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Circ_0001658 regulates PISK/AKT signaling via the miR-671-5p/
ITGA2 axis and affects the progress of papillary thyroid carcinoma
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Background: Circular RNAs (circRNAs) are a newly described class of non-coding RNAs that play
essential roles in regulating gene expression. However, to date, few studies have examined the roles of
circRNAs in papillary thyroid carcinoma (PTC). In this study, we analyzed the expression of circ_0001658 in
PTC as well as its functions and associated mechanisms of action in PTC cells.

Methods: Real-time quantitative polymerase chain reaction was used to determine the expression of
circ_0001658, miR-671-5p, and integrin subunit alpha 2 IT'GA2), and western blotting was performed to
determine the levels of ITGA2 and phosphatidylinositide 3-kinase/protein kinase B pathway-related proteins
in PTC cell lines. Cell Counting Kit-8 and Transwell analyses were conducted to examine the effects of
circ_0001658 on PTC cell function following the knockdown of circ_0001658 expression. In addition, the
targeting of circ_0001658 and ITGA2 by miR-671-5p was verified using dual-luciferase reporter assays.
Results: We demonstrated that circ_0001658 and ITGA2 were significantly up-regulated in PTC tissues
and cell lines. Knockdown of circ_0001658 inhibited the growth and metastatic potential of PTC cells. MiR-
671-5p targeted both circ_0001658 and ITGA2. Mechanistically, circ_0001658 promoted PTC progression
by sponging miR-671-5p, up-regulating ITGA2 expression, and activating the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) signaling pathway. In summary, circ_0001658 is a carcinogenesis-associated
circRNA that regulates PI3K/AKT signaling via the miR-671-5p/IT'GA2 axis and plays a role in promoting
the progression of PTC.

Conclusions: Our findings provide a theoretical basis for further molecular biological studies on the
treatment of PTC.
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Introduction the disease is often difficult to effectively control due to

Papillary thyroid carcinoma (PTC) is one of the most its multi-focal characteristics and lymphatic metastasis,

common malignant endocrine tumors worldwide, the even distant metastasis (2,3). Therefore, identifying novel
prevalence of which has increased significantly in recent therapeutic targets is highly desirable. The occurrence

years (1). Although the prognosis of PTC is generally good, and progression of most diseases are regulated by multiple
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molecules (4-6), and thus, understanding the underlying
molecular mechanisms is crucial for the discovery of novel
markers and therapeutic targets for PTC.

Circular RNAs (circRNAs) are non-coding RNAs with a
covalent non-linear closed-loop structure, which in recent
years have attracted considerable attention in the field of
cancer research. The findings of an increasing number
of studies indicate that circRNAs may serve as promising
tumor biomarkers and therapeutic targets (7,8). To date,
although a range of circRNAs, including circ_0088494 (9),
circ_102171 (10), and circ_0001658 (11), have been found
to be abnormally expressed in PTC and exhibit associations
with tumor development and metastasis, their functions and
mechanisms of action in PTC have yet to be sufficiently
ascertained.

Nevertheless, a previous study has shown that circRNAs
can also act as competitive endogenous RINAs (ceRINAs) or
microRNA (miRNA) sponges that compete with miRNAs
in the regulation of messenger RNA (mRNA) (12). Among
these miRINAs, numerous studies have revealed that miR-
671-5p plays a tumor-suppressive role in cancer (13,14). For
example, Wang er al. established that miR-671-5p inhibits
PTC progression by binding to tripartite motif-containing
14 in PTC (15). MiRNAs inhibit mRNA transcription
and translation by binding to the 3" untranslated regions
(UTRs) of mRNAs (16), and regulate intracellular
signal transduction (17,18). Dai et a/. found that miR-
146b-5p promotes bladder cancer cell proliferation and
distal migration by modulating phosphatidylinositide
3-kinase (PI3K) signaling via the integrin subunit alpha 2
(ITGA2) (19). In this regard, it is well established that the
PI3K/protein kinase B (AKT) signaling pathways play roles
in the regulation of different cellular functions (including
metabolism, proliferation, and migration) (20-22) and are
also key signaling pathways affecting PTC processes (23,24).
Chen et al. demonstrated that circ_100395 can intervene
in the development of PTC by regulating PI3K/AKT
signaling (25), and Li et a/. found that by targeting miR-
637, circ_PSD3 can inhibit the activity of the PI3K/AKT
signaling pathway regulated by hemogen in PTC cells (26).

In this study, we sought to examine the expression
and molecular mechanisms of circ_0001658 in PTC and
to evaluate its effects on the biological behavior of PTC
cell lines. Furthermore, we revealed a novel mechanism
whereby circ_0001658 regulates PTC cell proliferation and
distal migration via the miR-671-5p/ITGA2/PI3K-AKT
axis, which may provide new insights with regards to the
development of PTC therapeutic strategies. We present the
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following article in accordance with the MDAR reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-3650/rc).

Methods
Study subjects

From July 2020 to September 2021, we collected 32-paired
samples of cancerous and adjacent tissues from 32 PTC
patients (aged 52-75 years) at Quanzhou First Hospital
affiliated to Fujian Medical University, Fujian, China.
All patients were diagnosed based on a histopathological
biopsy, and all specimens were identified by postoperative
pathologists. None of the subjects had received
radiotherapy, chemotherapy, or other treatments prior to
surgery. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the ethics committee of Quanzhou First
Hospital affiliated to Fujian Medical University (No. 2020-
191) and informed consent was taken from all the patients.

Gene Expression Omnibus (GEO) dataset analysis

CircRNAs, miRNAs, and mRNAs were obtained from
the GSE93522, GSE113629, and GSE53072 datasets,
respectively, and were analyzed using GEO technology. The
differential expression of the selected circRNA/miRINA/
mRNA between samples was determined based on the
thresholds of P<0.05 and Ifold change (FC)| >2 standard,
and displayed using heat maps or volcano plots.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis was performed using the
DAVID Bioinformatics Resources 6.8 functional annotation
tool (https://david.nciferf.gov/summary.jsp). The putative
binding sites between the circRNAs and miRNAs were
predicted using the Starbase (https://starbase.sysu.edu.cn/
index.php) and Circlnteractome (https://circinteractome.
nia.nih.gov/) databases, while putative binding sites between
miRNAs and mRNAs were predicted using the Starbase
database and Targetscan 7.2 (https://www.targetscan.org/
vert_72/).

Cell culture, transfection, and ribonuclease (RNase)
R treatment

PTC cell lines (C643, TPC-1, HTh-7, FTC-133) and
normal thyroid cells (Nthy-ori 3-1; Procell, Wuhan,
China) were cultured in Roswell Park Memorial Institute
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Table 1 Sequences of three siRNAs targeting circ_0001658 and a
miR-671-5p mimic and inhibitor

Symbol Sequences

Si-circ_0001658-1 AAGTATCCCAGGTTGAAGTATAT

Si-circ_0001658-2 AGTATCCCAGGTTGAAGTCATdT

Si-circ_0001658-3 GCAAGTATCCCAGGTTGAAATAT
Si-NC UUCUCCGAACGUGUCACGUTT
Mimic NC GGACCCTGCTGCCCCTCCTACTC

MiR-671-5p mimic AGGAAGCCCTGGAGGGGCTGGAG

Inhibitor NC CAGTACTTTTGTGTAGTACAA

MiR-671-5p inhibitor CTCCAGCCCCTCCAGGGCTTCCT

NC, negative control.

(RPMI) 1640 medium (Gibco, Thermo Fisher Scientific,
Inc., Waltham, USA), and HEK293T cells (obtained
from the American Type Culture Collection; Manassas,
VA, USA) were cultured in Dulbecco’s modified Eagle’s
medium (Gibco). The media used to culture all cells
were supplemented with 10% fetal bovine serum (FBS,
Gibco) and cells were incubated at 37 °C in a 5% CO,
atmosphere. The miR-671-5p mimic/inhibitor (100 nM),
small interfering (si) RNA circ_0001658 (50 nM), or
overexpression (ov) ITGA2 plasmids (50 nM) and their
respective negative controls (NCs) were transfected into
cells for 4 h using Lipofectamine® 3000 (Invitrogen,
Thermo Fisher Scientific, Inc.). SIRNA-circ_0001658, miR-
671-5p mimic/inhibitor, and ov-ITGA2 were synthesized
by GenePharma Biotechnology Co., Ltd. (Shanghai,
China), and the sequences are shown in Table 1. Following
the treatment of PTC cells with RNase R (3 U/pg;
Epicentre, Madison, USA), real-time quantitative
polymerase chain reaction (RT-qPCR) was used to evaluate
the stability of circ_0001658 expression compared with that
of ITGA2 mRNA.

Nucleocytoplasmic Separation and RT-qgPCR assay
Cytoplasmic and Nuclear RNA Purification Kit (Norgen

Biotek; Ontario, Canada) was used to isolate cytoplasmic
nuclear RNA from cells for RT-qPCR analysis according to
the manufacturer’s instructions. Total RNA was extracted
from PTC tissues and cell lines using TRIzol reagent
(Invitrogen). After centrifugation at 12,000 xg at 4 °C for
10 min, the supernatant was adsorbed and discarded. The
precipitate was resuspended in 10 pL diethylpyrocarbonate
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water (Invitrogen), aliquots of which were reverse-
transcribed to complementary DNA using a PrimeScript
RT kit (Takara Bio, Japan). A SYBR® Premix Ex TaqTM
II kit (Takara) was utilized to perform RT-qPCR analysis
using an Applied Biosystems® 7500 Real-Time PCR system
(California, USA). PCR amplifications were performed
under the following conditions: 95 °C for 10 min, 55 °C for
2 min, and 72 °C for 2 min followed by 40 cycles of 95 °C
for 15 s and 60 °C for 32 s. Sequences of the primer pairs
used for amplification are listed in 7able 2. Target RNA
levels were normalized to those of the housekeeping genes
P-actin and U6, and relative levels circ_0001658, miR-671-
5p, and ITGA2 expression were determined using the 27*“
method (27).

Proliferation assay

"To determine cell proliferation, a Cell Counting Kit 8 (CCKS)
reagent (Solarbio, Beijing, China; 10 pL) was added to
the wells of 96-well plates (containing TPC-1 and FTC-
133 4x10° cells) at 0, 24, 48, and 72 h, respectively. The
absorbance was measured at 490 nm using an enzyme-labeled
instrument (multiscan MK3; Thermo Fisher Scientific, USA)
after a 60-min incubation in the dark at 25 °C.

Transwell assay

The migration and invasion of TPC-1 and FTC-133
cells were determined using 24-well Transwell inserts
(BD Biosciences). For the migration assay, cells (1x10°) in
serum-free medium were placed in the top chamber, while
a culture medium containing 10% FBS was added to the
lower chamber. After incubation for 24 h, invasive cells
were fixed using anhydrous ethanol for 30 min and stained
with 0.1% crystal violet (Solarbio, Beijing, China; 25 °C) for
25 min. The cells were counted using a light microscope
(Olympus Corporation, Japan) at x200 magnification. For
the invasion assay, inserts were first coated with Matrigel®
(BD Biosciences) for 6 h at 37 °C.

Dual-luciferase assays

HEK 293T cells were transfected with either 500 ng of a
miR-671-5p mimic or inhibitor, or their respective negative
controls, along with 1 pg of the plasmids expressing wild-
type (WT) or mutant (mut) circ_0001658 or I'TGA2,
and 50 ng of the pRL-SV40 reporter vector plasmid.
Transfected cells were incubated for 48 h, and luciferase
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Table 2 Sequences of the primers used in this study
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Gene symbol Forward primer 5'-3' Reverse primer 5'-3'
Circ_0001343 AAGGGAATGAGGTGAAGGGTG TCGAGGGTGGAGGAGAGTTT
Circ_0000009 CATCTGGTGATCTGCTAAATGGC GGAGCTATCAGGCTCAAACCC
Circ_0000266 GAGGGTTTTCTGGAGGAGGC TCCATGGAGGGGAAGGTCTG
Circ_0001658 GCCCAATCTCTCCTGCAAGT CCACCTAGGAGGAACTGACAA
MiR-671-5p ACACTCCAGCTGGGAGGAAGCCCTGGAGGGG CTCAACTGGTGTCGTGGA

ue CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
ITGA2 CGGTTATTCAGGCTCACCGA GCTGACCCAAAATGCCCTCT
p-actin AGCGAGCATCCCCCAAAGTT GGGCACGAAGGCTCATCATT

U6 was used as an internal control to normalize miR-671-5p expression, and f-actin was used as a control to normalize the expressions

of circ_0001658 and ITGA2. ITGA2, integrin subunit alpha 2.

activity was measured at 490 nm using the Dual-Luciferase
Reporter assay system (Promega Corporation; Wisconsin,
USA). The ratio of firefly to Renilla luciferase activity was
used to normalize the firefly luciferase values.

RNA pull-down assay

Biotinylated circ_0001658 (Bio-circ_0001658),
circ_0001658 mutant (Bio-circ_0001658-mut), miR-671-
5p (Bio-miR-671-5p), and miR-671-5p mutant (Bio-miR-
671-5p-mut), and their respective NCs (Bio-NC or Bio-
miR-NC) were transfected into TPC-1 and FT'C-133 cells.
Having incubated the respective cell lysates with Dynabeads
M-280 Streptavidin (Invitrogen, MA, USA) for 15 min,
RT-qPCR was performed for quantitative analysis as
described previously. Biotinylated RNA was sourced from
GenePharma Biotech Co., Ltd. (Shanghai, China).

Subcellular fractionation

RNA was isolated from the nucleus and cytoplasm of TPC-
1 and FTC-133 cells using a PARIS™ Kit (Invitrogen, MA,
USA), and the nuclear and cytoplasmic mRNA expressions
of circ_0001658 and ITGA2 were determined based on the
RT-qPCR analyses, and U6 and B-actin were used as nuclear
and cytoplasmic markers, respectively.

Western blotting

TPC-1 and FTC-133 cells were lysed using Radio
Immunoprecipitation Assay lysis buffer (Solarbio, Beijing,
China), and lysate protein concentrations were estimated
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using a bicinchoninic acid protein assay kit (Solarbio,
Beijing, China). Denatured proteins were resolved
using 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE, Solarbio, Beijing, China). The
separated protein bands were subsequently transferred to
polyvinylidene fluoride membranes, which were blocked
with 5% bovine serum albumin (Solarbio, Beijing, China),
and incubated overnight (4 °C) with ITGA2 (1:3,000:
ab52857; Abcam, Cambridge, UK), PI3K (1:5,000:
ab108596; Abcam), phospho (p)-PI3K (1:2,000: ab32101;
Abcam), AKT (1:2,000: ab68103; Abcam), or p-AKT
(1:2,000: ab267373; Abcam) primary antibodies. Thereafter,
the membranes were rinsed twice with Tris Buffered Saline
with Tween-20 buffer (Solarbio, Beijing, China; containing
0.05% Tween 20) (each for 10 min), and then incubated
with goat anti-rabbit antibody (1:20,000: ab205718; Abcam,
Cambridge, UK) for 2 h at 25 °C. An anti-f-actin antibody
(1 pg/mL, ab8226; Abcam) was used as a loading control.

Statistical analysis

Data were presented as the means = standard deviation (SD)
of triplicate evaluations. Statistical analysis was performed
using one-way analysis of variance in conjunction with
Bonferroni post hoc tests, and the Student’s 7-test was used
for independent two-group analyses. Differences were
considered significant at P<0.05.

Results
Circ_0001658 is up-regulated in PTC
Analysis of the GSE93522 dataset revealed 137
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differentially-expressed circ_RNAs, 12 of which were
included in the circbase database (Figure 14). Among
these, circ_0001343, circ_0000009, circ_0000266, and
circ_0001658 are considered potential therapeutic targets
for PTC (after excluding some cognate circRNAs), and
circ_0000644 has been verified as a therapeutic target
previously (28). Subsequent RT-qPCR analysis revealed
that compared with paracancerous tissues, among the
differentially-expressed circ_RNAs, circ_0001658 was
expressed at the highest levels in the collected samples of
PTC cancer tissue (Figure 1B-1E), which suggested that
this circRNA might be involved in the process of PTC.
Circ_0001658 was accordingly selected as a potential target
for further characterization.

Subsequently, we established that compared with Nthy-
ori 3-1 cells, the expression of circ_0001658 was increased
in the four assessed lines of PT'C cells (Figure 1F), which
is consistent with the high expression of circ_0001658 in
PTC carcinoma tissues. Given that the highest expression
of circ_0001658 was detected in TPC-1 and FTC-133 cells,
we selected these two cell lines to examine the molecular
mechanisms underlying the activity of circ_0001658 in PTC
cells. In this regard, it has been established that RNase R
can cut and degrade RNA in the 3' to §' direction, although,
while it readily degrades almost all linear RNA molecules,
circular RNA tends to be more resistant to degradation (29).
Accordingly, we confirmed the circular structure of
circ_0001658 based on the treatment of PTC cells with
RNase R, showing that while the linear transcripts of
ITGA2 in TPC-1 and FTC-133 cells can be degraded by
RNase R treatment, circ_0001658 is resistant to RNase R
(Figure 1G,1H).

Inbibition of circ_0001658 expression reduces the
proliferation and distal migration of PTC cells

Having identified circ_0001658 as a circRNA of interest,
we subsequently constructed three siRNAs targeting
circ_0001658, which were transfected into TPC-1 and
FTC-133 cells. The results of RT-qPCR analysis revealed
that the expression of circ_0001658 was significantly down-
regulated following transfection with si-circ_0001658,
indicating the efficacy of the si-circ_0001658 construct
(Figure 1I). In addition, we established that the si-
circ_0001658-1 construct had the best inhibitory effect,
and thus, we selected this siRINA as an antagonist targeting
circ_0001658 for follow-up studies. It is worth noting that
based on the nucleo-cytoplasmic localization and PCR
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analysis, we established that circ_0001658 is primarily
expressed in the cytoplasm, and thus, it was not clear as
to whether circ_0001658 regulates PTC processes by
adsorbing miRINAs via a ceRNA mechanism (Figure 17,1K).
However, the findings of CCK8 and Transwell assays
indicated that the inhibition of circ_0001658 expression
in turn inhibits the proliferation of TPC-1 and FTC-133
cells (Figure 1L,1M), and reduces the potential for distal cell
migration and invasion (Figure IN).

Screening of miRNASs that affect PTC processes

By analyzing the GSE113629 dataset, we identified 110
miRNAs that were differentially expressed between
cancerous and paracancerous tissues (Figure 2A4). A
combined analysis of the circInteractome and Starbase
databases revealed that circ_0001658 has two predicted
target miRNAs, namely, miR-409-3p and miR-671-5p
(Figure 2B). Among these, GEO data analysis revealed that
miR-409-3p was up-regulated in PTC patients, whereas
miR-671-5p expression was down-regulated. Subsequently,
we established that miR-671-5p was down-regulated in
both PTC cancer tissues and cells (Figure 2C,2D). To
further characterize this miRINA, we synthesized miR-671-
Sp mimic and inhibitor constructs, which were subsequently
transfected into TPC-1 or FT'C-133 cells. The results of
RT-qPCR analysis revealed that the expression of miR-671-
5p was up- and down-regulated in the mimic- and inhibitor-
transfected cells, respectively, thereby confirming the
efficacies of the miR-671-5p mimic and inhibitor constructs
(Figure 2E,2F).

Circ_0001658 functions as a sponge for miR-671-5p

To confirm whether circ_0001658 regulates the cellular
function of PTC cells by sponging and absorbing miRINA,
we performed dual-luciferase assays. The results indicated
that fluorescence activity in cells transfected with the WT
circ_0001658 + miR-671-5p mimic was lower than that
in the NC cells. In addition, we detected no significant
differences between the fluorescence activities of the mut
circ_0001658 + miR-671-5p mimic NC group and the mut
circ_0001658 + miR-671-5p mimic NC group (Figure 2G).
Furthermore, the RNA pull-down results indicated that
the expression of circ_0001658 and miR-671-5p in TPC-1
and FGC-133 cells was significantly higher than that in the
control and mut cells (Figure 2H,2I). In addition, the RT-
qPCR results revealed that the inhibition of circ_0001658
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Figure 1 The role of circ_0001658 in PTC. (A) A heat map showing the differentially-expressed GSE93522 dataset circ_RNAs. (B-E) RT-
qPCR analysis of circ_0001343 (B), circ_0000009 (C), circ_0000266 (D), and circ_0001658 (E) expression in tissue samples of PTC patients.
(F) RT-qPCR analysis of circ_0001658 expression in PTC cell lines. (G,H) RT-qPCR was used to analyze the degradative effect
of ¢irc_0001658 and ITGA2 on TPC-1 (G) and FTC-133 (H) cells treated with RNase R. (I) RT-qPCR verified the expression of
circ_0001658 of the three siRNAs in TPC-1 and FTC-133 cells. (J,K) The intracellular localization of circ_0001658 was determined based
on isolation of the nuclear and cytoplasmic fractions of TPC-1 (J) and FTC-133 (K) cells, and evaluated by RT-qPCR, with nuclear U6 and
cytoplasmic f-actin used as internal controls. (I,M) A CCK8 assay was used to analyze the effects of si-circ_0001658 on the proliferation
of TPC-1 (L) and FTC-133 (M) cells. (N) Transwells were used to analyze the effects of si-circ_0001658 on the migration and invasive
potential of TPC-1 and FT'C-133 cells. x200 magnification; crystal violet staining. *, P<0.05. PTC, papillary thyroid carcinoma; RT-qPCR,
real-time quantitative polymerase chain reaction; ITGA2, integrin subunit alpha 2; si, small interfering; NC, negative control.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2022;10(18):1001 | https://dx.doi.org/10.21037/atm-22-3650



Annals of Translational Medicine, Vol 10, No 18 September 2022

Page 7 of 13

- C o5 ° Adjacent tissue = PTC tissue
A B o=
15 — Circinteractome @ L4 »
290 s 204 o
o}
S 1.5 —e—
o 104 . < .
° © o] L]
2 . a 1.0 4 G I T G LD
T . E Ceg°® Y .

5 f“. miR—409—3p T 2 0.5 "TL.' "aTum
a. . = L4 [T [T
oF miR-671-5p 5 o5 ol Lt
- Lo oo ; bres

0 T T T 1 Adjacent tissue PTC tissue

-10 -5 0 5 10
circ_0001658: 5' cacacuCUCUUCCUGUGGCUUCCu 3'
Log, FC
miR-671-5p: 3' gaggucGGGGAGGUC -CCGAAGGa 5'
D c circ_0001658: 5' cacacuCUCUUCCUGUUUACCAAu 3'

5157 E s4- Foss-

7] 2 2

g g g G _ 297 mm MimicNC

g s s Z

849 537 % 67 2 B miR-671-5p mimic

© 1.0 ® o 5 15 -

2 © & o

~ = 2 — _ 1%}

& 5 §4 5

€ 05 - T x ¢ S 1.0

g0 z —i x ]

o € 1 € 5 N %

2 2 2 [ Z 05

5 B i g .

& 0.0 &o- £ o- <

N O $ . § _
& P& IS R SO SR 00
4 < @\o ¥ ¢ & O F N &S Qé S
%\@ N N <& NI ) S
N N & &
QQQ QQQ
&7 o
Hsa- | é 4 7 . § 8- EECel B Ssi-NC K § 15 HECel @@ Mimic NC
‘D *— [7}

a&) * g’_ | . g [ si-circ_0001658 03 [ miR-671-5p mimic

Sad * 53 — % 6 %

© * * i

8 T 3 & X 2 1.0
52 521 5 g
(IO O‘ T o
« g g ¢ 05 -
E S 1 < 2 5
2 2 2 2
5 g < =
2 0 2o o Q- & 0.0 -
SRR IR O & & © RS O R & TPC-1 FTC-133 TPC-1 FTC-133
) \o,é g’\é"’. O,é‘o \Oﬁg\g" 0,@° . \o,é ,\\’(? S \o,e ,\\b. \o’é\
F e P o Lo QL9
O O & &
N N S ;
& & &° &
X L

Figure 2 Screening of target miRNAs of circ_0001658. (A) A volcano plot showing the differentially-expressed GSE113629 dataset
miRNAs. (B) The Starbase database, CircInteractome, and GSE113629 dataset were jointly analyzed to screen for miRNA targets of
circ_0001658. (C) RT-qPCR analysis of miR-671-5p expression in tissue samples of PT'C patients. (D) RT-qPCR analysis of circ_0001658
expression in PTC cell lines. (E,F) RT-qPCR analysis of the efficacy of synthetic mimic/inhibitor after transfection of TPC-1 (E) and FTC-
133 (F) cells. (G) Dual-luciferase analysis of the binding of circ_0001658 to miR-671-5p. (H,I) The enrichment of circ_0001658/miR-671-
5p was analyzed by RNA pull-down. (J) RT-qPCR analysis of the effects of si-circ_0001658 on the expression of miR-671-5p. (K) RT-qPCR
analysis of the effects of miR-671-5p overexpression on the expression of circ_0001658. *, P<0.05. PTC, papillary thyroid carcinoma; RT-

qPCR, real-time quantitative polymerase chain reaction; FC, fold change; Bio, biotinylated; si, small interfering; NC, negative control.

expression had a miR-671-5p expression-promoting effect
(Figure 27). In contrast, the miR-671-5p mimic appeared to
have no notable effects on the expression of circ_0001658
(Figure 2K). Collectively, these observations would appear to
provide convincing evidence indicating that circ_0001658
adsorbs miR-671-5p by acting as a ceRNA.

© Annals of Translational Medicine. All rights reserved.
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Based on the GSE53072 dataset analysis, we identified
1,706 differentially-expressed mRNAs (Figure 34). KEGG
enrichment analysis of these mRNAs showed that they
affect a large number of downstream signal transductions,

among which PI3K/AKT signaling may be a key pathway
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affecting the progression of PTC (Figure 3B). Among
the up-regulated differentially-expressed mRNAs, we
identified 24 that affect the PI3K/AKT signaling pathway.
Subsequently, combined Targetscan and StarBase database
analyses of the downstream targets of miR-671-5p, revealed
4,181 and 2,818 mRNAs with binding sites for miR-671-
5p, respectively. Also, among the 24 mRNAs affecting
the PI3K/AKT signaling pathway, we identified three
with binding sites, namely, CREBS5, ITGBS8, and ITGA2
(Figure 3C), of which, ITGA2 was found to have the highest
fold change value. Subsequently, we established that ITGA2
was up-regulated in both PTC cancer tissues and cells
(Figure 3D,3E).

According to these findings, we selected I'TGA2 as
a miR-671-5p target for further analysis, for which we
constructed a plasmid overexpressing ITGA2 (ov-ITGA2).
RT-qPCR analysis revealed that compared with the control
ov-NC construct, the gene and protein levels of ITGA2
were significantly higher in TPC-1 or FTC-133 cells
transfected with ov-1TGA2 (Figure 3F,3G), highlighting
the efficacy of the overexpressing I'TGA2 construct. In
the subsequent dual-luciferase assays, we found that the
fluorescence activity of the WT ITGA2 + miR-671-5p
mimic was lower than that of the NC group. Meanwhile, no
significant difference was detected between the fluorescence
activity of the mut I'TGA2 + miR-671-5p mimic NC group
and the mut I'TGA2 + miR-671-5p mimic NC group
(Figure 3H). Moreover, the overexpression of miR-671-5p
was found to inhibit the expression of ITGA2 (Figure 31),
whereas conversely, the overexpression of ITGA2 had no
apparent effect on the expression of miR-671-5p (Figure 37).
Collectively, these findings suggest that miR-671-5p targets
ITGA2 directly.

Interaction between circ_0001658 and ITGA2

Western blot analysis revealed that circ_0001658
consumption inhibits ITGA2 protein expression and PI3K/
AKT phosphorylation in TPC-1 and TFC-133 cells.
Meanwhile, we detected no significant changes in the levels
of PI3K or AKT proteins (Figure 44). Subsequent analyses,
in which si-circ_0001658 was co-transfected with ov-NC
or ov-ITGA2 into TPC-1 and FT'C-133 cells, revealed that
overexpression of ITGA2 reversed the previously observed
effects of si-circ_0001658 on I'TGA2 protein levels and
PI3K/AKT phosphorylation (Figure 4B). Again, we detected
no significant changes in the levels of either the PI3K or
AKT proteins. In addition, the results of cell function

© Annals of Translational Medicine. All rights reserved.
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experiments revealed that the inhibition of proliferation
(Figure 4C,4D) and reduction in the migration/invasive
potential (Figure 4E) of TPC-1 and FTC-133 cells by si-
circ_0001658 were all reversed following the transfection of

cells with ov-ITGA2.

Discussion

The findings of previous studies have established that
circRNAs are key factors in the progression of PTC and
that they can target miRNAs via ceRNA mechanisms,
thereby regulating the transcription and translation of
downstream mRNAs. This results in the modification of
intracellular signal transduction to alter the patterns of cell
growth. For example, circ_0137287 has been observed to
inhibit the tumor growth and aerobic glycolysis of PTC
cells via the miR-183-5p/protein phosphatase 2 regulatory
subunit B alpha axis (30). Meanwhile, by targeting miR-637,
circ_PSD3 has been shown to promote PTC progression
via the up-regulation of hemogen and activation of the
PI3K/AKT signaling pathway (26).

In the present study, we found that circ_0001658 is up-
regulated in PTC tissues and cell lines and functionally
demonstrated that circ_0001658 consumption inhibits
the growth and metastatic potential of PTC cells. In this
context, although it has been established that RNase R can
cut and degrade RNA in the 3' to 5' direction and can digest
almost all linear RNA molecules, circRINAs tend to be more
resistant to RNase R-mediated degradation. We accordingly
confirmed the activity of circ_0001658 by treating PTC
cells with RNase R. Based on these observations, we
identified circ_0001658 as a novel PTC oncofactor and
potential therapeutic target for PTC therapy. In addition,
we established that circ_0001658 is distributed primarily in
the cytoplasm of PTC cells, which led us to speculate that
circ_0001658 may act as a ceRINA.

Having thus identified circ_0001658, we went on to
perform luciferase reporter assays to identify potential
targets and accordingly verified that circ_0001658 directly
targets miR-671-5p, which has been reported to act as a
tumor suppressor that inhibits the progression of a range
of tumor types. For example, in gastric cancer, miR-671-5p
inhibits the proliferation of gastric cancer cells by targeting
an up-regulator of cell proliferation (31), whereas in
osteosarcoma, miR-671-5p acts as a tumor suppressor that
binds directly to cyclin D1, thereby inhibiting osteosarcoma
development (32). In PTC, the overexpression of miR-
671-5p has been observed to reduce the viability of PTC
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cells and inhibit tumor growth iz vive (15). Consistently,
in the present study, we established that miR-671-5p was
significantly down-regulated in PTC tissues and cell lines.
In addition, we identified the site of binding between
circ_0001658 and miR-671-5p and demonstrated that
circ_0001658 expression was negatively correlated with
that of miR-671-5p in PTC samples. Furthermore, the
expression of circ_0001658 in PTC cell lines was observed
to markedly inhibit the expression of miR-671-5p. These
observations provide evidence to indicate that circ_0001658
acts as a ceRINA to mediate the negative regulation of miR-
671-5p in PTC cells.

ITGA2 is an integrin subunit that is dysregulated in
several different cancer types, and this dysregulation
influences the occurrence and development of tumors
(33,34). For example, in breast cancer, ITGA2 is
significantly up-regulated, and this high expression is
closely associated with a poor prognosis (35). In this regard,
Chuang et al. have demonstrated that I'TGA2 blockage is
effective in promoting the apoptosis of gastric cancer cells,
thereby significantly inhibiting the distal migration of
gastric cancer cells (36). In addition, it has been reported
that the inhibition of ITGA2 in PTC can significantly
reduce tumor growth and distal migration (37). Our work to
date has enabled us to establish that ITGA2 is significantly
up-regulated in PTC tissues and cell lines and that this
integrin subunit is targeted by miR-671-5p and is positively
regulated by circ_0001658. Moreover, we have observed
that the effects of inhibiting circ_0001658 expression on
PTC cell growth and migration/invasion can be partially
offset by ITGA2 overexpression.

There is increasing evidence to indicate that the
PI3K/AKT signaling pathway plays an important role
in PTC carcinogenesis. For example, Zhang ez a/l. found
that activation of the PI3K/AKT pathway enhances
the invasive potential of PTC cells and promotes the
occurrence and development of PTC (38). Also, Zhao et al.
demonstrated that the inhibition of PI3K/AKT signaling
has a positive effect on the prognosis of PTC patients (39).
Consistently, Wu ez al. found that the inhibition of PI3K/
AKT phosphorylation contributes to the suppression of
PTC tumor development (40). In the present study, we
found that circ_0001658 consumption was conducive to
the inhibition of PI3K/AKT phosphorylation, whereas
this inhibitory effect could be partially offset by the
overexpression of ITGA2. Therefore, suppressing the
expression of circ_0001658 may be beneficial in the
treatment of PTC patients in clinic, including reducing the
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distal migration ability of PTC and the growth of tumor
cells. Due to the low looping efficiency and accuracy of
circ_RNA, the current technology is immature, and it is
still difficult to obtain circ_RNA data in clinical practice.
Collectively, our findings have enabled us to partly explain
the molecular mechanisms underlying the dysregulation of
circ_0001658 in PTC, and provide evidence to illustrate the
carcinogenic role of circ_0001658% in PT'C, through which
it contributes to the regulation of the miR-671-5p/ITGA2
axis by modifying PI3K/AKT signaling.

In summary, the results of this study provide convincing
evidence to indicate the biological function and molecular
mechanisms of circ_0001658 in the development of PTC.
Based on our observations, we believe that circ_0001658
could serve as a potential target for PTC therapy, and we
have established that by mediating PI3K/AKT signaling,
the circ_0001658/miR-671-5p/ITGA2 axis functions as a
novel mechanism that determines the progression of PTC.
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