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The incidence and mortality of papillary thyroid cancer (PTC)
have steadily increased. Although conventional therapies are
very effective toward differentiated PTC patients, very limited
therapeutic options are applicable to those patients with
distant metastases. Therefore, better understanding of the mo-
lecular biology of metastatic PTC helps identify novel targets
and facilitates the development of new therapies. In this study,
we first found that testicular orphan receptor 4 (TR4) was
significantly increased in PTC tumors spreading to lymph
nodes compared to the paired primary tumors. Experimental
evidence suggested that TR4 drove PTC progression via pro-
moting its cell invasion and cell migration. Mechanistically,
TR4 transcriptionally regulated the expression level of circ-fil-
amin A (FLNA), which competed with matrix metalloprotei-
nase 9 (MMP9) for microRNA (miR)-149-5p binding and led
to an increased protein level of MMP9. Interruption assays
with various gene manipulations verified that the TR4/circ-
FLNA/miR-149-5p/MMP9 signaling axis played a central role
in cell invasion and cell migration of PTC cells. Moreover, a
xenografted mouse model also confirmed that the TR4/circ-
FLNA signal promoted PTC tumor growth. Overall, our study
pinpoints the oncogenic role of TR4 in PTC development, and
the targeting of TR4/circ-FLNA/miR-149-5p/MMP9 signaling
may be an alternative option for metastatic PTC patients.
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INTRODUCTION
Thyroid cancer (TC) is a common endocrine malignancy world-
wide.1,2 According to the global survey in 2012, approximately
300,000 new cases of TC were diagnosed, and 40,000 deaths were re-
ported.3 TC is usually divided into differentiated TC (DTC), medul-
lary TC (MTC), and anaplastic TC (ATC), and papillary TC (PTC)
accounts for themajority of DTC. Current treatments such as surgery,
radioactive iodide therapy, and hormone-suppressive therapy show
promising therapeutic efficacy in patients with PTC. However, about
30% of PTC will develop distant metastases;4,5 lymph node, bone,
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lung, and liver are desirable organs PTC prefers to invade. For such
patients with metastasis, the mortality is rather high due to the worse
5-year survival rate (about 50%) and limited treatment options.
Therefore, better understanding of the molecular biology of metasta-
tic PTC will accelerate the development of novel targeted therapies.

Testicular orphan receptor 4 (TR4 or NR2C2) was first cloned from
testis and was a nuclear receptor without an identified ligand.6 Early
studies have demonstrated that TR4 is a key factor to maintain
fertility, bone development, and metabolic homeostasis.7,8 As a tran-
scription factor, activated TR4 is translocated to the nucleus where it
binds its recognized DNA element and regulates a bundle of genes.
Now increasing evidence suggests that TR4 may also contribute to
cancer development.9–13 For instance, TR4 played a tumor-promot-
ing role in renal cell carcinoma (RCC) by promoting vasculogenic
mimicry formation and tumor metastasis.9 In prostate cancer
(PCa), evidence suggested that TR4 could suppress PCa initiation
via regulating ATM serine/threonine kinase to reduce DNA dam-
ages.12 Indeed, in vitro and in vivo studies showed that TR4 could
increase PCa invasion/metastasis via its regulation on CCL2, trans-
forming growth factor b receptor 2 (TGFBR2)/Smad3, and stem
cell populations.11 However, little is known about the role of TR4
in PTC carcinogenesis and progression.

Circular RNAs (circRNAs) are pre-mRNA back-splicing products of
exons and increasingly receive interest in the field of cancer
research.14,15 The function of one certain circRNA relies on its regu-
lation on gene expression;16 circRNA can act as a sponge of
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Figure 1. TR4 promotes cell invasion/migration of PTC cells

(A) TR4 expression level was examined in 20 pairs of primary PTC tumors and the paired lymph node metastatic PTC tumors using IHC staining strategy. Left, representative

images of TR4 signal in PTC patients; top, image from primary PTC tumor; bottom, image from the paired PTC tumors metastasizing into lymph node; right, quantification of

TR4 signal in PTC patients. Paired t test was used to make the statistical analysis. (B) TR4 expression level was significantly increased in nodal metastasis (N1) TC patients

(legend continued on next page)
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microRNA (miRNA) or nuclear circRNA or impair the alternative
splicing of such pre-mRNAs and cause altered gene expression. The
contributions of circRNAs to PTC development have been docu-
mented recently. For instance, circ-FOXM1 could promote PTC
growth by acting as a sponge of microRNA (miR)-1179 to increase
HMGB1 expression.17 Evidence also demonstrated that circ-
BACH2 increased PTC cell proliferation, invasion, and migration
by preventing miR-13p-5p from binding to the 30 UTR of LMO4.18

These findings imply that circRNAs indeed play critical roles in
PTC development and deserve our further investigations.

In this study, we first found that TR4 was increased in metastatic PTC
patients compared to non-metastatic controls (Ctrls). Overexpression
of TR4 (oeTR4) increased cell invasion/migration of PTC cells. Mech-
anistic dissection revealed that the circ-filamin A (FLNA)/miR-149-
5p/matrix metalloproteinase 9 (MMP9) signaling axis was involved
in TR4-induced cell invasion/migration of PTC cells, which was
also verified in a xenografted mouse model. Together, our study
builds a strong rationale to develop TR4-targeted therapies toward
metastatic PTC patients.

RESULTS
TR4 promotes cell invasion/migration of PTC cells

The role of TR4 in PTC development has not yet been investigated.
Therefore, we first examined TR4 expression in 20 pairs of primary
PTC tumors and the paired lymph node metastatic PTC tumors.
The data obtained from immunohistochemistry (IHC) staining
demonstrated that the TR4 expression level was significantly
increased in metastatic PTC tumors compared to the paired primary
PTC controls (Figure 1A), which was consistent with the analysis
from The Cancer Genome Atlas (TCGA) dataset showing that the
level of TR4 was also remarkably increased in TC patients with nodal
metastasis (Figure 1B). More importantly, TC patients with a high
TR4 expression level tended to have shorter overall survival (OS)
time than patients with a low TR4 expression level (Figure 1C). These
findings suggest that TR4 may play an oncogenic role in PTC devel-
opment. To end this, we manipulated TR4 expression both in K-1 and
TPC-1 cells by knockdown or overexpression strategies and examined
the invasive and migration capacities of these cells. As shown in Fig-
ure 1D, TR4 was successfully reduced by short hairpin (sh)RNAs in
K-1 cells, and knockdown of TR4 in K-1 cells led to a reduced cell in-
compared to non-metastasis (N0) TC patients. (C) OS analysis of TC patients classified b
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presented as mean ± SD and p values calculated by t test. *p < 0.05, **p < 0.01, ***p
vasion and migration (Figures 1E and 1F). On the contrary, cell inva-
sion and migration of K-1 were dramatically increased upon TR4
transfection (Figures 1G�1I). What’s more, the data of TPC-1 cells
also confirmed that knocking down TR4 could decrease cell invasion
and migration capacities (Figures 1J�1L), and oeTR4 could increase
cell invasion and migration capacities (Figures 1M�1O). At the same
time, we also checked the proliferation and clonogenicity after manip-
ulated TR4 in the PTC cells. The results showed that TR4 could pro-
mote PTC cell proliferation and clonogenicity capacities too (Figures
S1A�S1H). Taken together, all of these data suggest that TR4 drives
PTC progression via promoting its cell invasion, migration, and
proliferation.

circ-FLNA is oneof the factors contributing to TR4-mediated cell

invasion/migration of PTC cells

To find the underlying mechanisms by which TR4 promotes cell in-
vasion/migration of PTC cells, we turned our focus on circRNAs due
to their potential roles in gene regulation. We first examined the
expression levels of 10 circRNAs, which were differentially expressed
between PTC tissues and the corresponding normal tissues according
to the literature,19 in PTC cells before and after the manipulation of
TR4. Results exhibited that four circRNAs (circRNA-0021553,
circRNA-0079891, circRNA-0091894, and circRNA-0004771) were
consistently altered in K-1 and TPC-1 cells when we altered TR4
expression (Figures 2A and 2B). To determine which circRNA was
responsible for TR4-mediated cell invasion/migration of PTC cells,
we applied a rescue assay in TPC-1 cells. Interestingly, we found
that TR4-induced cell invasion of TPC-1 cells was reversed by
circRNA-0091894 shRNAs but not by others (Figure 2C). Wound-
healing assay also confirmed that knockdown of circRNA-0091894
blocked TR4-induced cell migration of TPC-1 cells (Figure 2D). As
a back-splicing product of the FLNA precursor (Figure 2E),
circRNA-0091894 was named as circ-FLNA for convenience, and
its circular property was confirmed by RNase R digestion using linear
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA as a
negative control (Figure 2F). Next, we oecirc-FLNA in TPC-1 cells
and found that induction of circ-FLNA could prevent shTR4-
decreased cell invasion and migration (Figures 2G and 2H). Similarly,
shTR4-reduced cell invasion and migration were diminished in K-1
cells in the presence of circ-FLNA transfection (Figures 2I�2K).
We also oeTR4/shcirc-FLNA in K-1 cells; the results showed that
y TR4 expression level. The blue line stands for low TR4 TPM; red line stands for high
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Figure 2. circ-FLNA is one of the factors contributing to TR4-mediated cell invasion/migration of PTC cells

(A) qRT-PCR assay was used to check the expression levels of circRNAs in K-1 cells before and after TR4 knockdown. GAPDH was used to normalize gene expression. (B)

qRT-PCR assay was used to check the expression levels of circRNAs in TPC-1 cells before and after oeTR4. GAPDH was used to normalize gene expression. (C) Transwell

invasion assay showed that circRNA-0091894 (circ-FLNA) knockdown could prevent TR4-induced cell invasion of TPC-1 cells, but circRNA-0021533, circRNA-0079891,

and circRNA-0004771 could not reverse the function of TR4. Left, representative images of invading TPC-1 cells; right, statistical analysis of invading TPC-1 cells. (D)Wound-

healing assay revealed that TR4-induced cell migration of TPC-1 cells was reversed by shcirc-0091894 (shcirc-FLNA). Left, representative images of migrating TPC-1 cells;

right, statistical analysis of migrating TPC-1 cells. (E) Nucleotide sequence of circ-FLNA. (F) The circular property of circ-FLNA was confirmed by RNase R digestion. GAPDH

served as negative control. (G) oecirc-FLNA could block shTR4-reduced cell invasion of TPC-1 cells. Transwell invasion assay was used to check the invasion capacity after

shTR4/oecirc-FLNA in the TPC-1 cells. Left, representative images of invading TPC-1 cells; right, statistical analysis of invading TPC-1 cells. (H) oecirc-FLNA could also

prevent shTR4-reduced cell migration of TPC-1 cells. Wound-healing migration assay was used to check the migration capacity after shTR4/oecirc-FLNA in the TPC-1 cells.

Left, representative images of migrating TPC-1 cells; right, statistical analysis of migrating TPC-1 cells. (I) qRT-PCR assay was used to check the efficiency of oecirc-FLNA in

K-1 cells. (J) oecirc-FLNA could block shTR4-reduced cell invasion of K-1 cells. Transwell invasion assay was used to check the invasion capacity after shTR4/oecirc-FLNA in

the K-1 cells. Left, representative images of invading K-1 cells; right, statistical analysis of invading K-1 cells. (K) oecirc-FLNA could also prevent shTR4-reduced cell migration

of K-1 cells. Wound-healing migration assay was used to check the migration capacity after shTR4/oecirc-FLNA in the K-1 cells. Left, representative images of migrating K-1

(legend continued on next page)
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shcirc-FLNA could partly reverse the function of TR4 to PTC cells,
both in invasion and migration capacities (Figures 2L and 2M).
What’s more, we also checked the proliferation and clonogenicity af-
ter shTR4/oecirc-FLNA or oeTR4/shcirc-FLNA in TPC-1 and K-1
cells. The data were also consistent with the invasion and migration
data (Figures S2A�S2D). Of note, we failed to observe any altered
cell invasion of K-1 cells when FLNA was depleted (Figure S2E), sug-
gesting circ-FLNA but not its host gene contributed to cell invasion/
migration of PTC cells. Taken together, we conclude that circ-FLNA
is one of the contributing factors responsible for TR4-mediated cell
invasion/migration in PTC cells.

TR4 transcriptionally regulates circ-FLNA

As a transcription factor, TR4 could enter the nucleus and regulate
numerous genes. We first looked at the promoter region of the circ-
FLNA host gene. As predicted in JASPAR, there were 6 TR4-binding
elements (TR4Es) at the�2-kb promoter region of FLNA (Figure 3A).
To check which binding site was associated with the regulation of TR4
on circ-FLNA, we performed a chromatin immunoprecipitation
(ChIP) assay using TR4 antibody as a bait to pull down chromatin
DNA fragments. The result revealed that TR4 could only bind
TR4E-2/3 but not others (Figure 3B), implying that TR4E-2/3 at the
promoter region of FLNA may be tightly linked with the regulation
of circ-FLNA by TR4. To confirm whether TR4 could directly affect
the promoter’s activity of FLNA and regulate the circ-FLNA expression
level, we cloned the wild-type and mutated promoter region of FLNA,
as depicted in Figure 3C, into pGL3-basic backbone and examined
their activities. As shown in Figure 3D, oeTR4 significantly increased
the wild-type promoter activity of FLNA in TPC-1 cells but had little
effect on the mutated one. A significant decrease of wild-type promoter
activity of FLNA was observed when TR4 was knocked down in K-1
cells, which was diminished when TR4-2/3 was mutated (Figure 3E).
Together, these results support the notion that TR4 transcriptionally
regulates circ-FLNA expression level via directly binding to TR4E-2/3.

Mechanistic dissection shows that miR-149-5p is involved in

TR4/circ-FLNA-mediated cell invasion/migration of PTC cells

The sponge potential of circRNA in gene regulation has been wildly
known. To find which miRNA was involved TR4/circ-FLNA-medi-
ated progression of PTC cells, we pulled down circ-FLNA using the
biotin probe and detected its associated miRNAs. The result exhibited
that miR-149-5p and miR-134-3p were evidently enriched with circ-
FLNA (Figure 4A). A rescue assay using miRNA inhibitor indicated
that miR-149-5p but not miR-134-3p participated into circ-FLNA-
mediated cell invasion of PTC cells, showing that a reduced cell inva-
sion of TPC-1 cells by circ-FLNA knockdown was diminished in the
presence of the miR-149-5p inhibitor (Figure 4B). Similarly, an inhib-
itory effect on cell migration of TPC-1 cells upon circ-FLNA knock-
cells; right, statistical analysis of migrating TPC-1 cells. (L) Knocking down of circ-FLNA c

to check the invasion capacity after oeTR4/shcirc-FLNA in the K-1 cells. Left, represent

Knocking down of circ-FLNA could also prevent TR4-induced cell migration of K-1 ce

oeTR4/shcirc-FLNA in the K-1 cells. Left, representative images of migrating K-1 cells;

mean ± SD and p values calculated by t test. **p < 0.01, ***p < 0.001.
down was also lost when the miR-149-5p inhibitor was supplemented
into these cells (Figure 4C). On the contrary, oemiR-149-5p (Fig-
ure S3A) could also block circ-FLNA-induced cell invasion and cell
migration of K-1 cells (Figures S3B and S3C). Most importantly,
TR4-induced cell invasion and cell migration of TPC-1 cells could
also be attenuated when miR-149-5p was over-introduced into cells
(Figures 4D and 4E), whereas shTR4 failed to reduce cell invasion
and cell migration of K-1 cells when cells were supplemented with
the miR-149-5p inhibitor (Figures S3D and S3E), implying the role
of TR4 in PTC was also tightly connected with miR-149-5p. Further-
more, we also mutated the nucleotides of circ-FLNA responsible for
miR-149-5p binding (Figure 4F) and examined whether it affected
the biological functions of circ-FLNA. Our results showed that the
mutated form of circ-FLNA lost its ability to influence cell invasion
and cell migration of K-1 cells (Figures 4G and 4H), strengthening
the point that the biological functions of circ-FLNA relied on its abil-
ity to interact with miR-149-5p. Together, all of these data suggest
that miR-149-5p is involved in the TR4/circ-FLNA signal to regulate
cell invasion/migration of PTC cells.

MMP9 is the downstream effector controlling TR4/circ-FLNA/

miR-149-5p-induced cell invasion/migration of PTC cells

To find the downstream targets contributing to TR4/circ-FLNA/miR-
149-5p-mediated cell invasion/migration of PTC cells, we examined
the expression levels of several metastasis-related genes (also predicated
asmiR-149-5p targeting genes) before and after the alteration of TR4 in
TPC-1 and K-1 cells. Data showed that only MMP9 was consistently
altered in TPC-1 and K-1 cells upon TR4 manipulation (Figure 5A),
implying that MMP9 may be the candidate downstream effector
responsible for TR4-induced cell invasion and migration of PTC cells.
We also checked MMP9 expression after shTR4 in TPC-1 cells and
oeTR4 in K-1 cells; the results were also consistent with the data in Fig-
ure 5A (Figure 5B). To test this postulation, we first examined the
MMP9 expression level after the alteration of the TR4/circ-FLNA/
miR-149-5p signaling axis. Our data demonstrated that either oecirc-
FLNAormiR-149-5p inhibitionwith inhibitor could reverse the reduc-
tion of MMP9 expression level by TR4 depletion in K-1 cells (Figures
5C and 5D). In contrast, inhibition of circ-FLNA with shRNAs or oe-
miR-149-5p bore the capacity to prevent TR4-induced MMP9 expres-
sion level in TPC-1 cells (Figures 5E and 5F) and the reverse assay in K-
1 cells also confirmed that inhibition of circ-FLNA with shRNAs could
also prevent TR4 inducedMMP9 expression (Figure 5G). Most impor-
tantly, knockdown of MMP9 had the capacity to impair TR4-induced
cell invasion and cell migration of TPC-1 cells (Figures 5H and 5I), and
shTR4/oeMMP9 in the same PTC cells also confirmed it (Figures 5J
and 5K). What’s more, we also checked the proliferation and clonoge-
nicity capacities of PTC cells, and the results were consistent with the
invasion and migration data (Figures S4A�S4D), suggesting that
ould block TR4-induced cell invasion of K-1 cells. Transwell invasion assay was used

ative images of invading K-1 cells; right, statistical analysis of invading K-1 cells. (M)

lls. Wound-healing migration assay was used to check the migration capacity after

right, statistical analysis of migrating K-1 cells. All quantifications are presented as
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Figure 3. TR4 transcriptionally regulates circ-FLNA

level

(A) Six TR4-binding sites were predicted in the upstream

promoter of circ-FLNA. (B) ChIP assay exhibited that TR4

bonds to TR4E-2/3 in the upstream promoter of circ-FLNA.

(C) Schematic depiction showed how wild-type and

mutated promoter of circ-FLNA was constructed. (D)

Luciferase activities of wild-type and mutated promoter of

circ-FLNA before and after oeTR4 in TPC-1 cells. (E)

Luciferase activities of wild-type and mutated promoter of

circ-FLNA before and after TR4 depletion in K-1 cells. All

quantifications are presented as mean ± SD and p values

calculated by t test. ***p < 0.001.
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MMP9 was involved in the TR4/circ-FLNA/miR-149-5p signal to con-
trol cell invasion/migration of PTC cells. In fact, analyses from TCGA
dataset indicated that MMP9 expression level was correlated with TC
development. MMP9 expression level was increased in TC tissues
compared to normal tissues (Figure 5L). Disease-free survival (DFS)
analysis also showed that MMP9 was a poor prognostic factor in TC
progression (p = 0.017; Figure 5M), and TC patients with T3 + T4 stage
or metastasis tended to express a higher expression level of MMP9
compared to the corresponding controls (Figures S4E�S4G). Interest-
ingly, this trend only existed in TC patients with ages above 55 (Figures
S4E�S4G). To further confirm that MMP9 was a direct target of miR-
149-5p, we constructed wild-type and mutated 30 UTR of MMP9 into
the psiCHECK-2 enhancer and tested the luciferase activity upon the
manipulation of miR-149-5p (Figure 5N). Our results demonstrated
that miR-149-5p could significantly suppress the luciferase activity of
wild-type but not the mutated 30 UTR of MMP9 in TPC-1 cells (Fig-
ure 5O). A consistent result was gained from K-1 cells, revealing that
the miR-149-5p inhibitor remarkably enhanced the wild-type lucif-
erase activity of 30 UTR of MMP9 (Figure 5P). However, the miR-
149-5p inhibitor failed to affect the luciferase activity of mutated 30

UTR of MMP9 (Figure 5P). Taken together, we conclude that
MMP9 is a direct target of miR-149-5p and accounts for TR4/circ-
FLNA/miR-149-5p-mediated cell invasion and migration of PTC cells.

Xenografted mouse model confirms the role of TR4/circ-FLNA

signal in PTC progression

Next, we applied a xenografted mouse model to verify the role of TR4/
circ-FLNA in PTC progression. We subcutaneously implanted 1� 106

K-1 cells with the following gene manipulations: (1) pWPI + pLKO, (2)
760 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
TR4 + pLKO, (3) pWPI + shcirc-FLNA, and (4)
TR4 + shcirc-FLNA, under the skin of 6-week
male nude mice and monitored tumor growth.
Data showed that TR4 evidently promoted K-1 tu-
mor growth, whereas knockdown of circ-FLNA
could suppress K-1 tumor growth (Figure 6A),
and TR4-induced K-1 tumor growth was attenu-
ated when circ-FLNA was depleted by shRNAs
(Figure 6A), strengthening the role of TR4/circ-
FLNA signal in papillary thyroid tumor growth.
The curves of tumor volume also confirmed the
data (Figure 6B). As the downstream effector of TR4/circ-FLNA/
miR-149-5p, MMP9 expression level was examined by IHC staining
in various K-1 tumors, showing that TR4 significantly promoted the
MMP9 expression level, and circ-FLNA knockdown could prevent
TR4-induced MMP9 expression (Figure 6C). We also constructed a
metastatic mouse model by injecting K-1 cells through the tail vein to
observe the lung metastasis, and the results showed it was consistent
with our in vitro data and the mouse model of subcutaneous tumor for-
mation. As it is shown in Figure 6D, the left picture showed the typical
lung metastatic nodules in each group, the middle picture showed the
hematoxylin-eosin (H&E) staining data of the lung metastasis, and
the right picture showed the IVIS data of each group. From the data,
we knew that oeTR4 could promote lung metastasis in the mice model,
and shcirc-FLNA could decrease lung metastasis. What’s more, shcirc-
FLNA could partly reverse the function of TR4 on the metastasis of
PTC. Together, these in vivo results support the oncogenic role of the
TR4/circ-FLNA/miR-149-5p/MMP9 signal in papillary thyroid tumor
development.

To summarize, TR4 played a tumor-promoting role in PTC develop-
ment by controlling the circ-FLNA/miR-149-5p/MMP9 signal to
regulate cell proliferation, invasion, and migration.

DISCUSSION
A small portion of PTC will progress to an advanced stage with
distant metastasis, which has little response to either radioactive io-
dide treatment or hormone suppressive therapy.1 Therefore, under-
standing the molecular biology of metastatic PTC has a chance to
develop novel targeted therapies toward advanced PTC patients. In



(legend on next page)
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this study, we first found that TR4 was significantly increased in PTC
patients with distant metastasis compared to patients without metas-
tasis, which was consistent with the analyses from TCGA dataset. A
mechanistic study demonstrated that TR4 could transcriptionally
regulate circ-FLNA expression level via directly binding to its up-
stream promoter, which served as a sponge of miR-149-5p to enhance
MMP9 expression. Our identified TR4/circ-FLNA/miR-149-5p/
MMP9 axis can promote cell invasion/migration of PTC cells.
Furthermore, the oncogenic roles of TR4 and circ-FLNA were also
verified in xenografted mouse model. Overall, our study defines the
role of TR4 in PTC development, and targeting TR4 may be an alter-
native option for metastatic PTC patients.

The tumor-promoting role of TR4 has been documented in various
cancers,9–13 promoting scientists to identify the TR4 inhibitor for bet-
ter treatment of cancers. Therefore, it is of importance and interest to
develop small molecules that can specifically inhibit TR4 activity. A
previous study showed that metformin, a clinical drug used in pa-
tients with diabetes type II, can suppress TR4 transactivation via trig-
gering AMP-activated protein kinase (AMPK) signaling.20 Given the
fact that TR4 is overexpressed in metastatic PTC patients, it is reason-
able to test the effect of metformin on PTC cell invasion and to
prompt the clinical trial of metformin in metastatic PTC patients.
In addition, a small molecule, tretinoin, was also reported to suppress
RCC progression and affect sunitinib sensitivity via directly inhibiting
the function of TR4.21 As fact, the potential anti-cancer role of
tretinoin in TC has been recognized many decades ago. It is possible
that the anti-cancer effect of tretinoin on TC relies on its inhibition on
the function of TR4.

The pathological and physiological roles of noncoding RNA
including circRNAs have been increasingly noticed recently.22–26

Some papers have reported that circ-FLNA played important roles
in the regulation of many cancers. Wang et al.27 showed that upre-
gulation of circ-FLNA contributes to laryngeal squamous cell car-
cinoma migration by the circ-FLNA-miR-486-3p-FLNA axis. Qu
et al.28 reported that circ-FLNA acts as a sponge of miR-646 to
facilitate the proliferation, metastasis, glycolysis, and apoptosis in-
hibition of gastric cancer by targeting PFKFB2. Our data showed
that circ-FLNA acted as a sponge of miR-149-5p to increase
MMP9 expression, leading to enhanced cell invasion of PTC cells,
which was another example showing that circ-FLNAmay influence
Figure 4. Mechanistic dissection shows that miR-149-5p is involved in TR4/cir

(A) RNA pull-down assay was used to choose the miRNAs that could potentially target b

with circ-FLNA. (B) Inhibition of miR-149-5p reversed shcirc-FLNA-reduced cell invasio

after shcirc-FLNA/adding miR-149-5p inhibitor or miR134-3p inhibitor in the TPC-1 ce

cation of invading TPC-1 cells. (C) Inhibition of miR-149-5p reversed shcirc-FLNA-reduc

the migration capacity after shcirc-FLNA/adding miR-149-5p inhibitor in the TPC-1 c

migrating TPC-1 cells. (D and E) oemiR-149-5p inhibited cell invasion (D) and cell mig

migration assay was used to check invasion/migration capacity after oeTR4/oemiR-14

right, quantification of invading or migrating TPC-1 cells. (F) The predicted binding nucl

failed to affect cell invasion (G) and cell migration (H) of K-1 cells. Left, representative

presented as mean ± SD and p values calculated by t test. **p < 0.01, ***p < 0.001.
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cancer progression, and also provided a potential target for scien-
tists to develop new therapies for better treatment of PTC. Howev-
er, how to target circRNA remains a scientific concern because one
circRNA may interact with several miRNAs, and one miRNA has
hundreds of targets. Although we defined the role of circ-FLNA
in TC cells, the translational value of circ-FLNA is currently
limited.

Numerous studies have demonstrated that MMP proteins are tightly
associated with cancer initiation and progression.29–31 As an impor-
tant member of the MMP family, MMP9 was shown as the down-
stream effector of TR4/circ-FLNA/miR-149-5p to control PTC cell
invasion/migration. Importantly, MMP9 was highly expressed in
metastatic PTC patients and served as a poorly prognostic factor
for DFS, according to TCGA dataset, suggesting that targeting
MMP9 may be a promising therapeutic strategy toward metastatic
PTC patients. In fact, clinical trials of MMP inhibitors have been
examined in various cancers many decades ago. However, the results
were disappointing due to the severe side effects of MMP inhibitors.32

Recently, a new generation of MMP inhibitors has been developed af-
ter the better understanding of MMP structure.33 Preclinical trials
suggested that these new MMP inhibitors have improved toxicity
and better efficacy. Therefore, it will be promising to see the therapeu-
tic efficacy of a new generation of the MMP9 inhibitor toward meta-
static PTC patients.
Conclusions

In summary, our results proved the oncogenic role of TR4 in PTC
development. TR4 promoted PTC cell invasion/migration via
increasing circ-FLNA level, which worked as a miR-149-5p sponge
to increase MMP9 expression level. The TR4/circ-FLNA/miR-149-
5p/MMP9 signal may be an ideal therapeutic target for metastatic
PTC patients.
MATERIALS AND METHODS
Cell culture

K-1, TPC-1, and 293T were purchased from the Cell Bank in the Chi-
nese Academy of Sciences (Shanghai, China). 10% fetal bovine serum
(FBS) DMEM (100 units/mL penicillin, 100 mg/mL streptomycin)
was used to culture cells in a humidified 5% CO2 environment at
37�C.
c-FLNA-mediated cell invasion/migration of PTC cells

y circ-FLNA. The result showed that miR-149-5p and miR-134-3p were associated

n of TPC-1 cells. Transwell invasion assay was used to check the invasion capacity

lls. Left, representative images of invasion capacities of TPC-1 cells; right, quantifi-

ed cell migration of TPC-1 cells. Wound-healing migration assay was used to check

ells. Left, representative migration images of TPC-1 cells; right, quantification of

ration (E) of TPC-1 cells induced by TR4. Transwell invasion assay/wound-healing

9-5p in TPC-1 cells. Left, representative invasion/migration images of TPC-1 cells;

eotides between miR-149-5p and circ-FLNA. (G and H) Mutated form of circ-FLNA

images; right, quantification of invading or migrating cells. All quantifications are



Figure 5. MMP9 is the downstream effector controlling TR4/circ-FLNA/miR-149-5p-induced cell invasion/migration of PTC cells

(A) Several genes as predicated as miR-149-5p were detected by western blotting before and after TR4 manipulation in K-1 cells and TPC-1 cells. GAPDH was served as

internal control. (B) Western blot assay was used to check MMP9 expression after shTR4 in TPC-1 cells or oeTR4 in K-1 cells. a-tubulin was served as internal control. (C and

D) oecirc-FLNA (C) or inhibition of miR-149-5p (D) could block shTR4-reducedMMP9 expression in K-1 cells by western blotting analysis. GAPDHwas loading control. (E and

F) Knockdown of circ-FLNA (E) or miR-149-5p (F) attenuated TR4-induced MMP9 expression in TPC-1 cells by western blotting analysis. GAPDH was internal control. (G)

Western blot assay was used to check MMP9 expression after oeTR4/shcirc-FLNA in K-1 cells. GAPDH was internal control. (H and I) TR4-induced cell invasion (H) and cell

migration (I) of TPC-1 cells were attenuated whenMMP9was knocked down. Transwell invasion assay/wound-healingmigration assay was used to check invasion/migration

capacity after oeTR4/shMMP9 in TPC-1 cells. Left, representative invasion/migration images of TPC-1 cells; right, quantification of invading or migrating TPC-1 cells. (J and

K) shTR4-reduced cell invasion (J) and cell migration (K) of TPC-1 cells were attenuated when MMP9 was overexpressed. Transwell invasion assay/wound-healing migration

(legend continued on next page)
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Lentivirus generation

Lentivirus was generated as previously described. Briefly, 20 mg plas-
mids with targeting sequence were co-transfected with psPAX2
(10 mg) and pMD2.G (10 mg) into 293T cells using the standard cal-
cium phosphate transfection method. Lentivirus supernatant was
collected with 0.45 filter after 48 h and infected TC cells. 5 mg/mL pu-
romycin was used to select shRNA-infected TC cells.

The plasmids sequences used were as follows: pLKO.1-shTR4
sequence, forward: 50-CCGGCCAGCACAAGCCAGATTGAAAG
GATCCTTTCAATCTGGCTTGTGCTGGTTTTTG-30, reverse: 50-
AATTCAAAAACCAGCACAAGCCAGATTGAAAGGATCCTTTC
AATCTGGCTTGTGCTGG-30; pWPI-oeTR4 sequence, forward:
50-TTTCGACATTTAAATTTAATATGACCAGCCCCTCCCCACG-
30, reverse: 50-ATTCCTGCAGCCCGTAGTTTCTATAGACTGGC
TCCGGTGA-30; pLKO.1-shFLNA sequence, forward: 50-CCGGG
ACCGCCAATAACGACAAGAATTGGATCCGTTCTTGTCGTTAT
TGGCGGTCTTTTTG-30, reverse: 50-AATTCAAAAAGACCGCCA
ATAACGACAAGAACGGATCCAATTCTTGTCGTTATTGGCGG
TC-30; pLV-miR-149-5p (oemiR-149-5p) sequence, forward: 50-
CGCGTTCTGGCTCCGTGTCTTCACTCCCACCCGGTCGACGT
GGGAGTGAAGACACGGAGCCAGATTTTTG-30, reverse: 50-CG
CAAAAATCTGGCTCCGTGTCTTCACTCCCACGTCGACCGGG
TGGGAGTGAAGACACGGAGCCAGAA-30; pLKO.1-shMMP9
sequence, forward: 50-CCGGCCACAACATCACCTATTGGAT
GGATCCATCCAATAGGTGATGTTGTGGTTTTTG-30, reverse:
50-AATTCAAAAACCACAACATCACCTATTGGATGGATCCA
TCCAATAGGTGATGTTGTGG-30; pWPI-oeMMP9 sequence,
forward: 50-TTTCGACATTTAAATTTAATATGAGCCTCTGGC
AGCCCCT-30, reverse: 50-ATTCCTGCAGCCCGTAGTTTCTAG
TCCTCAGGGCACTGCA-30; and pLKO.1-shcirc-FLNA sequence,
forward: 50-CCGGGACCAGCACGTGCCTGGCTATTTGGATCC
GATAGCCAGGCACGTGCTGGTCTTTTTG-30, reverse: 50-AAT
TCAAAAAGACCAGCACGTGCCTGGCTATCGGATCCAAATAG
CCAGGCACGTGCTGGTC-30.

To construct pWPI-circ-FLNA (oecirc-FLNA), the specific DNA frag-
ments, which were shown to promote circularization, were first engi-
neered in the pBSK vector as pBSK (circArm). The exon of the FLNA
gene was PCR amplified and then inserted into the pBSK (circArm) vec-
tor as the pBSK_circ-FLNA. Thenwe subcloned the fragments including
the exon of FLNA and those two arms to the lentiviral pWPI vector for
expressing circ-FLNA. The circ-FLNA mature sequence is 50-GC
TATGGTGGGCTCAGCCTGTCCATTGAGGGCCCCAGCAAGGTG
GACATCAACACAGAGGACCTGGAGGACGGGACGTGCAGGG
TCACCTACTGCCCCACAGAGCCAGGCAACTACATCATCAAC
ATCAAGTTTGCCGACCAGCACGTGCCTG-30.
assay was used to check invasion/migration capacity after shTR4/oeMMP9 in TPC-1 ce

of invading or migrating TPC-1 cells. (L) MMP9 was increased in TC tissues compared

database. Left, normal versus tumor; right, TC tissues versus paired adjacent normal

Schematic depiction of how wild-type and mutated 30 UTR of MMP9 was constructed. (

by miR-149-5p in TPC-1 cells. (P) The luciferase activity of wild-type but not mutated

tifications are presented as mean ± SD and p values calculated by t test. **p < 0.01, **
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Real-time qPCR

Isolation of total RNAs was done with TRIzol reagent following the
standard RNA extraction protocol. 2 mg total RNAs was subjected
to reverse transcription using SuperScript III transcriptase (Invitro-
gen). A reverse transcriptase (RT) product with 200 dilutions was
used to perform quantitative real-time PCR in a Bio-Rad CFX96 ma-
chine with SYBR Green to determine the expression levels of inter-
ested genes. 18 s ribosome RNA was utilized to normalize gene
expression.
RNase R digestion

RNase R digestion was done with 2 mg total RNAs in a 10-mL reaction
at 37�C for 1 h: 0 unit or 20 units of RNase R (Epicentre), 1� RNase R
buffer, 1 unit murine ribonuclease inhibitor (NEB). Treated RNAs
was used to perform RT tomake cDNA. Then real-time PCRwas per-
formed as aforementioned.
Western blotting

After PBS wash, TC cells were lysed by radioimmunoprecipitation
assay (RIPA) buffer, and proteins were collected. 20 mg of proteins
was loaded for electrophoresis in 10%–12% SDS-PAGE gel. Then
proteins were transferred to the polyvinylidene fluoride (PVDF)
membrane and blocked with 10% BSA for 1 h. Incubation with spe-
cific primary antibody was performed at 4�C for at least 16 h. The
next day, the membrane was washed and incubated with 1:2,500
horseradish peroxidase (HRP)-conjugated secondary antibody for
1 h at room temperature. After an extensive TBST wash, blots were
visualized using enhanced chemiluminescence (Thermo Fisher Scien-
tific). The TR4 (MA5-26855, 1:500), actin (MA1-744, 1:500),
IGF2BP1 (712138, 1:500), ELP5 (PA5-54745, 1:500), FOXC1 (PA1-
807, 1:500), DAB2IP (PA5-85697, 1:500), MMP9 (MA5-15886,
1:500), MACC1 (PA5-20758, 1:500), and GAPDH (39-8600, 1:500)
antibodies were purchased from Thermo Fisher Scientific.
Wound-healing assay

TC cells with gene manipulations were scratched using a pipette tip.
Images were captured at 0 and 24 h. The experiment was done in trip-
licate, and quantification was gained using ImageJ software.
Transwell invasion assay

Transwell inserts (Corning) were pre-coated with 1:8 dilutedMatrigel
(BD Biosciences) before use. PTC cells with gene manipulations were
collected and loaded into the inserts at the density of 1� 105/well. 0%
FBS medium in the lower chamber was used as a chemoattractant to
attract cells. 36 h later, the invading cells in inserts were fixed with
cold methanol and stained with 0.5% crystal violet. Images were taken
lls. Left, representative invasion/migration images of TPC-1 cells; right, quantification

to the corresponding controls. The data of the samples were collected from TCGA

tissues. (M) DFS analysis of TC patients classified by MMP9 expression level. (N)

O) The luciferase activity of wild-type but not mutated 30 UTR of MMP9 was reduced

30 UTR of MMP9 was enhanced by the miR-149-5p inhibitor in K-1 cells. All quan-

*p < 0.001.



Figure 6. Xenografted mouse model confirms the role of TR4/circ-FLNA signal in PTC progression

(A) 2� 106 K-1 cells were subcutaneously implanted into 6-weekmale nudemice with 1:1Matrigel. Tumor growth of each group was shown after sacrificing themice. (B) The

growth curve of tumor volume of each groupwas shown. Tumor volume = length� (width�width). (C) IHC assay was used to check the MMP9 expression of the mice tumor

(legend continued on next page)
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by inverted microscope (Olympus), and quantifications of invading
cells were done with ImageJ.

ChIP assay

TC cells were cross-linked with 4% formaldehyde for 10 min. Then
cells were collected and sonicated to 300�500 bp DNA fragments.
Cell lysates were pre-cleared with protein A-agarose and followed
by the incubation with the TR4 primary antibody (immunoglobulin
G [IgG] was used as a negative control). The next day, TR4-DNA
fragments were intensively washed with high salt buffer. Proteins
were digested with proteinase K, and DNA fragments were extracted
for RT-PCR. Specific primer sets were designed to amplify a target
sequence within the promoter of FLNA, and RT-PCR products
were examined by agarose gel electrophoresis.

Xenografted mouse model

2 � 106 K-1 cells were subcutaneously implanted into 6-week male
nude mice with 1:1 Matrigel (Corning). Tumor size was measured
weekly by caliper. 8 weeks later, mice were sacrificed, and tumors
were removed, washed, and fixed for IHC staining. The study was car-
ried out under the approval of the Ethics Committee of Xiangya Hos-
pital Central South University and followed the Interdisciplinary
Principles and Guidelines for the Use of Animals in Research,
Testing, and Education by the New York Academy of Sciences, Ad
Hoc Animal Research Committee.

IHC staining

Tissues (humans andmice) were fixed in 10% (v/v) formaldehyde and
embedded in paraffin. After hydration and antigen retrieval in boiling
citrate buffer (pH 6.0), sections were treated with 3% peroxidase in
methanol for 15 min and blocked with 10% goat serum PBS buffer
for 30 min. The slides were incubated with 1:100 diluted TR4 or
MMP9 primary antibody at 4�C overnight. The next day, 1:100
diluted biotin-labeled secondary antibody was used to incubate slides
for 30 min and followed by 30 min incubation with streptavidin (PK-
4000; Vectastain; Vector Laboratories, Burlingame, CA, USA). The
protein signal was determined by DAB staining.

miRNA inhibitor transfection

The miR-149-5p inhibitor used in our study was purchased from
Thermo Fisher Scientific (assay ID: MH12788, catalog #: 4464084).
The transfection of miR-149-5p inhibitor was conducted as the “mir-
Vana miRNA Inhibitors Protocol 2013” provided by Thermo Fisher
Scientific.

Luciferase assay

The human 50-promoter region of circ-FLNA was constructed into
pGL3-basic luciferase reporter vector (Promega). Site-directed muta-
in each group. (D) A metastatic mouse model by injecting K-1 cells through the tail ve

consistent with our in vitro data and themousemodel of subcutaneous tumor formation.

in each group, the middle picture showed the H&E data of the lung metastasis, and the r

could promote lung metastasis in the mice model, and shcirc-FLNA could decrease lun

the metastasis of PTC. All quantifications are presented as mean ± SD and p values ca
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genesis of the TR4 binding site in the circ-FLNA promoter was
achieved with the QuickChange mutagenesis. The 193-bp wild-type
or mutant 30 UTR region of MMP9 was inserted into psiCHECK-
2–basic vector (Promega) and transduced into control/miR-149-5p
inhibitor and pLV/oemiR-149-5p stable cells using Lipofectamine
3000 (Invitrogen). Luciferase activities were measured 48 h after
transfection by a Dual-Luciferase Assay (Promega).

Statistical analysis

All statistical analyses were performed using GraphPad Prism soft-
ware. Data were presented as mean ± SE. Differences were analyzed
with the one-way ANOVA test, and significance was set at p <0.05.
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