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We identified a novel interactome, circ_0001018/miR-338-3p/
SOX4, in papillary thyroid cancer (PTC), and we intended to
confirm the regulatory relationship between the three and to
study the effects of the three in PTC. The bioinformatics method
was used to screen out the circular RNAandmRNAof interest. A
cellular fractionation assay andfluorescence in situhybridization
(FISH) assay were conducted to prove that circ_0001018 and
CCT4 (the host gene of circ_0001018)mRNAprimarily localized
in the cytoplasm of PTC cell lines. By qRT-PCR analysis, the
expression of circ_0001018 and SOX4mRNAwas found upregu-
lated while the expression of miR-338-3p was found downregu-
lated in PTC tissues and cells. circ_0001018 silence significantly
inhibited the tumor growth in xenografted nudemice. A series of
cytological experiments such as a Cell Counting Kit-8 (CCK-8)
assay, a 5-ethynyl-20-deoxyuridine (EdU) assay, cell cycle
profiling, wound healing, a transwell assay, and cell apoptosis
were conducted and showed that circ_0001018 and SOX4 pro-
moted cell proliferation, migration, and invasion, inhibited cell
apoptosis, and reduced the cell cycle arrest at the G1 phase in
PTC cells. Compared with circ_0001018 and SOX4, miR-338-
3p held the opposite function. The regulatory relationship be-
tween circ_0001018 and miR-338-3p, and between miR-338-3p
and SOX4 mRNA, was validated using a luciferase reporter
gene assay and/or RNA immunoprecipitation (RIP assay). Our
findings showed that circ_0001018 acted as the tumor promoter
via sponging miR-338-3p to elevate SOX4 expression level in
PTC. Importantly, this novel circ_0001018/miR-338-3p/SOX4
axishas thepotential tobe considered as a therapy target forPTC.

INTRODUCTION
Thyroid cancer is one of the most prevalent tumors with a gradual in-
crease inmorbidity andmortality, constantly threating the health of hu-
man beings for decades.1 The data on thyroid cancer occurrence, recur-
rence, and metastasis from the American Cancer Society2 show that
more than 50,000 new cases of thyroid cancer are estimated to be diag-
nosed.Among them, about 14,260 cases aremale and 37,810 are female,
and, unfortunately, 2,170 of them fail to survive. InChina, data from the
Molecular T
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National Cancer Center shows that about 22,000 males and 67,900 fe-
males are diagnosed with thyroid cancer each year.3 Papillary thyroid
cancer (PTC), one of the subtypes of thyroid cancer, has dramatically
increased in incidence since 2009 andbecome themost threatening sub-
typeof thyroid cancer.4Although traditional therapeuticmethods could
effectively treat PTC,5 several patients in advanced stagewithmetastasis
still show poor prognosis outcome.6 The main reason is that the inva-
sion and metastasis of PTC is uncontrollable.7 Therefore, it is of great
significance to study the molecular mechanisms of PTC development,
searching for novel therapeutic targets to conquer the disease.

Circular RNA (circRNA) is an elusive class of non-coding RNA with
poor understanding about the mechanisms and functions.8 The latest
research confirms that circRNAs are distributed in mammals to play
important roles in multiple biological processes, such as cell growth,
cell apoptosis, and cell proliferation.9–13 Interestingly, an increasing
number of studies have found that circRNAs are abnormally ex-
pressed in tumor tissues, which is closely related to the development
of cancer.13 Also, circRNA has been reported to be a sponge of micro-
RNAs (miRNAs) to regulate the translation of downstream target
mRNAs.14–16 In PTC, Cai et al.7 proved that circBACH2 was an onco-
genic RNA in PTC by sponging miR-139-5p to increase the LMO4
expression. circ-ITCH impaired progression of PTC in vivo and
in vitro via binding to miR-22-3p to promote CBL expression.17

miR-338-3p that is downregulated in a variety of cancer species has
been reported to act as a cancer suppressor by binding to a variety
of circRNAs such as circRNA MAT2B, circ_0000326, and circRNA
HIPK3.18–20 In our previous study, we proved that miR-338-3p was
downregulated in thyroid cancer and inhibited the progression of thy-
roid cancer21 so that we were eager to explore the upstream circRNAs
sponging to miR-338-3p in PTC. By bioinformatics analysis,
circ_0001018 (circBase: hsa_circ_0001018) is predicted to sponge
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miR-338-3p (miRBase: hsa-miR-338-3p), and the regulatory mecha-
nism of circ_0001018 and the relationship between circ_0001018 and
miR-338-3p are still barely investigated in PTC.

SRY-box transcription factor 4 (SOX4, GenBank: NM_003107.3) is a
member of SOX (SRY-relatedHMG-box) family that encodes a number
of transcription factors that might participate in embryonic develop-
ment and cell apoptosis. SOX4 has been found to express in a large
amount of tissues and to be involved in the development of the heart,
B cells, and the reproductive system.22 Recently, a close relationship be-
tween SOX4and tumorigenesis has attracted the attention of researchers
in thefield of oncogenesis.23,24Min et al.25 reported that SOX4 couldbe a
potential chemoprevention target in PTC, but no functional experi-
ments were done to further prove their bioinformatics results.

In our research, circ_0001018 was prominently upregulated in PTC
tissue samples, and its aberrant expression was found closely related
with the phenotypic changes of PTC cells. Also, we found that
circ_0001018 could sponge miR-338-3p to release the expression of
its downstream effector SOX4, which then promoted PTC cell aggres-
sion. Hence, our research might reveal a novel clue for the clinical
therapeutic strategies against PTC and may inspire creative thinking
for subsequent scientific investigation.

RESULTS
Identification, expression, and characterization of hsa-

circ_0001018 in PTC

By interrogating ENCORI for the RNA interactomes (http://starbase.
sysu.edu.cn/index.php) algorithm, we identified the top five most sig-
nificant circRNAs based on Argonaute cross-linking and immuno-
precipitation sequencing (AGO CLIP-seq) experimental evidence
(Figure 1A). Among the top five circRNAs, hsa_circ_0000011 has
two binding sites with miR-338-3p with an average context+ score
of �0.147, and hsa_circ_0001018 has one binding site with miR-
338-3p with a �0.158 context+ score. hsa_circ_0000326 and hsa_-
circ_0000934 have a non-exon-formed structure, and hsa_-
circ_0001199 has no parental gene. Then, we measured the level of
expression of the top five circRNAs in PTC tissue and cells, and it
was found that circ_0001018 was the most upregulated circRNA in
51 PTC tissues and cells compared with other cirRNAs (Figures 1B
and 1C; Figures S1A–S1H). We then conducted a RIP assay and
found that hsa_circ_0001018 was the most significantly pulled-
down circRNA by miR-338-3p mimic in the presence of Argonaute
2 (Ago2) protein (Figure S2). Therefore, hsa_circ_0001018 was iden-
tified as our circRNA of interest. hsa_circ_0001018 (348 nt in length)
was formed by the back-splicing of exons 8, 9, and 10 of the host gene
CCT4 (Figure S3). Moreover, we divided the 51 PTC tissues samples
into 26 cases of high circ_0001018 expression and 25 cases of low
circ_0001018 expression according to the median of circ_0001018
expression, and we analyzed the correlation between circ_0001018
expression and clinical pathology in patients with PTC. The results
revealed that high expression of circ_0001018 was found to be asso-
ciated with tumor-lymph node-metastasis (TNM) staging, lymph
node metastasis, and distant metastasis (Table S1). Because of the
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highest circ_0001018 levels in TPC-1 and IHH-4 cell lines (Fig-
ure 1C), these lines were chosen for subsequent experiments. The sta-
bility of circ_0001018 was first conformed using the RNase R method
and half-life detection method: CCT4 mRNA nearly disappeared in
the lysate after 20 h of incubation, while circ_0001018 stayed intact
during the incubation (Figures 1D and 1E). The results confirmed
that circRNA can be extremely stable whereas mRNAwas particularly
vulnerable. circRNAs consisting of exons have been found to be
widely expressed in cytoplasm. We thus analyzed the abundance of
circ_0001018 in the cytoplasm and nucleus in TPC-1 and IHH-4
cell lines using qRT-PCR assays and fluorescence in situ hybridization
(FISH). CCT4 mRNA and circ_0001018 were both primarily distrib-
uted in cytoplasm (Figures 1F and 1G). In order to make clear the
effect of circ_0001018 on CCT4 expression level, we designed and
synthesized the vectors that could upregulate or downregulate
circ_0001018 expression. Using qRT-PCR to measure transfection
efficiency, circ_0001018 was found to be successfully regulated
(downregulated by about 70% and upregulated by about 5-fold).
Additionally, circ_0001018 short hairpin RNA (shRNA)1 did not
knock down CCT4 expression whereas shRNA2 decreased CCT4
expression by 40% (Figure S1I). Similar to the results of qRT-PCR,
a western blot assay showed that shRNA2 reduced the protein expres-
sion level of CCT4 by about 60% (Figure S1J). The design of shRNA
should span the exon 8 and 10 junction that did not exist in the CCT4
mRNA, so that shRNA could regulate the CCT4 expression. The
shRNA2 alters the expression of CCT4 mRNA and protein, and
therefore we used circ_0001018 shRNA1 to perform the follow-up ex-
periments and renamed it as sh-circRNA.

Silencing hsa_circ_0001018 inhibited tumor growth in vivo

TPC-1 cells with circ_0001018 knockdown were injected into the left
armpit of nudemice to assess the effect of circ_0001018 on tumor growth
in vivo. The small animal live imaging showed that the total radiance flux
was reduced by 45% in the circ_0001018 silencing group compared with
the negative control (NC) group (Figures 2A and 2B). The xenografted
tumors were also collected and their sizes were measured. The knock-
down of circ0001018 resulted in smaller tumor sizes compared with
the NC group (Figure 2C). Hematoxylin and eosin (H&E) staining
showed that silencing circ_0001018 expression destroyed the structure
of tumor tissues (Figure 2D). Ki67 immunohistochemical (IHC) assay
results showed that cell proliferation was inhibited by 50% in the
circ_0001018 knockdown group (Figure 2E). These data suggested that
circ_0001018 knockdown inhibited tumor growth in vivo.

Validation of the regulatory relationship between miR-338-3p

and hsa_circ_0001018

One binding site between miR-338-3p and circ_0001018 was pre-
dicted by the circRNA interactome (Figure 3A). Interestingly, the
expression level of miR-338-3p was detected in healthy thyroid tissues
and thyroid cancer tissues. In contrast to circ_0001018, miR-338-3p
expression was lower in PTC tissues than in healthy tissues (0.52 ±

0.25 versus 1.07 ± 0.52) (Figure 3B), and the expression level of
circ_0001018 showed a significant inverse correlation with the
miR-338-3p expression level in PTC tissues analyzed by Pearson’s
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Figure 1. hsa_circ_0001018 was highly expressed in PTC tissues and PTC cell lines

(A) An ENCORI for RNA interactomes (http://starbase.sysu.edu.cn/) algorithm was used to identify the top five most significant circular RNAs (circRNAs) based on the AGO

CLIP-seq experiment support. (B) circ_0001018 levels were detected by RT-PCR in adjacent normal tissues (n = 51) compared with tumor tissue samples (n = 51); GAPDH

was used as the standard reference. (C) circ_0001018 expression levels in PTC cell lines (K1, TPC-1, and IHH-4), a thyroid cell line (CAL-62), and human thyroid follicular

epithelial cell lines (child Nthy-ori 3-1 cell line and parent Htori-3 cell line) were analyzed by RT-PCR; GAPDHwas used as the reference. *p < 0.05, **p < 0.01, compared with

the Nthy-ori 3-1 cell line. (D) RNase R analysis was used to determine the relative abundance of circ_0001018 and CCT4 linear mRNA in TPC-1 and IHH-4 cell lines. **p <

0.01, ***p < 0.001, compared with themock group. (E) Variation of relative abundance of circ_0001018 and CCT4mRNA in TPC-1 and IHH-4 cells during a 1-day incubation.

**p < 0.01, compared with linear RNA level. (F) Distribution of circ_0001018 and CCT4 mRNA in cytoplasm and nuclear fraction in TPC-1 and IHH-4 cells. **p < 0.01,

compared with cytoplasm; (G) The subcellular localization of circ_0001018 and CCT4 mRNA in cells was identified using a FISH assay. Original magnification,�400. In (C)–

(F), data indicate mean ± SD from at least three independent experiments and three repetitions where cellular experiments are indicated.
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Figure 2. Knockdown of circ_0001018 significantly

suppressed the growth of tumors in vivo

(A) TPC-1 cells with empty vectors (NC) or circ_0001018

knockdown vectors (sh-circ_0001018) were injected into

nude mice. The representative images were obtained

using a small imaging system at week 1 and week 4. (B)

The total radiance flux was monitored to represent tumor

formation after the mice were injected (for 4 weeks). *p <

0.05, **p < 0.01, versus the NC group. Data indicate the

mean ± SD. NC mice = 5, sh-circRNA mice = 5; repeti-

tion = 3. (C) Representative images of xenograft tumors

obtained from six nude mice. (D) Representative images

of H&E pathological staining. (E) The number of prolifer-

ating cells were detected by a Ki67 IHC assay. Data

indicate the mean ± SD. NC mice = 5, sh-circRNA mice =

5; repetition = 3.
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correlation analysis (Figure 3C). The luciferase activity was signifi-
cantly suppressed by miR-338-3p mimics in the circ_0001018_-
wild-type group, but not in the circ_0001018_mut group. The lucif-
erase activity was not affected by the miR-338-3p mimic NC
(Figure 3D), suggesting that miR-338-3p directly targets wild-type
circ_0001018 from sequence 286 to 292. We used anti-Ago2 RNA
immunoprecipitation (RIP) and RT-PCR to analyze the enrichment
of circ_0001018 in TPC-1 and IHH-4 cells. Much more enrichment
of circ_0001018 was seen in the miR-338-3p mimics group with the
presence of Ago2 than in the other groups (Figure S2), suggesting
that circ_0001018 could sponge miR-338-3p with the presence of
Ago2. A specific inhibitor for miR-338-3p was designed for downre-
gulating the expression of miR-338-3p. RT-PCR results showed that
the miR-338-3p inhibitor led to 70% downregulation of miR-338-3p,
but it did not affect circ_0001018 expression (Figure 3E). Alterna-
tively, circ_0001018 knockdown was realized by the transfection of
circ0001018 shRNA: after transfection with sh-circ_0001018, the
level of circ_0001018 was downregulated by 70% and that of miR-
338-3p was elevated by approximately 2-fold compared with the
NC group; however, circ_0001018 with an almost 5-fold increase
594 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
and miR-338-3p with an almost 50% decrease
were observed in the circ_0001018-overexpres-
sion (OE) group (Figure 3F).

hsa_circ_0001018 promoted PTC

malignancy phenotypes by sponging miR-

338-3p in vitro

Cell survival was measured by a Cell Counting
Kit-8 (CCK-8) assay in TPC-1 and IHH-4 cells
transfected with circRNA overexpression vec-
tors (circRNA-OE), sh-circRNA, miRNA
inhibitor, or both: the overexpression of
circ_0001018 led to enhanced cell survival at
72 h, silencing circ_0001018 weakened the sur-
vival, while miR-338-3p inhibition strength-
ened it in TPC-1 and IHH-4 cell lines. When
both circ_0001018 and miR-338-3p were in-
hibited, the cell survival outcomes were similar to those of the con-
trol group (Figure 4A). The 5-ethynyl-20-deoxyuridine (EdU) incor-
poration assay proved that the upregulation of circ_0001018
enhanced DNA synthesis (reflecting proliferation), the knockdown
of circ_0001018 inhibited DNA synthesis, while the inhibition of
miR-338-3p promoted it in both cell lines (Figure 4B). DNA repli-
cation occurs in the G1 phase followed by cell division in nearly all
eukaryotes. G1 phase arrest may suggest an impaired cell mitosis. In
our experiments, cells in the G1 phase were profiled using flow cy-
tometry analysis. We found that the upregulation of circ_0001018
led to a significantly decreased number of cells in the G1 phase,
circ_0001018 knockdown led to an increased number of cells ar-
rested in the G1 phase, whereas miR-338-3p inhibition led to an
opposite result. The restore experiments showed the compromising
results of knockdown of either circ_0001018 or miR-338-3p (Fig-
ures 5A and 5B). Overexpression of circ_0001018 significantly in-
hibited approximately 50% of cell apoptosis, silencing
circ_0001018 dramatically increased apoptosis by nearly 2-fold,
while miR-338-3p inhibition caused an opposite result in PTC-1
and IHH-4 cells. When the expression of circ_0001018 and miR-



Figure 3. circ_0001018 targeted miR-338-3p in TPC-

1 and IHH-4 cell lines

(A) Binding scheme between circ_0001018 and miR-338-

3p is illustrated. The binding sites were predicted using a

circRNA interactome database, which uses a TargetScan

Human miRNA prediction algorithm. (B) miR-338-3p level

was detected by RT-PCR in normal tissues (n = 51)

compared with tumor tissues (n = 51). U6 was used as the

reference. (C) The correlation between miR-338-3p and

circ_0001018 expression in PTC tissues was determined

by Spearman’s correlation analysis. (D) Relative luciferase

activity was detected by a reporter assay in TPC-1 and

IHH-4 cells. WT, wild-type of circ_0001018; MUT,

mutated-type of circ_0001018. **p < 0.01, compared with

the miR-NC group. (E) The expression of miR-338-3p and

circ_0001018 was determined by RT-PCR in TPC-1 and

IHH-4 cells transfected with miR-338-3p inhibitor. **p <

0.01, compared with the control group. (F) The expression

of miR-338-3p and circ_0001018 was determined by RT-

PCR in TPC-1 and IHH-4 cells transfected with sh-

circRNA and circRNA overexpression vectors (circRNA-

OE). *p < 0.05, **p < 0.01, compared with the control

group. Data indicate the mean ± SD. n = 3, repetition = 3.
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338-3p were both inhibited, the cells showed a similar apoptosis
rate to the control group (Figure 5C and 5D). The wound-healing
assay was used to evaluate cell migration ability. The result showed
that the migration rate of the sh-circRNA group decreased by
around 80%, while circRNA-OE or the miR-338-3p inhibitor
increased the migration rate by approximately 1.8-fold compared
with control group. At the same time, the miR-338-3p inhibitor
partially eliminated the inhibitory effect of sh-circRNA on migra-
tion rate (Figure 6A). Furthermore, we conducted transwell migra-
tion and invasion assays to investigate the migration and invasion
abilities of PTC cell lines. It was found that circ_0001018 upregula-
Molecular T
tion resulted in a more than 50% higher cell
migration and invasion rate, circ_0001018
knockdown resulted in an approximately 30%
slower migration and invasion rate in PTC,
while miR-338-3p inhibition caused an
approximately 40% increase in migrated and
invading cell numbers per field. The knock-
down of both circ_0001018 and miR-338-3p
restored the migration and invasion to a
normal level (Figures 6B and 6C). Finally, the
migration- and invasion-associated proteins
(E-cadherin, vimentin, and fibronectin) were
detected by immunoblot analysis. The results
showed that overexpression of circ_0001018
and miR-338-3p inhibition reduced the protein
level of E-cadherin and enhanced the protein
level of vimentin and fibronectin, while
circ_0001018 knockdown increased the pro-
tein level of E-cadherin and decreased the pro-
tein level of vimentin and fibronectin.
Compared with control group, the levels of migration- and inva-
sion-associated proteins in TPC-1 and IHH-4 cells with co-transfec-
tion of sh-circ_0001018 plus miR-338-3p did not show a significant
difference (Figure 6D). These findings suggest that circ_0001018
could be a significant PTC promoter.

Identification of SOX4 as a significant downstream effector of

miR-338-3p in PTC

We have conducted bioinformatics analysis on GEO: GSE3678 data
series to screen out the overexpressed DEGs (differentially expressed
genes). We then uploaded these genes to Metascape, and we found
herapy: Nucleic Acids Vol. 24 June 2021 595
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Figure 4. circ_0001018 enhanced cell growth in TPC-1 and IHH-4 cells

(A) Cell survival was determined by a CCK-8 assay in TPC-1 and IHH-4 cells, in which circRNA-OE, sh-circRNA, miR-338-3p inhibitor, or sh-circRNA plus miR-338-3p

inhibitor was transfected. OD450, optical density at 450 nm. Data indicate mean ± SD from at least three independent experiments and three repetitions. **p < 0.01, versus

control; ##p < 0.01, versus sh-circRNA group. (B) An EdU assay was used to detect the cell proliferation in TPC-1 and IHH-4 cells, in which circRNA-OE, sh-circRNA, miR-

338-3p inhibitor, or sh-circRNA plus miR-338-3p inhibitor was transfected.
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that the significantly enriched Gene Ontology (GO) terms included
extracellular matrix-related and G protein-coupled receptor
(GPCR) ligand binding-related processes (Figures 7A and 7B). We
then obtained the target genes of miR-338-3p from both TargetScan
Human 7.2 and miRWalk databases. Subsequently, we ran a Meta-
scape analysis of the two datasets: GEO: GSE3678 upregulated
DEGs and the target genes list of miR-338-3p. We found that extra-
cellular matrix and GPCR-related processes were again enriched (Fig-
ures 7C and 7D). We overlapped the GPCR-related gene list, the
GEO: GSE3678 overexpressed DEGs list, target genes of miR-338-
3p, and the extracellular matrix (ECM)-related genes list, finding
out that SOX4, DAB2IP, DGKH, RASA1, MSN, and CBL could be
potentially significant genes in PTC pathology (Figure 7E). We de-
596 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
tected the enrichment of SOX4, DAB2IP, DGKH, RASA1, MSN,
and CBL in TPC-1 and IHH-4 cells transfected with the biotinylated
miR-338-3p (bio-miR-338-3p) by an RNA pull-down assay. The
results displayed SOX4 with the highest enrichment in bio-miR-
338-3p compared with other genes, which was about 85-fold higher
(Figure 8A). At the same time, SOX4 was found limitedly reported
in PTC in previous studies. Therefore, SOX4 was confirmed as our
gene of interest to be investigated in PTC. We then acquired expres-
sion data of SOX4 in thyroid cancer from the GEPIA, GEO, and On-
comine databases. GEPIA results showed that SOX4 was significantly
overexpressed in thyroid carcinomas (Figure S4A). In GEO: GSE3678
and GSE60542, the expression of SOX4 was significantly higher in tu-
mors than in healthy tissues (Figures S4B and S4C). In GEO:



Figure 5. The knockdown of circ_0001018 induced cell cycle arrest and promoted cell apoptosis in TPC-1 and IHH-4 cells

(A and B) Cell cycle profiles of TPC-1 and IHH-4 cell lines were analyzed by flow cytometry. circRNA-OE, sh-circRNA, miR-338-3p inhibitor, or sh-circRNA plus miR-338-3p

inhibitor was transfected. Percentage of cells in the G1 phase is visualized as a bar graph. (C and D) Cell apoptosis was detected using flow cytometry. circRNA-OE, sh-

circRNA, miR-338-3p inhibitor, or sh-circRNA plus miR-338-3p inhibitor was transfected. The upper left (UL) quadrant represents necrotic cells, lower left (LL) quadrant living

cells, right upper (UR) quadrant late apoptotic and necrotic cells, and the lower right (LR) quadrant represents early apoptotic cells. Data indicate mean ± SD from at least

three independent experiments and three repetitions. *p < 0.05, **p < 0.01, versus control; ##p < 0.01, versus sh-circRNA group.
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GSE60542, advanced PTC (stages I, III, and IV; N1 stage) showed a
significantly higher SOX4 expression level than that in healthy con-
trols (Figures S4D and S4E). A significantly higher expression of
SOX4 was observed in stage III PTC than in normal tissues; however,
it was also found to be lower than in stage I PTC. Oncomine data
mining also displayed that SOX4 was significantly higher in thyroid
cancer than in the healthy tissues in Giordano thyroid statistics (Fig-
ure S4F). Also, in our collected samples, SOX4 mRNA was found at a
higher level in thyroid tumor tissues than in the healthy thyroid tis-
sues (Figure 8B). In selected cell lines, SOX4 was found significantly
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 597
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upregulated in cancer cell lines than in immortalized ones at both the
mRNA and protein levels (Figures 8C and 8D). Furthermore, an in-
verse correlation between SOX4 and miR-338-3p expression in our
collected PTC tissues was found using Pearson’s correlation analysis
method (Figure 8E).

Validation of the complementary relationship between miR-338-

3p and SOX4 mRNA

The putative binding scheme between the 3ʹ UTR of SOX4 and miR-
338-3p was predicted using TargetScan Human 7.2 and is illustrated
in Figure 9A. Wild-type and mutated-type SOX4 mRNA 30 UTR
luciferase reporter constructs, together with miR-338-3p mimic or
miR-338-3p mimic NC, were transfected into TPC-1 and IHH-4
cell lines. The miR-338-3p mimic significantly inhibited approxi-
mately 50% of the luciferase activity of the wild-type but not the
mutated-type SOX4 mRNA 30 UTR luciferase reporter constructs
(Figure 9B), suggesting that miR-338-3p targeted SOX4 mRNA
directly. Before we further studied the effects of miR-338-3p and
SOX4, we measured the transfection efficiency of SOX4 overexpres-
sion plasmids (SOX4-OE) and miR-338-3p mimic. miR-338-3p
mimic transfection caused around a 4-fold increase of miR-338-3p
expression (Figure 9C), around a 50% decrease of SOX4 mRNA
expression (Figure 9D), and around a 50% decrease of SOX4 protein
expression in the two cell lines (Figure 9E). The transfection of SOX4-
OE caused an approximate 3-fold increase of SOX4 mRNA expres-
sion and a 1.5-fold increase of SOX4 protein expression. The co-
transfection of miR-338-3p mimic and SOX4-OE did not show any
significant differences of SOX4 mRNA and protein compared with
the control group (Figures 9D and 9E). At this stage, we also detected
SOX4 protein expression after cells were transfected with sh-
circ_0001018. The results showed that silencing circ_0001018 down-
regulated the SOX4 protein expression by 50% in TPC-1 and IHH-4
cells, while miR-338-3p inhibition upregulated it by 1.25-fold in TPC-
1 cells and 1.32-fold in IHH-4 cells. WhenmiR-338-3p inhibition and
circ_0001018 silencing occurred together, the expression of SOX4
protein showed a similar level with the control group (Figure 9F).

SOX4 augmented PTC cell survival and mobility

We conducted a CCK-8 assay to measure the survival of cells with
SOX4 overexpression and miR-338-3p upregulation. As shown in
Figure 10A, the overexpression of SOX4 promoted cell survival
dramatically in the two cell lines at 72 h, and miR-338-3p upregula-
tion suppressed the survival to a significantly low level at 72 h. The co-
upregulation of miR-338-3p and SOX4 led to significantly better
survival than that in the miR-338-3p mimic group but significantly
worse survival than that in the SOX4-OE group at 72 h. In the
Figure 6. hsa_circ_0001018 promoted cell migration and invasion in TPC-1 and

(A) A wound-healing assay was performed in TPC-1 and IHH-4 cells, in which circ_000

plus miR-338-3p inhibitor was transfected. Bar graphs were drawn using the derived da

circ_0001018 overexpression, sh-circ_0001018, miR-338-3p inhibitor, or sh-circ_000

derived data. (C) Cell invasion was assessed using a transwell invasion assay. Bar grap

levels of E-cadherin, vimentin, and fibronectin were detected by immunoblot analysis. D

control; #p < 0.05, ##p < 0.01, versus sh-circRNA group.
wound-healing experiment, the upregulation of miR-338-3p reduced
the migration rate of PTC cells by about 60%, the upregulation of
SOX4 increased the migration rate by about 1.8-fold in TPC cells
and 1.3-fold in IHH-4 cells, and the upregulation of SOX4 partially
reversed the inhibitory effect of miR-338-3p on the migration rate
(Figure 10B). In transwell migration assays, the upregulation of
miR-338-3p led to a 53% decrease and 42% decrease in the number
of migratory cells in the TPC-1 and IHH-4 cell lines, respectively;
the upregulation of SOX4 resulted in a 42% and 41% increase in
the number of migratory cells in the TPC-1 and IHH-4 cell lines,
respectively; additionally, the co-upregulation of miR-338-3p and
SOX4 resulted in an approximately equal level with that in the control
group (Figure 10C). In the transwell invasion assay, miR-338-3p
mimic transfection weakened the invasion by approximately a third,
whereas SOX4-OE transfection enhanced the invasion by around
2-fold in the two cell lines. The co-transfection of mimic and
SOX4-OE resulted in an even level with the control group (Fig-
ure 10D). After detection of migration and invasion associated pro-
teins, the protein level of E-cadherin increased by around 1.5-fold
in the miR-338-3p mimic group and decreased by approximately
50% in the SOX4-OE group, while the protein levels of vimentin
and fibronectin decreased by almost 50% in the miR-338-3p mimic
group and increased by 1.3-fold in the SOX4-OE group. However,
co-transfection of the miR-338-3p mimic and SOX4-OE did not
significantly affect the protein levels of E-cadherin, vimentin, and
fibronectin compared with the control (Figure 10E). From these re-
sults, we can conclude that the phenotype changes caused by the
miR-338-3p mimic can be reversed by SOX4 overexpression, suggest-
ing that miR-338-3p directly regulates SOX4, thus affecting PTC cell
aggression.

DISCUSSION
In our previous studies, we confirmed the tumor suppression effect of
miR-338-3p in human PTC.21,26 In this study, we identified a novel
downstream target gene, SOX4, and a novel upstream regulator,
hsa_circ_0001018. We then studied the effects of circ_0001018,
miR-338-3p, and SOX4 in PTC. We found that circ_0001018
enhanced tumor growth and tumor cell aggression by sponging
miR-338-3p, which thereby released SOX4 mRNA. We thus
concluded that the novel upstream regulator circ_0001018 and the
downstream effector SOX4 could be potential oncogenes in PTC.

AberrantmiR-338-3p expression has been reported to affect the pheno-
types of tumor cells in human cancers, e.g., thyroid cancer, liver cancer,
gastric cancer, and neuroblastoma.27–30 Specifically, Huang and col-
leagues27 once reported that miR-338-3p targeted SMO to suppress
IHH-4 cells

1018 overexpression, sh-circ_0001018, miR-338-3p inhibitor, or sh-circ_0001018

ta. (B) A transwell migration assay was performed in TPC-1 and IHH-4 cells, in which

1018 plus miR-338-3p inhibitor was transfected. Bar graphs were drawn using the

hs were drawn to show the number of invading cells in every group. (D) The protein

ata are in the format of mean ± SD. n = 3, repetition = 3. *p < 0.05, **p < 0.01, versus
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canceration of liver cancer cells, inspiring a novel therapy method for
the treatment of liver cancer. Chen et al.28 reported that miR-338-3p
suppressed cell propagation and mobility by regulating the expression
of PREX2a. Together with our previous and current studies, miR-
338-3p could be a tumor suppressor in PTC, and possibly a universal
tumor suppressor in human cancers, which could be an interesting
topic. In addition,miR-338-3p has been reported to interact with circR-
NAs in various cancers such as nasopharyngeal carcinoma,31 cervical
cancer,20 hepatocellular carcinoma,32 colon cancer,33 lung cancer,19,34

and breast cancer.35 In our previous studies, we used TPC-1 cells stably
expressingmiR-338-3p to injectmaleBALB/mice and found that forced
expression of miR-338-3p inhibited tumorigenesis.21 In all of the inter-
actions, miR-338-3p was reported to be sponged by the circRNAs and
acted as a tumor suppressor. We herein report a novel circRNA,
circ_0001018, that also spongedmiR-338-3p to promote PTC develop-
ment. The role of circ_0001018 in human cancers has not been studied,
including in PTC. In addition, we identified a novel downstream
effector of miR-338-3p, SOX4. The study of the miR-338-3p-SOX4
axis has been reported in lung cancer,36 breast cancer,37 renal cell carci-
noma,38 and idiopathic pulmonary fibrosis.39 To our knowledge, this is
the first report of miR-338-3p and SOX4 in PTC. miR-338-3p fulfilled
its tumor-suppressing function in PTC cells by suppressing SOX4. Our
study contributes to the comprehension of the competing endogenous
RNA (ceRNA) network that involves miR-338-3p in PTC.

An increasing number of circRNAs have been defined and reported,
and many of them have been found to be important in tumor pa-
thology; for example, some of the circRNAs have been correlated
with prognosis of human PTC. For instance, Ren et al.40 reported
that hsa_circRNA_047771 and hsa_circRNA_007148 might be po-
tential prognostic biomarkers for PTC. Lan et al.41 reported that
downregulation of hsa_circ_0137287 predicted aggression of papil-
lary thyroid carcinoma. In addition, upregulation of hsa-
circ_0067934 was correlated with thyroid carcinoma malignancy.42

Several other groups also reported a plethora of circRNAs to be po-
tential PTC biomarkers.40,43–46 Furthermore, there are other studies
revealing that circRNAs can interfere with tumor cell activities by
sponging miRNAs. A wide spectrum of circRNAs are cleaved and
spliced by exons in the known protein-coding genes. Because of
the back-splicing mechanism, circRNAs are rich in exposed exon se-
quences, allowing the complementary pairing of miRNAs, which
therefore suppresses the activity of miRNAs.47,48 A previous study
revealed that circ-ITCH overexpression in PTC tissues suppressed
the proliferation and invasion of the cells while promoting apoptosis
by sponging miR-22-3p and freed CBL mRNA.17 It was also re-
ported that hsa_circ_0058124 knockout impaired proliferation and
mobility, but induced apoptosis, in K1 and TPC-1 cell lines and
in nude mice models by functioning as a ceRNA of miR-218-5p,
therefore restraining NUMB mRNA in vitro and in vivo.49 hsa-
Figure 7. SOX4 was identified to be a significant downstream effector of miR-

(A and B) GO term enrichment of GEO: GSE3678 overexpressed DEGs using aMetascap

overexpressed DEGs and target genes ofmiR-338-3p using aMetascape algorithm. The

GEO: GSE3678 overexpressed DEGs, GPCR-related genes, target genes of miR-338-
circ_0025033 was also proven to facilitate cell survival, proliferation,
and mobility progression, but it suppressed the apoptosis of TPC-1
and K1 cell lines by sponging miR-1231 and miR-1304.50 circ-ZFR
contributes to TPC-1 and SW579 (a thyroid gland squamous cell
carcinoma cell line) cell proliferation and invasion by sponging
miR-1261, therefore releasing C8orf4 mRNA.51 circRNA_NEK6
was reported to promote TPC-1 cell proliferation by sponging
miR-370-3p.52

These studies confirmed that circRNAs could be active facilitators of
human PTC by sponging their target miRNAs. In this study, we found
that circ_0001018 could act as a sponge of miR-338-3p, harboring the
miRNA and thereby attenuating the suppressive function of miR-
338-3p on SOX4 in TPC-1 and IHH-4 cell lines. The knockdown of
circ_0001018 significantly suppressed tumor malignancy and tumor
cell phenotypes.

In the last 5 years, SOX4 has been extensively studied in various hu-
man cancers, including oral cancer, breast cancer, ovarian cancer, and
lung cancer, among others,53–56 especially lung cancer. For instance,
SOX4 was reported to be targeted bymiR-363-3p to inhibit non-small
cell lung cancer cell invasion.57 Zhong et al.58 reported in 2019 that
SOX4 was upregulated by lncRNA OR3A4, potentially predicting
poor clinical outcomes of patients with non-small cell lung cancer.
However, SOX4 has not been studied in human papillary cancer.
This research was thus conducted to fill this gap. We found that
miR-338-3p directly targeted SOX4 mRNA and suppressed its
expression. The forced overexpression of SOX4 induced cell survival,
proliferation, and mobilities of TPC-1 and IHH-4 cell lines. From
another perspective, when studying the SOX4-circRNA feedback
loop, Ding’s team59 reported in 2019 that circ-DONSON promoted
gastric cancer cell invasion by recruiting the NURF complex to the
promoter region of SOX4, thus activating SOX4 transcription. In
our study, SOX4 was in a ceRNA network that involves
circ_0001018 and miR-338-3p: circ_0001018 promoted the
neoplastic phenotypes of the PTC cells by sponging miR-338-3p,
thus releasing SOX4 and resulting in an elevated SOX4 level. Taken
together, we think that SOX4 can be a solid facilitator of PTC cancer
genesis. Our study not only provided insights into the tumor-promot-
ing role of SOX4 in PTC, but it also identified a novel ceRNA network
involving SOX4 in PTC.

However, there are still some concerns that need to be addressed in
the future. On the one hand, the study on the downstream signaling
pathway of SOX4 could go deeper. On the other hand, commercial
drugs are often used to treat PTC, such as cabozantinib60 and anloti-
nib.61 Therefore, it is important to explore the effect of the
circ_0001018/miR-338-3p/SOX4 axis on the specific drugs for the
treatment of PTC.
338-3p in PTC

e algorithm. (C and D) Comparison of GO term enrichment betweenGEO: GSE3678

results are presented in a histogram (C) and an interaction network (D). (E) Overlap of

3p, and extracellular matrix-related genes.
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Figure 8. SOX4 was detected to express more in tumor tissues than the normal

(A) The enrichment of SOX4, DAB2IP, DGKH, RASA1, MSN, and CBL using RT-PCR in the sample pulled down by biotinylated miR-338-3p. **p < 0.01, compared with

biotinylated NC (Bio-NC). Data indicate themean ±SD. n = 3, repetition = 3. (B) The relative expression of SOX4mRNAwas detected by RT-PCR in normal (n = 51) and tumor

tissues (n = 51). GAPDHwas used as the reference. (C) Relative expression of SOX4mRNA in cell lines (Nthy-ori3-1, Htori-3, K1, TPC-1, CAL-62, IHH-4) was analyzed by RT-

PCR. GAPDH was used as a standard. (D) Relative expression of SOX4 protein in cell lines (Nthy-ori3-1, Htori-3, K1, TPC-1, CAL-62, IHH-4) was analyzed by western blot.

GAPDH was used as a standard. (E) The correlation between miR-338-3p and SOX4 mRNA expression in PTC tissues was determined by Spearman’s correlation analysis.

*p < 0.05, **p < 0.01, compared with Nthy-ori 3-1. Data indicate the mean ± SD. n = 3, repetition = 3.
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Conclusions

Our study demonstrated that circ_0001018 promoted tumor growth
in vivo, and it enhanced the malignant phenotypes of PTC cells via
sponging miR-338-3p to release SOX4. Our findings might provide
a new target for the treatment of PTC.
602 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
MATERIALS AND METHODS
Clinical tissue samples

Clinical PTC and adjacent healthy tissues were collected from pa-
tients diagnosed with PTC in the China-Japan Union Hospital of Ji-
lin University Hospital. No radiotherapy, chemotherapy, or other



Figure 9. miR-338-3p directly targeted SOX4 mRNA in TPC-1 and IHH-4 cell lines

(A) The complementary pairing betweenwild-type miR-338-3p and 30 UTR of SOX4 is illustrated based on a TargetScan Human 7.2 algorithm. Themutated type of the SOX4

30 UTR represents amismatched pairing with wild-typemiR-338-3p in three positions. (B) Relative luciferase activity was detected by a luciferase reporter assay in TPC-1 and

(legend continued on next page)
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adjuvant therapies had been introduced. 51 pairs of tissue samples
were collected followed by liquid nitrogen freezing and storage at
�80�C. 51 PTC tissues and 51 adjacent healthy tissues were used
for the analysis. The analysis of the tissue sample was authorized
by the patients and approved by the Ethics Committee of the hospi-
tal. The baseline characteristics of all participants are presented in
Table S1.

Cell lines and cell culture

Human PTC cell lines K1, IHH-4, and TPC-1, human thyroid gland
undifferentiated carcinoma cell line CAL-62, as well as immortalized
human thyroid follicular epithelial cell lines Nthy-ori 3-1 (child cell
line) and Htori-3 (parent cell line) were used in this study. K1,
IHH-4, TPC-1, Nthy-ori3-1, and Htori-3 cell lines were purchased
from BNCC (Beijing, China). The CAL-62 cell line was purchased
from the Chinese Academy of Sciences (Shanghai, China). The
Nthy-ori3-1 cell line was cultured in RPMI 1640 medium with 10%
fetal bovine serum (FBS). TPC-1, K1, CAL-62, and IHH-4 cell lines
were kept in 90% DMEM-H + 10% FBS. The Htori-3 cell line was
kept in 90% F-12K medium + 10% FBS. The TPC-1 cell line was
derived from a differentiated thyroid gland papillary carcinoma,62

and it harbored the RET/PTC1 gene rearrangement.63 The TPC-1
cell line has been confirmed to be a thyroid cancer cell line that rep-
resents PTC.64,65 It is a highly characterized model for thyroid cancer
research. The IHH-4 cell line was from a metastasis (site: left cervical
lymph node) of a differentiated thyroid gland papillary carcinoma,
and it is highly metastatic.66 In addition, previously published work
has regularly used these two cell lines in diverse pathogenesis and pro-
gression studies.49,67–72

Nude mice xenograft assay (a live imaging method with tumor

tissue pathology analysis)

Male BALB/c nude mice (at 4 weeks of age) were purchased from Bei-
jing Vital River Laboratory Animal Technology and randomly as-
signed to the sh_circRNA_0001018 group (n = 5) and NC group
(n = 5). TPC-1 cells stably transfected with sh-circRNA_0001018 or
empty vector were suspended in PBS. 100 mL of cell suspension
(approximately 1 � 108 cells/mL) was injected into the left armpit
of the nudemice. A small animal imaging system was used to monitor
the tumor growth in a 4-week-long time course. Fluorescence images
were obtained at week 1 and week 4. Finally, the nudemice were killed
at week 4, and the tumors were resected and subjected to H&E path-
ologic analysis and Ki67 IHC staining. Experiments were approved by
the Institutional Animal Care and Use Committee of the hospital.
IHH-4 cells. **p < 0.01, compared with miR-NC group, in which group the cells were tran

3p mimics was determined by RT-PCR in TPC-1 and IHH-4 cells. U6 was used as the re

and IHH-4 cells transfectedwithmiRNAmimic, SOX4 overexpression plasmids, or co-tra
##p < 0.01, compared with the mimic group. (E) The relative expression of SOX4 prote

miRNA mimic, SOX4 overexpression plasmids, or co-transfected with both. GAPDH wa

mimic group. (F) The expression of SOX4 protein in both cell lines transfected with circ

blotting method. **p < 0.01, versus control; ##p < 0.01, versus the sh-circRNA group. n =

way ANOVA except for the luciferase assay, in which the Student’s t test was used. O

inhibitor, miR-338-3p inhibitor.
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Luciferase reporter gene assay

The complementary relationship between hsa_circ_0001018 and
miR-338-3p was predicted using the ENCORI for RNA interactomes
algorithm. TargetScan Human 7.2 and miRWalk algorithms were
used to predict the complementary sequences between miR-338-3p
and SOX4 mRNA. To construct luciferase reporter vectors, the se-
quences of circ_0001018 and the SOX4 mRNA 30 UTR that are com-
plementary to miR-338-3p were amplified by PCR and cloned into
the pmirGLO Dual-Luciferase vector. TPC-1 and IHH-4 cells were
transfected with approximately 50 ng of the corresponding vectors
together with approximately 25 ng of miR-338-3p mimic or the
mimic control. Lipofectamine 3000 reagent (Invitrogen, Carlsbad,
CA, USA) was used for transfection. The Dual-Luciferase reporter
assay system (Promega, Fitchburg, WI, USA) was used to detect the
luciferase activity 2 days afterward. The ratio of firefly to Renilla lucif-
erase was calculated.

Cell transfection

circ_0001018 shRNA, circ_0001018 overexpression vectors, SOX4
overexpression vectors, miR-338-3p mimic, and miR-338-3p inhibi-
tor were purchased from GenePharma (Shanghai, China). For the
construction of the circ_0001018 overexpression and SOX4 overex-
pression vectors, the full length of circ_0001018 and SOX4 was ampli-
fied by PCR, and the primers containing BamHI and XhoI sites were
designed. Next, the full length of circ_0001018 and the full-length of
SOX4 were inserted into pLCDH-cir (GenePharma, China) and
pcDNA3.1 (GenePharma, China), respectively, at the BamHI and
EcoRI sites. Finally, puromycin was used to select the transfected cells.
As for circ_0001018 shRNA, two shRNAs for knockdown of
circ_0001018 were designed, synthesized, and inserted between the
BamHI and EcoRI sites of the pLV-CMV-puro-U6-shRNA lentiviral
vector. Puromycin also used to screen out the transfected cells. The
sequences of circ_0001018 shRNA (sh-1 and sh-2), circRNA-OE,
miR-338-3p mimic, and miR-338-3p inhibitor are given in Table
S2. The cell transfection was performed using circ_0001018 shRNA
(sh-1 and sh-2), circ_0001018 overexpression vectors, SOX4 overex-
pression vectors, miR-338-3p mimic, and miR-338-3p inhibitor. Af-
ter transfection for 48 h using Lipofectamine 3000 (Invitrogen), the
transfected cells were collected to assess the transfection efficiency
by qRT-PCR.

Quantitative PCR analysis

TRIzol reagent (Invitrogen) was used for RNA isolation from tissues
and cell lines. The SuperScript IV first-strand synthesis system
sfected with only the transfection reagent. (C) The transfection efficiency of miR-338-

ference. (D) The expression of SOX4 mRNA was determined by qRT-PCR in TPC-1

nsfected with both. GAPDHwas used the reference gene. **p < 0.01, versus control;

in was detected by western blotting in TPC-1 and IHH-4 cell lines transfected with

s used as the reference. **p < 0.01, versus control; ##p < 0.01, compared with the

_0001018 shRNA, miR-338-3p inhibitor, or both was detected using the immuno-

3, repetition = 3. Data indicate mean ± SD. Statistical analysis was done using one-

E, overexpression; mimic, miR-338-3p mimic; sh-circRNA, circ_0001018 shRNA;
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(Thermo Fisher Scientific, USA) was used for cDNA synthesis from
1 mg of total RNA. A One Step PrimeScript RT-PCR kit (TaKaRa, To-
kyo, Japan) was mixed with cDNA for fluorescence quantitative PCR.
The primer sequences are shown in Table S3. circ_0001018 was
amplified from cDNA by divergent primers (an expected 85-bp
fragment).

Half-life detection

To detect the half-life of circ_0001018 and its linear mRNA counter-
part, the TPC-1 and IHH-4 cells were incubated with 5 mg/mL actino-
mycin D (ActD) (a transcription inhibitor) for 0, 10, 20, and 30 h.
After incubation, the cells were collected, and the total RNA was iso-
lated from the collected cells using TRIzol reagent. The half-life of
circ_0001018 and its linear mRNA was detected using qRT-PCR.

Immunoblot analysis

50 mg of protein samples from lysed cells went through 10% SDS-
PAGE before transfer to nitrocellulose membranes. The membranes
were blocked with skim milk for 2 h. Thereafter, the primary anti-
bodies against SOX4 (1:1,000, catalog no. ab80261, Abcam, UK), E-
cadherin (1:1,000, catalog no. ab76055, Abcam, UK), vimentin
(1:1,000, catalog no. ab925475, Abcam, UK), fibronectin (1:1,000, cat-
alog no. ab24135, Abcam, UK), CCT4 (1:1,000, catalog no. 21524-1-
AP, Proteintech, IL, USA), and GAPDH (1:1,000, catalog no.
ab1816025, Abcam, UK) were incubated with the membranes over-
night, and horseradish peroxidase (HRP)-conjugated secondary
antibodies were used for subsequent incubation. Immunocomplex
visualization was enhanced using enhanced chemiluminescence
(ECL) reagent (Applygen, Beijing, China).

Cell fractionation

circ_0001018 andCCT4mRNAabundancewas detected in fractioned
cytoplasm and nucleus. Most of the circ_0001018 and CCT4 mRNA
was then localized. Nuclear and cytoplasmic RNA were extracted
from cells using a cytoplasmic and nuclear RNA purification kit (In-
vitrogen, CA, USA). Briefly, TPC-1 and IHH-4 cells were incubated
with lysis solution on ice for 10 min. Then, the cells were centrifuged
at 12,000 � g for 3 min. Cytoplasmic RNA from the supernatant and
nuclear RNA from the nucleus were collected and purified. GAPDH
(primarily detected in the cytoplasmic fraction) andU6 (primarily de-
tected in the nuclear fraction) were used as the endogenous controls
for the cytoplasmic and nuclear fraction, respectively.

FISH assay

The FISH assay was used to confirm the subcellular localization of
circ_0001018 and linear mRNA (CCT4) using a FISH kit (RiboBio,
Figure 10. miR-338-3p inhibited cell migration and invasion in TPC-1 and IHH-

(A) Cell survival was determined by a CCK-8 assay (reflected by OD450 values) in TPC-1

both continuing for 3 days. (B) After transfection with a miRNA mimic, SOX4 overexpres

cells. (C) Cell migration was assessed by transwell migration assays, andmiRNAmimic,

produced to illustrate the migratory cell numbers. (D) Cell invasion was assessed by tran

transfected. (E) The protein levels of E-cadherin, vimentin, and fibronectin were detecte

analysis was conducted using a one-way ANOVA. All other groupswere compared with t
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China) according to the instructions with the kit. Briefly, the FISH
probes targeting the back-splicing site of circ_0001018 were designed
and labeled by Cy5, and the FISH probes of linear mRNA (CCT4)
were designed and labeled by fluorescein isothiocyanate (FITC).
The TPC-1 and IHH-4 cells were fixed with 4% paraformaldehyde
for 15 min and permeabilized with 0.5% Triton X-100 for 10 min.
Then, the cells were hybridized with Cy5-labeled FISH probes over-
night. After hybridization, the cells were washed using saline sodium
citrate (SSC) solution for 5 min and stained with DAPI for 10 min
without light. Finally, the images were acquired by a fluorescence
microscope.

RIP assay

A RIP assay was performed in TPC-1 and IHH-4 cell lines 48 h after
transfection with miR-338-3p mimic or mimic control. A Magna RIP
RNA-binding protein immunoprecipitation kit (Millipore) was cho-
sen for the experiment. Briefly, 1 � 107 cells were lysed in RNA lysis
buffer, and magnetic beads were added to the lysate in RIP buffer. The
magnetic beads were conjugated to human anti-Ago2 antibody or
mouse immunoglobulin G (IgG) (Millipore). IgGwas used as the con-
trol. Proteinase K was added to the samples. Precipitated RNA was
released and collected. The enrichment of circ_0001018 and
circ_0000011 was respectively examined using RT-PCR. The diver-
gent primers were provided in Table S2.

RNA pull down

The RNA pull-down assay was carried out according to the previous
study.73 bio-miR-338-3p and bio-NC (Ribobio, Guangzhou. China)
were introduced into TPC-1 and IHH-4 cells. 48 h later, the cells
were collected, washed with PBS, and incubated with lysis buffer
(Thermo Fisher Scientific, DE, USA). The lysate was then placed in
streptavidin beads (Thermo Fisher Scientific, DE, USA) and pre-
treated with RNase-free bovine serum albumin (BSA) and yeast
tRNA at 4�C for 2 h. Next, a pull-down test was performed using a
magnetic stent (Promega, Fitchburg, WI, USA). The RNA complex
bound to the beads was eluted and extracted using TRIzol for the
RT-PCR analysis.

Cell survival assays

CCK-8 reagent (Dojindo Laboratories, Kumamoto, Japan) was used
to analyze cell survival. The two cell lines were seeded and incubated
in 96-well plates and the density was about 5,000 cells per well. sh-
circ_0001018 and/or miR-338-3p inhibitor, miR-338-3p mimic,
and/or SOX4-OE were transfected into cells for 48 h and CCK-8 re-
agent (10 mL) was added at the time points of 0, 24, 48, or 72 h. An
enzyme-labeling instrument (Thermo Fisher Scientific, USA) was
4 cells, which was reversed by SOX4 overexpression

and IHH-4 cells transfected with miRNA mimic, SOX4 overexpression plasmids, or

sion plasmids, or both, a wound-healing assay was performed in TPC-1 and IHH-4

SOX4 overexpression plasmids, or both were transfected into cells. Bar graphs were

swell invasion assays. miRNA mimic, SOX4 overexpression plasmids, or both were

d by immunoblot analysis. n = 3, repetition = 3. Data indicate mean ± SD. Statistical

he control group. **p < 0.01, versus control; ##p < 0.01, compared withmimic group.
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used to measure the optical absorbance at 450 nm of every sample.
The optical absorbance reflects the cell survival conditions.
EdU assay

An EdU detection kit (Ribobio, China) was used to assess cell prolif-
eration. Briefly, TPC-1 and IHH-4 cells in the exponential phase were
cultured in medium containing 50 mM EdU for 12 h at 37�C. Then,
the cells were fixed in 4% paraformaldehyde and permeabilized using
0.5% Triton X-100 for 5 min. After the wash with PBS, the cells were
stained with Apollo staining solution for 30min, followed by counter-
staining with Hoechst 33342 dye (Invitrogen, USA). Finally, the cells
were observed under a fluorescence microscope.
Flow cytometry analysis

Cell apoptosis and cell cycle profiling were obtained using a flow cy-
tometer. For cell apoptosis, an annexin V-FITC/propidium iodide
(PI) cell apoptosis detection kit (BioLegend, USA) was used. 5 �
106 cells were collected and resuspended in 100 mL of binding buffer.
Then, annexin V-FITC and PI (1:1 in volume) were added to the cells
for 25 min in the dark. As for cell cycle profiling, a cell cycle assay kit
(Vazyme, China) was used. Briefly, the transfected cells were resus-
pended in pre-cooling PBS and fixed in 75% anhydrous ethanol over-
night. Next, after RNase digestion, the cells were stained with 20 mL of
PI without light for 30 min. All apoptosis and cell cycle profiling data
were obtained from the built-in software.
Wound-healing assay

A wound-healing assay was performed for analysis of migration rate
in vitro. 5� 105 cells/well (TPC-1 and IHH-4 cells) were cultured in a
six-well plate and incubated overnight. After 90% cell confluence, the
medium was replaced with the serum-free medium. After incubation
for 12 h, the cells were scratched using 200-mL pipette tips. After
removing the exfoliated cells with PBS, the fresh serum-free medium
was added for 24 h of incubation. At 0 and 24 h after scratching, the
images were obtained using an inverted microscope (Nikon, Japan),
and the wound width was measured by Image-Pro Plus software (Me-
dia Cybernetics, USA).
Transwell migration and invasion assays

The migration and invasion abilities of both cell lines were assessed
using a transwell assay. Initially, we seeded PTC cells in the upper
chambers of every 8-mm transwell (Millipore, Billerica, MA, USA)
with (invasion assays) or without (migration assays) the coating of
Matrigel. For migration assays, the upper chamber was seeded with
PTC cells (2 � 104 cells per well) in medium without serum while
the lower chamber was added with 10% serum. Matrigel-coated
chambers were used for invasion assays. A 24 h of incubation to allow
the cells to migrate and 48 h to allow them to invade into lower cham-
bers, the upper chambers were collected. PTC cells on the upper sur-
face of the filter were removed, and the cells attached to the lower
chambers were quantified under a microscope. We chose five random
fields and counted the cell numbers in every field using an optical in-
verted microscope (Nikon, Tokyo, Japan).
Bioinformatics analysis

Datasets of GEO: GSE3678 and GSE60542 were downloaded from
GEO database. The upregulated DEGs of GEO: GSE3678 were
screened out using a threshold of an adjusted p <0.05 and a log fold
changed (FC) >0. The upregulated DEGs as well as the overlapped
target genes of miR-338-3p from TargetScan Human 7.2 and miR-
Walk databases were then imported into Metascape, thus showing
the enriched GO terms of the two gene lists. In addition, we acquired
expression data of SOX4 in thyroid cancer from GEPIA, GEO (GEO:
GSE3678 and GSE60542), and Oncomine (Giordano thyroid statis-
tics) databases.

Statistical analysis

Data are reported in the format of mean ± SD from at least three in-
dependent experiments. A Student’s two-tailed unpaired t test was
used to determine differences between two groups. One-way
ANOVA with Dunnett’s post hoc method was used to determine
the differences among multiple groups. p < 0.05 was considered sta-
tistically significant.
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