expressed by mean ± standard deviation
(x ± s). Comparisons between two groups were conducted
by the paired t test. Comparisons among multiple groups were
conducted by the One-Way ANOVA. The statistical analysis
was performed the software GraphPad Prism 6.0.

Results

1. The differentially expressed mrnas, circrnas and
signaling pathway in thyroid cancer

Ten most significantly up-regulated and down-regulated
mRNAs in 7 pairs of thyroid cancer tissues and adjacent
normal tissues (GSE3678) were displayed in Figure 1a.
Meanwhile, through GSE93522, the differentially expressed
circRNAs in 6 thyroid cancer tissues were screened out
(Figure 1b). CircNEK6 (hsa_circ_0088483) was one of the
most up-regulated circRNAs in thyroid cancer tissues
(Figure 1b). According to the database circBase, circNEK6 is
a kind of exonic circRNA, encoding the mRNA NEK6. The
dotplot and joyplot of GSEA showed that the Wnt signaling
pathway was activated in thyroid cancer (Figure 1c-d). Its
normalized enrichment score (NES) was higher than 0, and
the majority of genes in this pathway were up-regulated
(Figure 1e), illustrating that the Wnt signaling pathway was
significantly activated in thyroid cancer. Figure 1f exhibited
the differentially expressed mRNAs in the Wnt signaling
pathway. FZD8, the upstream gene of the pathway, was up-
regulated in thyroid cancer tissues (Figure 1f).

2. The close relationships between circnek6, FZD8 and
mir-370-3p

Through the network of differentially expressed circRNAs and
differentially expressed mRNAs involved in the Wnt signaling
pathway in thyroid cancer, the correlative circRNAs and
mRNAs (Cutoff > 0.8 and P < 0.05) were displayed
(Figure 2a). CircNEK6 was closely related to FZD8
(Figure 2a). In addition, miRNAs that targeted circNEK6
and FZD8 were predicted in Figure 2b. Among these
miRNAs, miR-370-3p was the only thyroid cancer-related
miRNA that simultaneously targeted circNEK6 and FZD8
(Figure 2a). Therefore, miR-370-3p was further investigated
in the following study.

3. Circnek6 and FZD8 were up-regulated in thyroid
cancer

CircNEK6 was the circRNAs as its expression had no signifi-
cant change when being treated by RNase R (Figure 3a). In
addition, the cDNA of circNEK6 was amplified, while the
gDNA did not produce amplification with divergent primers,
confirming that circNEK6 was a circRNA (Figure 3a). In
thyroid cancer tissues, the expressions of FZD8 and
circNEK6 were distinctively elevated (Figure 3b-c).
CircNEK6 expression was positively correlated with that of
FZD8 in thyroid cancer tissues (Figure 3d). Their expressions
in thyroid cancer cells TPC-1 and FTC-133 were also remark-
ably higher than those in normal thyroid cell line Nthy-ori
3–1 (Figure 3e-f). Since TPC-1 cell line exhibited a more
obvious up-regulation of circNEK6 and FZD8 than FTC-133
cell line, it was used in the following in vitro experiments. The
results confirmed that circNEK6 and FZD8 were up-regulated
in thyroid cancer, and their expressions were positively
correlated.

4. Circnek6 and FZD8 promoted the growth and invasion
of thyroid cancer cells

CircNEK6 was overexpressed (circNEK6(+)) and silenced
(circNEK6(-)) in TPC-1 cells to investigate its biological function
in thyroid cancer (Figure 4a). The cell viability and invasion of
TPC-1 cells were improved by circNEK6 overexpression but
suppressed by circNEK6 down-regulation (Figure 4b-c, 4e). In
contrast, the apoptosis of TPC-1 cells was induced by the silen-
cing of circNEK6, but restrained by circNEK6 overexpression
(Figure 4d, f). The FZD8 had a similar effect as circNEK6 on
TPC-1 cells. FZD8 was up-regulated by FZD8(+) and knocked
down by FZD8(-) (Figure 5a). FZD8 overexpression successfully
enhanced the proliferation and invasion of thyroid cancer cells,
as well as reduced the apoptosis (Figure 5b-f). On the other
hand, FZD8 knockdown exerted an opposite effect which sup-
pressed the growth and invasion of TPC-1 cells (Figure 5b-f). In
consequence, both circNEK6 and FZD8 could promote the
growth and invasion of thyroid cancer cells.

5. The target relationships of circnek6-mir-370-3p and
mir-370-3p-fzd8

MiR-370-3p was predicted to be the downstream target
miRNA of circNEK6 (Figure 6a), which was verified by the
reduced dual luciferase activity of cells co-transfected with
circNEK6-wt and miR-30-3p (Figure 6b). Similarly, FZD8
was predicted as the target gene of miR-370-3p, which could
bind miR-370-3p with the 3ʹUTR region (Figure 6c). The dual
luciferase activity of FZD8-wt in miR-370-3p group was
decreased while that of FZD8-mut showed insignificant varia-
tion, confirming the target relationship between miR-370-3p
and FZD8 (Figure 6d). After circNEK6 overexpression, the
miR-370-3p expression was decreased while that of FZD8 was
increased, suggesting that circNEK6 could up-regulate FZD8
through targeting miR-370-3p (Figure 6e). The relative miR-
370-3p expression in TPC-1 cells was increased by transfec-
tion of miR-370-3p mimics (miR-370-3p(+)) but decreased by
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Figure 1. The differentially expressed mRNAs, circRNAs and signaling pathway in thyroid cancer. (a) The heat map of top 10 most up-regulated and down-
regulated mRNAs in thyroid cancer tissues analyzed from microarray GSE3678. (b) The heat map of top 10 most up-regulated and down-regulated circRNAs in thyroid
cancer tissues analyzed from microarray GSE93522. CircNEK6 was up-regulated in thyroid cancer. (c) The dotplot of significantly altered pathways in thyroid cancer
tissues analyzed by GSEA. The Wnt signaling pathway was activated. The enrichment significance (the adjusted P value) was reflected by the color intensity of the
nodes. The node size represented the gene count in the analyzed gene set. The gene ratio in the horizontal axis represented the proportion of differential genes in
the gene set. (d) The joyplot of significantly altered pathways in thyroid cancer tissues analyzed by GSEA. The Wnt signaling pathway was activated. The enrichment
significance (the adjusted P value) was reflected by the color intensity of the peaks. Pathways with ridges on the right side of 0 were up-regulated. (e) The GSEA
enrichment plots of genes involved in the Wnt signaling pathway analyzed by GSEA. Most genes were up-regulated in thyroid cancer tissues as the ranked list metric
and running enrichment score of them were larger than 0. (f) The heat map of differentially expressed mRNAs in the Wnt signaling pathway analyzed from
microarray GSE3678. FZD8 was up-regulated in thyroid cancer tissues. The screening conditions of microarray analysis were |log2(FC)| > 1 and P.adjust < 0.05.
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the transfection of miR-370-3p inhibitor (miR-370-3p(-))
(Figure 6f). In thyroid tissues, the miR-370-3p expression
was significantly lower than that in adjacent tissues
(Figure 6g). The expression of miR-370-3p had a negative
correlation with both circNEK6 and FZD8 expressions
(Figure 6h-i), verifying miR-370-3p’s target relationship with
circNEK6 and FZD8.

6. MiR-370-3p inhibited the growth and invasion of
thyroid cancer cells while miR-370-3p + FZD8 rescued the
inhibitory effect

The overexpression of miR-370-3p could elevate the FZD8
expression in thyroid cancer cells, while silencing miR-370-3p
could reduce the mRNA expression of FZD8 (Figure 7a).
However, co-transfection of miR-370-3p and FZD8 or miR-
370-3p and circNEK6 in TPC-1 cells had negligible effect on
FZD8 expression (Figure 7a). The cell viability and invasion of
TPC-1 cells was decreased by miR-370-3p overexpression,
increased by miR-370-3p down-regulation and returned to the
similar level as NC by miR-370-3p(+) + FZD8(+) or miR-370-3p
(+) + circNEK6(+) (Figure 7b-c, es). On the contrary, the apop-
tosis of TPC-1 cells was induced by miR-370-3p overexpression
but suppressed by miR-370-3p down-regulation (Figure 7d, f).
MiR-370-3p’s effect on cell apoptosis was also rescued by FZD8
or circNEK6 (Figure 7d, f). These results indicated that miR-370-
3p could restrain the deterioration of thyroid cancer.

7. Circnek6 targeted mir-370-3p to up-regulate FZD8
and activate the wnt signaling pathway

The proteins related to the Wnt signaling pathway, cyclin D1
and c-myc were down-regulated in TPC-1 cells after miR-370-
3p overexpression, but up-regulated after miR-370-3p down-
regulation (Figure 8a). The promotive effect of miR-370-3p
overexpression on the protein expressions could be rescued by
simultaneously overexpressing FZD8 or circNEK6 (Figure 8a).

Therefore, the Wnt signaling pathway in thyroid cancer could
be activated by the up-regulation of circNEK6 which resulted in
the down-regulation of miR-370-3p and the overexpression of
FZD8. The RNA-induced silencing complex (RISC) led by miR-
370-3p could degrade the mRNA expression of FZD8, while
circNEK6 bound miR-370-3p to reduce the FZD8 degration
(Figure 8b). CircNEK6 up-regulated FZD8 and the Wnt signal-
ing pathway in thyroid cancer through targeting miR-370-3p,
thus influenced the progression of thyroid cancer.

Conclusion

In this study, circNEK6 was identified to be up-regulated in
thyroid cancer, together with the Wnt signaling pathway. FZD8
was the gene involved in the Wnt signaling pathway, with a
distinctive elevated expression in thyroid tissues and cells. Both
circNEK6 and FZD8 promoted the proliferation and invasion of
thyroid cancer cells, whereas suppressed their apoptosis. As the
common target miRNA of circNEK6 and FZD8, miR-370-3p
restrained the progression of thyroid cancer in vitro. CircNEK6
targeted miR-370-3p to up-regulate FZD8 and activate the Wnt
signaling pathway in thyroid cancer.

Microarray and gene set enrichment analyses were applied to
screen out the differentially expressed circRNAs, mRNAs and
signaling pathways in thyroid cancer. They were effective means
for identifying key genes and pathways in human cancers. For
instance, Ma et al. revealed that genes associated with the p53
signaling pathway and the JAK/STAT signaling pathway were
remarkable enriched in papillary thyroid tumors with
LINC00271 down-regulation through GSEA.20 GSEA also clearly
showed that OxPhos andMRP genes sets were distinctively down-
regulated in thyroid cancer tissues.21 Through bioinformatics
analysis, Lee et al. identified that the mitochondrial calcium trans-
porter LETM1 was associated cellular growth signals such as the
insulin signaling pathway, and it was up-regulated in aggressive
thyroid cancer.22 Detailed studies about important circRNAs in
thyroid cancer are limited. Here we adopted the bioinformatics

Figure 2. The close relationships between circNEK6, FZD8 and miR-370-3p. (a) The correlative network of differentially expressed circRNAs and differentially
expressed mRNAs involved in the Wnt signaling pathway in thyroid cancer constructed by Cytoscape. CircNEK6 was related to FZD8. (b) The target miRNAs of
circNEK6 and FZD8 predicted by miRanda and Targetscan, and the thyroid cancer-related miRNAs predicted by HMDD database. MiR-370-3p was the only common
miRNA of them.
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Figure 3. CircNEK6 and FZD8 were up-regulated in thyroid cancer. (a) The relative expression of circNEK6 had no significant change after RNase R digestion.
**P < 0.01 compared with RNase R(-). The cDNA of circNEK6 was amplified with divergent primers, while the gDNA was not amplified. (b) The relative expression of
FZD8 mRNA in 40 thyroid cancer tissues was significantly higher than that in paired adjacent tissues. The relative expression of FZD8 protein was elevated in cancer
tissues. **P < 0.01 compared with adjacent tissues. (c) The relative expression of circNEK6 in 40 thyroid cancer tissues was significantly higher than that in adjacent
tissues. **P < 0.01 compared with adjacent tissues. (d) The relative circNEK6 expression was positively correlated with the relative FZD8 expression. (e) The relative
expressions of FZD8 mRNA in thyroid cancer cell lines (TPC-1, FTC-133) were significantly higher than that in normal thyroid cell line (Nthy-ori 3–1). *P < 0.05,
**P < 0.01 compared with Nthy-ori 3–1. (f) The relative expressions of circNEK6 in thyroid cancer cell lines (TPC-1, FTC-133) were significantly higher than that in
normal thyroid cell line (Nthy-ori 3–1). *P < 0.05, **P < 0.01 compared with Nthy-ori 3–1.
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Figure 4. CircNEK6 promoted the growth and invasion of thyroid cancer cells. (a) The relative circNEK6 expression level was increased in circNEK6(+) group but
decreased in circNEK6(-) group. (b) The cell viability detected by MTT assay was increased in circNEK6(+) group but decreased in circNEK6(-) group. (c, e) The number
of invasive TPC-1 cells per field investigated by Transwell assay was increased in circNEK6(+) group but decreased in circNEK6(-) group. (d, f) The cell apoptosis rate of
TPC-1 cells detected by flow cytometry was decreased in circNEK6(+) group but increased in circNEK6(-) group. *P < 0.05, **P < 0.01 compared with NC.
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Figure 5. FZD8 promoted the growth and invasion of thyroid cancer cells. (a) The relative FZD8 expression level was increased in FZD8(+) group but decreased
in FZD8(-) group. (b) The cell viability detected by MTT assay was increased in FZD8(+) group but decreased in FZD8(-) group. (C, E) The number of invasive TPC-1
cells per field investigated by Transwell assay was increased in FZD8(+) group but decreased in FZD8(-) group. (d, f) The cell apoptosis rate of TPC-1 cells detected by
flow cytometry was decreased in FZD8(+) group but increased in FZD8(-) group. *P < 0.05, **P < 0.01 compared with NC.
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Figure 6. The target relationships of circNEK6-miR-370-3p and miR-370-3p-FZD8. (a) The target relationship between circNEK6 and miR-370-3p predicted by
Targetscan. (b) The dual luciferase activity of cells co-transfected with circNEK6-wt and miR-370-3p was decreased, while that of cells co-transfected with circNEK6-
mut and miR-370-3p had no significant change. *P < 0.05 compared with miRNA-NC. (c) The target relationship between FZD8 and miR-370-3p predicted by
Targetscan. (d) The dual luciferase activity of cells co-transfected with FZD8-wt and miR-370-3p was decreased, while that of cells co-transfected with FZD8-mut and
miR-370-3p had no significant change. **P < 0.01 compared with miRNA-NC. (e) The relative expression of miR-370-3p was decreased in circNEK6(+) group but
increased in circNEK6(-) group. The relative mRNA expression of FZD8 was increased in circNEK6(+) group but decreased in circNEK6(-) group. *P < 0.5, **P < 0.01
compared with NC. (f) The relative miR-370-3p expression was increased in miR-370-3p(+) group but decreased in miR-370-3p(-) group. **P < 0.01 compared with
NC. (g) The relative expression of miR-370-3p in 40 thyroid cancer tissues was significantly lower than that in adjacent tissues. **P < 0.01 compared with adjacent
tissues. (h-i) The relative expressions of circNEK6 and FZD8 were negatively correlated with the expression of miR-370-3p in thyroid cancer tissues.
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Figure 7. MiR-370-3p inhibited the growth and invasion of thyroid cancer cells while miR-370-3p + FZD8 rescued the inhibitory effect. (a) The relative FZD8
expression in TPC-1 cells was decreased in miR-370-3p(+) group, increased in miR-370-3p(-) group and rescued in miR-370-3p(+) + FZD8(+) and miR-370-3p(+)
+ circNEK6(+) groups. (b) The cell viability of TPC-1 cells detected by MTT assay was decreased in miR-370-3p(+) group, increased in miR-370-3p(-) group and rescued
in miR-370-3p(+) + FZD8(+) and miR-370-3p(+) + circNEK6(+) groups. (c, e) The number of invasive TPC-1 cells in per field detected by Transwell assay was
decreased in miR-370-3p(+) group, increased in miR-370-3p(-) group and rescued in miR-370-3p(+) + FZD8(+) and miR-370-3p(+) + circNEK6(+) groups. (d, f) The
apoptosis rate of TPC-1 cells detected by flow cytometry was increased in miR-370-3p(+) group, decreased in miR-370-3p(-) group and rescued in miR-370-3p(+)
+ FZD8(+) and miR-370-3p(+) + circNEK6(+) groups. *P < 0.05, **P < 0.01 compared with NC.
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method to analyze the expression profiles of thyroid cancer tissue,
successfully screening out circNEK6 as an important circRNA for
the first time.

The strong association between circNEK6 andFZD8was found
as they both targeted miR-370-3p. The axis circNEK6/miR-370-
3p/FZD8 profoundly influenced the development of thyroid can-
cer. CircNEK6 has not been well studied before, so that its positive
effect on the growth andmetastasis of thyroid cancer was revealed
for the first time.MiR-370was awidely accepted tumor suppressor
in various human cancers, although its influence in thyroid cancer
has not aroused attention before. The meta-analysis of miRNA
expression profiles revealed that miR-370 was down-regulated in
recurrent prostate cancer.23 It was among the tumor suppressor
miRNAs thatwere frequentlymethylated in cholangiocarcinoma.-
24 The cell apoptosis in hepatocellular carcinoma was induced by
miR-370,25 whereas the proliferation of ovarian cancer cells was
suppressed by it.26 Our findings also confirmed that miR-370-3p
was down-regulated in thyroid cancer and its overexpression
could attenuate the growth and invasion of cancer cells, which
were in line with other studies. FZD8 was reported to be involved
in several types of cancers, such as head and neck squamous
carcinomas,18 lung cancer27 and breast cancer,28 to facilitate the
progression of them. In thyroid cancer, it was up-regulated and
exerted similar promotive effects, suggesting that it was an
oncogene.

Accumulated evidence indicated that circRNAs partici-
pated the progression of human cancers through the

interaction with miRNAs and their target genes. For example,
circ_0067934 enhanced the cancer cell viability and metastasis
of hepatocellular carcinoma through up-regulating FZD5,
which was the target gene of miR-1324.29 CircDOCK1 sup-
pressed the cell apoptosis of oral squamous cell carcinoma via
the inhibition of miR-196a-5p, which targeted the tumor
suppressor BIRC3.6 Circ_0012673 functioned as a sponge of
miR-22, thus accelerating the deterioration of lung
adenocarcinoma.30 Similarly, since miR-370-3p had a target
relationship with both circNEK6 and FZD8, circNEK6 could
indirectly elevate the expression of FZD8 by targeting miR-
370-3p. CircNEK6 acted as a competing endogenous RNA
(ceRNA) that sponged miR-370-3p in thyroid cancer, leading
to the up-regulation of FZD8.

FZD8 was a key gene in the Wnt signaling pathway, which
was activated in several types of cancers. In prostate cancer,
FZD8 was robustly up-regulated and promoted the bone-
metastasis by activating the Wnt signaling pathway.31 In thyr-
oid cancer, lncRNA PTCSC3 and miR-574-5p inhibited the
activity of the Wnt signaling pathway to suppress the cancer
cell proliferation and migration.32 The main oncogenic driver
in thyroid cancer, RAS, was positively related to the activation
of the Wnt signaling pathway.33 Therefore, it could be specu-
lated that the activation of the Wnt signaling pathway pro-
moted the development of thyroid cancer, and the up-
regulation of FZD8 mediated by the circNEK6/miR-370-3p/
FZD8 axis led to the Wnt signaling pathway activation.

Figure 8. CircNEK6 targeted miR-370-3p to up-regulate FZD8 and activate the Wnt signaling pathway. (a) The relative protein expressions of cyclin D1 and
c-myc were decreased in miR-370-3p(+) group, increased in miR-370-3p(-) group and rescued in miR-370-3p(+) + FZD8(+) and miR-370-3p(+) + circNEK6(+) groups.
*P < 0.5, **P < 0.01 compared with NC. (b) The mechanism diagram illustrated that the RNA-induced silencing complex (RISC) of miR-370-3p that degrade the FZD8
mRNA would be broke by the circNEK6 which bound miR-370-3p.
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The present study had some limitations should be
improved in future. For example, the mechanism of how the
activated Wnt signaling pathway affected thyroid cancer was
not fully elucidated. In addition, in vivo experiments should
be supplemented to confirm our results. The association
between circNEK6/miR-370-3p/FZD8 and clinical prognosis
of thyroid cancer is worth to be explored to evacuate the
potential biomarkers.

In conclusion, the significant up-regulation of circNEK6 in
thyroid cancer elevated the expression of FZD8 through tar-
geting miR-370-3p and activated the Wnt signaling pathway.
CircNEK6 up-regulation promoted the suppressed cancer cell
apoptosis but promoted the proliferation and invasion of
thyroid cancer cells.
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