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MiR‑613 inhibits the proliferation, migration, 
and invasion of papillary thyroid carcinoma cells 
by directly targeting TAGLN2
Yonglian Huang1, Hengwei Zhang2, Lidong Wang1, Chenxi Liu1, Mingyue Guo1, Hao Tan1 and Zhen Liu1*   

Abstract 

Background:  Papillary thyroid carcinoma (PTC), with a rapidly increasing incidence, is the most prevalent malignant 
cancer of the thyroid. However, its pathogenesis is unclear and its specific clinical indicators have not yet been identi-
fied. There is increasing evidence that microRNAs (miRNAs) play important roles in tumor occurrence and progression. 
Specifically, miR-613 participates in the regulation of tumor development in various cancers; however, its effects and 
mechanisms of action in PTC are still unclear. Therefore, in this study, we investigated the expression and function of 
miR-613 in PTC.

Methods:  qRT-PCR was used to determine miR-613 expression in 107 pairs of PTC and adjacent-normal tissues as 
well as in PTC cell lines and to detect TAGLN2 mRNA expression in PTC tissues and adjacent normal tissues. Western 
blot analysis was performed to identify TAGLN2 and epithelial–mesenchymal transition (EMT) biomarkers. The effects 
of miR-613 on PTC progression were evaluated by performing MTS, wound-healing, and Transwell assays in vitro. 
Luciferase reporter assays were also performed to validate the target of miR-613.

Results:  In PTC, miR-613 was significantly downregulated and its low expression level was associated with cervical 
lymph node metastasis. However, its overexpression significantly suppressed PTC cell proliferation, migration, and 
invasion and inhibited EMT. TAGLN2 was identified as a target of miR-613, which also significantly inhibited the expres-
sion of TAGLN2. Further, the restoration of TAGLN2 expression attenuated the inhibitory effects of miR-613 on PTC cell 
proliferation and metastasis.

Conclusion:  Our findings demonstrated that miR-613 can suppress the progression of PTC cells by targeting TAGLN2, 
indicating that miR-613 plays the role of a tumor suppressor in PTC. Overall, these results suggest that the upregula-
tion of miR-613 is a promising therapeutic strategy for PTC.
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Background
Papillary thyroid cancer (PTC) is the most frequently 
encountered type of thyroid malignancy, and over the 
past few decades, there has been a remarkable increase 
in its incidence [1, 2]. Primarily, PTC is treated via 

thyroidectomy (with or without neck dissection) or via 
adjuvant radioactive iodine [3] and thyroid stimulating 
hormone suppression therapies [4]. Although PTC has 
a favorable prognosis, certain cases show cervical lymph 
node metastasis at an early stage as well as a significant 
risk of recurrence [5], which is the main cause of death 
in patients with PTC. Moreover, given that no specific 
molecular biomarkers for PTC have been identified, 
monitoring its progression and prognosis is still challeng-
ing. Several risk factors, including obesity [6], radiation 
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exposure [7], iodine deficiency or excess [8], and genetic 
factors [9] are associated with PTC. Therefore, clarifying 
the molecular mechanisms underlying its tumorigenesis 
and progression are necessary in order to establish a reli-
able basis for clinical diagnosis and treatment.

MicroRNAs (miRNAs) are a class of highly conserved 
small non-coding RNAs that negatively regulate gene 
expression by completely or incompletely binding to the 
3′ untranslated region (3′-UTR) of target mRNAs [10]. 
Rarely, miRNAs may bind to the 5′ UTR segment of tar-
get mRNAs and enhance their translation [11]. Report-
edly, their dysregulation is involved in several biological 
and pathological processes, such as cell differentiation 
[12], proliferation, migration [13], apoptosis, oxidative 
damage [14], inflammation [15], immune escape [16], 
and tumorigenesis. Emerging evidence has also indicated 
that alterations in miRNA expression levels play criti-
cal roles in the occurrence and development of various 
cancers, including ovarian cancer [17], triple-negative 
breast cancer [18], gastric cancer [19], and colon cancer 
[20]. Additionally, miRNAs are considered to be potential 
biomarkers for the early diagnosis and prognostic evalua-
tion of cancer. Among the numerous miRNAs that exist, 
the roles of miR-613 in the regulation of tumor develop-
ment are well-established. First, its involvement in cell 
metabolism by targeting liver X receptor (LXR) gene 
has been reported [21]. Second, its downregulation in 
osteosarcoma [22], glioma [23], and non-small-cell lung 
cancer [24], and upregulation in cervical cancer [25] and 
colorectal cancer [26] have also been demonstrated. Fur-
ther, it has also been demonstrated that miR-613, which 
is downregulated in laryngeal squamous carcinoma, can 
function as a tumor-suppressor gene by downregulating 
the expression of PDK1 [27]. Furthermore, its expression 
decreases in triple-negative breast cancer and restoration 
to initial levels can repress the migration and invasion of 
breast cancer cells via the inhibition of Daam 1 expres-
sion [28]. It has also been demonstrated that miR-613 
enhances the sensitivity of gastric [29] and liver cancer 
cells [30] to chemotherapy, and its expression is signifi-
cantly decreased in radiotherapy-resistant non-small-cell 
lung cancer [31]. Therefore, based on these previous stud-
ies, miR-613 plays an important role in regulating tumor 
cell malignancy. However, the mechanism by which it 
influences tumorigenesis in PTC is still unclear.

TAGLN2, also known as transgelin-2, which contains 
an N-terminal calponin homolog (CH) domain and a 
C-terminal calponin-like domain, belongs to the family 
of actin-binding proteins. Specifically, it binds to actin 
to facilitate the formation of cytoskeletal structures, a 
process that plays a fundamental role in various biologi-
cal processes. Furthermore, TAGLN2 also participates 
in the formation of an immunological synapse in T cells, 

maintains F-actin content, and blocks actin depolymeri-
zation, in a process similar to the formation of aggressive 
pseudopodia in malignant tumors [32–34]. It has also 
been observed that TAGLN2 is dysregulated in several 
malignancies and is involved in cancer cell prolifera-
tion, invasiveness, apoptosis, and metastasis [35–37]. For 
example, the upregulation of TAGLN2 triggers the prolif-
eration, migration, and invasion of esophageal squamous 
cell cancer cells [38]. Furthermore, TAGLN2 is overex-
pressed in lung cancer tissues, and its high expression 
is closely related to the clinical stages and lymph node 
metastasis of lung cancer [39]. However, its role in the 
tumorigenesis and progression of PTC is still unknown.

Given that miRNAs are posttranscriptional regulators 
of gene expression, their dysregulation contributes to the 
progression of PTC via the regulation of downstream tar-
get molecules. For example, the restoration of miR-214 
expression in PTC can inhibit cell proliferation, migra-
tion, and invasion and also induce apoptosis in  vitro 
by targeting proteasome 26S subunit non-ATPase 10 
(PSMD10) [40]. Additionally, the upregulation of miR-
215 in PTC cells shows similar effects and remarkably 
represses metastasis by modulating epithelial–mesenchy-
mal transition (EMT) via the ARFGEF1/AKT/GSK-3β 
signaling pathway [41]. However, the underlying mecha-
nism and downstream targets of miR-613 in PTC are still 
unclear.

We speculated that the miR-613/TAGLN2 axis acts 
as a tumor suppressor in PTC. To verify this hypoth-
esis, biological experiments were performed on cells 
grown in vitro. Thus, an inverse correlation was observed 
between miR-613 and TAGLN2, and the results provided 
evidence that miR-613 could inhibit PTC cell prolifera-
tion, migration, and invasion in  vitro. Our results also 
clarify the cross-talk between miR-613 and TAGLN2, 
which could serve as a basis for the development of novel 
targeted therapies that involve miR-613.

Methods
Cell culture
Human thyroid follicular epithelial cell line Nthy-ori-3-1 
(N3) and PTC cell line K1 were purchased from the Euro-
pean Collection of Authenticated Cell Cultures (ECACC). 
PTC cell lines TPC-1 and BCPAP were purchased from 
BeNa Culture Collection (BNCC) and authenticated via 
STR Genotyping. The K1 cells were cultured in a medium 
containing 10% fetal bovine serum (FBS; LONSERA, 
Ciudad de la Costa, Uruguay), 1% penicillin, and strep-
tomycin (Gibco, Gaithersburg, MD, USA) mixed with 
MCD105 (Abcam, Cambridge, MA, USA), F-12, and 
DMEM (Hyclone, Logan, UT, USA). The Nthy-ori-3-1 
cells were cultured in RPMI-1640 (Hyclone, Logan, UT, 
USA), while the TPC-1 and BCPAP cells were cultured in 
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DMEM (Hyclone, Logan, UT, USA) supplemented with 
10% FBS, 1% penicillin, and streptomycin. All the cells 
were cultured at 37 °C in a 5% CO2 atmosphere.
Human samples
PTC tissues and adjacent normal tissues (confirmed via 
pathological diagnosis) were obtained from 107 patients 
at the Department of General Surgery, Shengjing Hos-
pital of China Medical University. The patients did not 
receive any local or systemic treatments before the oper-
ation, and the adjacent normal tissues were collected 
at > 2 cm from the tumor edge. Immediately after surgical 
resection, all the collected tissues were stored in liquid 
nitrogen. Informed consent was obtained from patients 
or guardians, and the study was approved by the ethics 
committee of the hospital.

Quantitative reverse‑transcription polymerase chain 
reaction (qRT‑PCR)
Total RNA extraction from cells and tissues was per-
formed using the miRNeasy Mini Kit (Qiagen, German-
town, MD, USA), and non-coding small RNA reverse 
transcription was performed using the Hairpin-it™ 
microRNA and U6 snRNA Normalization RT-PCR 
Quantitation Kit (GenePharma, Shanghai, China). Com-
plementary cDNA was obtained using the PrimeScript 
RT Reagent Kit (Takara, Dalian, China). Further, qRT-
PCR analyses for the detection of miR-613 and TAGLN2 
were conducted using SYBR Premix Real-time PCR Rea-
gent (Takara) and the ABI 7500 FAST Real Time PCR 
System (Applied Biosystems, Foster City, CA, USA). 
All the primers were purchased from GenePharma. 
The primer sequences were as follows: miR-613, for-
ward primer 5′-CGG​CCG​CGA​GGA​ATG​TTC​CTTC-3′, 
reverse primer 5′-ATC​CAG​TGC​AGG​GTC​CGA​GG-3′; 
and TAGLN2, forward primer 5′-ATC​ACC​ACC​CAG​
TGC​CGA​AAG-3′, reverse primer 5′-CAT​GGT​GGA​
GGC​CTG​GAT​CTT-3′. Further, the fold-change in the 
expression of each gene was determined using the 2−ΔΔCt 
method. U6 and GAPDH were chosen as reference genes 
for miR-613 and TAGLN2, respectively.

Western blot analysis
Total proteins were extracted using RIPA buffer (with 
phenylmethylsulfonyl fluoride at 100:1). After the pro-
teins were separated via sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis, they were transferred 
onto polyvinylidene difluoride membranes. Subse-
quently, the membranes were incubated with 5% bovine 
serum albumin (Solarbio, Beijing, China) for 2 h at room 
temperature (22–25 ℃), followed by incubation with rab-
bit anti-TAGLN2 antibody (1:1000), rabbit anti-E-cad-
herin (1:2000), rabbit anti-N-cadherin (1:2000), rabbit 
anti-vimentin (1:2000), rabbit anti-MMP2 (1:800), and 

rabbit anti-GAPDH (1:8000) (all purchased from Pro-
teinTech Group Inc., Wuhan, China) at 4 °C for 14–16 h. 
Thereafter, the collected membranes were washed with 
TBST (Tris-buffered saline, 0.1% Tween 20) three times. 
Horseradish peroxidase-labeled goat anti-rabbit antibody 
(1:2500; ProteinTech Group Inc.) or horseradish peroxi-
dase-labeled goat anti-mouse antibody (1:10,000; Pro-
teintech Group Inc.) was used as a secondary antibody, 
and after incubation at room temperature (22–25 ℃) for 
2 h, the membranes were washed with TBST three times 
and detected via enhanced chemiluminescence.

Cell transfection
Three PTC cell lines (K1, TPC-1, and BCPAP) were used 
for cell transfection. One day before transfection, the 
cells were seeded into 6-well plates. When the cell den-
sity reached 60–70% confluence, the cells were trans-
fected with miR-613 mimics, miR-NC (negative control), 
pCMV-TAGLN2, and pCMV-control plasmids using 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. The miR-
613 mimics and miR-NC were purchased from GeneP-
harma. Specifically, the sequence of the miR-613 mimics 
was 5′-AGG​AAU​GUU​CCU​UCU​UUG​CC-3′, and the 
final concentration was 100  nM. The pCMV-TAGLN2 
and pCMV-control plasmids were purchased from Gene-
Chem (Shanghai, China). The final transfection amount 
was 2500  ng. Further, qRT-PCR was performed to vali-
date the efficiency of the transfection process.

Dual‑luciferase reporter assay
Four online databases, namely, TargetScan (http://​www.​
targe​tscan.​org/), miRDB (http://​mirdb.​org/), RNAInter 
(http://​www.​rna-​socie​ty.​org/​rnain​ter/), and miRWalk 
(http://​www.​ma.​uni-​heide​lberg.​de/​apps/​zmf/​mirwa​lk/), 
were used to predict the target genes of miR-613. The 
intersection of datasets was determined using a Venn 
Diagram, and the binding sites for TAGLN2 and miR-
613 were determined using an online database, TargetS-
can. Specifically, after synthesis, human TAGLN2 3′-UTR 
(containing the miR-613 binding sequence, 5′-ACA​TCC​
-3′) and a mutant 3′-UTR (containing the mutant miR-
613 binding site, 5′-TGT​AAG​-3′) were inserted into 
pmiR-RB-Report Vector (Ribo Bio Co., Guangzhou, 
China) for analysis.

Further, 293T cells were seeded into 96-well-plates at 
a density of 3000 cells per well on the day before trans-
fection. When the cells reached 70–80% confluence, they 
were co-transfected with each luciferase plasmid and 
miR-613 mimics or miR-NC. Thereafter, a Luciferase Kit 
(Promega, Madison, WI, USA) was used to measure the 
fluorescence intensity after 48 h of transfection.

http://www.targetscan.org/
http://www.targetscan.org/
http://mirdb.org/
http://www.rna-society.org/rnainter/
http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/
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MTS assay
PTC cell proliferation was evaluated using the CellTiter 
96® AQueous One Solution Cell Proliferation Assay Kit 
(Promega, USA) according to the manufacturer’s proto-
col. Specifically, the cells transfected with miR-613 mim-
ics or miR-NC were seeded in 96-well plates after 24  h 
and cultured for 24, 48, 72, and 96 h. Thereafter, 20 µL of 
MTS solution was added to each well, followed by incu-
bation for 4  h at 37  °C. Absorbance was then detected 
at 490  nm using a multi-mode microplate reader. The 
experiments were performed at least in triplicates.

Wound healing assay
Cell migration ability was determined via the wound 
healing assay. Specifically, transfected cells were cultured 
in 6-well plates until the cell density in the entire medium 
was close to 90%. Thereafter, the cell monolayer was 
scraped using a 200 µL pipette, and the collected cells 
were washed three times with phosphate buffered saline. 
This was followed by culturing in a medium containing 
2% FBS for 24 h. Further, images corresponding to each 
scratch were obtained at 0 and 24  h in the same visual 
fields under an inverted microscope. Cell migration was 
then calculated as the percentage of wound closure as fol-
lows: wound closure (%) = [(scratch area at 0 h—scratch 
area at 24 h)/scratch area at 0 h] × 100. The experiments 
were repeated at least three times.

Transwell assay
Transwell chambers (8  μm; Costar, Corning, New York 
City, NY, USA) containing Matrigel were employed 
to examine cell invasion ability. Briefly, 5 × 104 cells in 
200  µL of serum-free medium were transferred to the 

upper chambers and 600 µL of the medium with 10% FBS 
was added to the lower chambers. After 24–48 h of incu-
bation at 37 °C in 5% CO2, the cells in the upper cham-
bers were scraped, and invaded cells were fixed with 4% 
paraformaldehyde and stained with crystal violet. There-
after, to count the cells that migrated through the mem-
brane, five fields were randomly selected and observed 
under a microscope. The experiments were also repeated 
at least three times.

Statistical analysis
The data corresponding to the clinical samples were 
presented as mean ± SEM, while other results were 
expressed as mean ± SD of triplicate experiments. Sta-
tistical analyses and the generation of graphs were per-
formed using GraphPad 7.0. For comparisons, Student’s 
t-tests were performed and to evaluate the relation-
ship between miR-613 and TAGLN2 mRNA expression 
in PTC tissues, Spearman’s correlation coefficients 
were determined. p < 0.05 was considered statistically 
significant.

Results
MiR‑613 was downregulated in PTC tissues and cell lines
The expression of miR-613 was evaluated in 107 pairs of 
PTC and normal-adjacent tissues, and it was observed 
that the levels of miR-613 in PTC tissues (1.339 ± 0.523) 
were lower than those in the normal-adjacent tissues 
(3.976 ± 0.934) (p < 0.05; Fig.  1a). Consistent with the 
clinical data, the levels of miR-613 expression were lower 
in all the PTC cell lines than in the Nthy-ori-3–1 cell lines 
(p < 0.05; Fig.  1b). Further, the level of miR-613 expres-
sion was closely related to lymph node metastasis in 

Fig. 1  Abnormal downregulation of miR-613 in papillary thyroid cancer (PTC) tissues and cell lines. a Downregulation of miR-613 in PTC tissues 
compared with adjacent non-tumor tissues (n = 107) based on qRT-PCR analysis. b Downregulation of miR-613 in PTC cell lines (K1, TPC-1, and 
BCPAP cell lines) compared with the thyroid follicular epithelial cell line (N3). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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patients with PTC (Table 1). It was also observed that the 
relative expression level of miR-613 in patients without 
lymph node metastasis (1.689 ± 0.057) was significantly 
higher than that in patients with lymph node metastasis 
(0.326 ± 0.040). These results indicated that miR-613 pos-
sibly functioned as a tumor suppressor in PTC.
Suppression of PTC cell proliferation, migration, 
and invasion by MiR‑613
Based on functional analyses, miR-613 was overexpressed 
in PTC cells owing to transfection with miR-613 mimics. 
Based on MTS assay, it was observed that the overexpres-
sion of miR-613 resulted in a significant decrease in PTC 
cell growth (Fig. 2a and Additional file 1: Fig. S1). Further, 
to confirm the effects of miR-613 on PTC cell migration 
and invasion, wound-healing and Transwell assays were 
performed. The wound-healing assay showed that miR-
613 mimics inhibited PTC cell migration (Fig. 2b and c), 
and as shown in Fig. 2d and e, the Transwell assay indi-
cated that the upregulation of miR-613 inhibited PTC cell 
invasion. Further, the results of migration and invasion 
assays suggested that miR-613 acts as an anti-oncogene 
by suppressing PTC cell migration and invasion (Table 2).

Inhibition of EMT induction in PTC cells by MiR‑613
It has been previously demonstrated that miRNAs sup-
press invasion and metastasis via EMT mediation. To 
determine whether miR-613 has inhibitory effects on 

EMT in PTC, we examined the expression of the pro-
teins of the epithelial marker, E-cadherin, and the mes-
enchymal markers, N-cadherin, vimentin, and MMP2 
in PTC cells. As shown in Fig. 3, the protein expression 
levels of E-cadherin were significantly higher in PTC cells 
with miR-613 upregulation than in the control groups, 
while the expression levels of N-cadherin, vimentin, and 
MMP2 were significantly lower. Thus, miR-613 inhibited 
PTC cell invasion and metastasis via the regulation of 
EMT in the PTC cells.

TAGLN2 as a direct target of miR‑613
To predict the downstream targets of miR-613, four 
online databases were used. Thus, it was observed 
that miR-613 directly targets TAGLN2 by binding to 
its 3′‐UTR segment at positions 72–78 and 186–192. 
Further, to confirm that miR-613 targets the TAGLN2 
3′‐UTR segment, a fragment including the miR-613 
binding site within TAGLN2, was cloned into a vec-
tor (WT-TAGLN2) (Fig. 4a and b). A mutant recombi-
nant, in which the seed regions of miRNA binding sites 
were mutated (MUT-TAGLN2), was also constructed. 
Thereafter, 293T cells were co-transfected with RNA 
oligos and pri-recombinants. In this regard, reporter 
assays showed that miR-613 overexpression inhibited 
the luciferase activity of WT-TAGLN2. However, no 
significant effect was observed when the cells were co-
transfected with MUT-TAGLN2 (Fig.  4c). Addition-
ally, qRT-PCR and western blot analysis showed that 
the overexpression of miR-613 significantly decreased 
the expression of TAGLN2 at both mRNA and protein 
levels in K1, TPC-1, and BCPAP cells (Fig.  4d and e). 
The further evaluation of TAGLN2 expression in PTC 
issues showed that its mRNA and protein levels were 
significantly higher in PTC tissues than in the normal-
adjacent tissues (Fig.  4f ). Further, Spearman’s correla-
tion analysis revealed a significant inverse correlation 
between TAGLN2 and miR-613 (Fig. 4f ). Thus, we con-
firmed that TAGLN2 is a direct target of miR-613.

Offset of the inhibitory effect of miR‑613 in PTC cells 
by TAGLN2
Reportedly, TAGLN2 plays an important role in malig-
nant tumor invasion and metastasis [35, 36, 38, 42–44]. 
In this study, to determine whether miR-613 partici-
pates in PTC cell invasion and metastasis by regulating 
the expression of TAGLN2, PTC cells were co-trans-
fected with pCMV-TAGLN2 and miR-613 mimics. PTC 
cells transfected with miR-613 only and blank PTC cells 
were used as controls. As shown in Fig.  5a, TAGLN2 
was significantly downregulated in PTC cell lines after 
transfection with miR-613 mimics, and its expression 
was re-upregulated after co-transfection with miR-613 

Table 1  Correlation between miR-613 expression level in PTC 
and clinicopathologic features

Clinicopathologic 
features

Cases miR-613 expression P value

Gender

 Male 86 1.471 ± 0.188 0.415

 Female 21 1.304 ± 0.103

Age

  ≥ 55 83 1.358 ± 0.101 0.583

  < 55 24 1.251 ± 0.207

Tumor size

 1–2 cm 64 1.4 ± 0.145 0.656

  > 2 cm 43 1.329 ± 0.040

Lymph node metastasis

 Yes 79 0.326 ± 0.040 0.01

 No 28 1.689 ± 0.057

Multiplicity

 Yes 57 1.3 ± 0.127 0.513

 No 50 1.424 ± 0.135

Extra thyroid invasion

 Yes 32 1.496 ± 0.155 0.418

 No 75 1.236 ± 0.143
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mimics and pCMV-TAGLN2. Further, as indicated in 
Fig. 5b and Additional file 2: S2, the use of MTS assay to 
evaluate the proliferation ability of PTC cells showed a 
significant difference in proliferation between the group 
transfected with pCMV-TAGLN2 and miR-613 mim-
ics and the group transfected with miR-613 mimics 
only. Furthermore, the group transfected with pCMV-
TAGLN2 and miR-613 mimics and the group transfected 
with miR-613 mimics only showed significant differences 
in migration and invasion, suggesting that possibly, the 
upregulation of TAGLN2 partially offset the effects of 
miR-613 (Fig.  5c–f). The results of the migration and 
invasion assays are summarized in Table  3. Overall, the 
regulatory effects of miR-613 on the progression of PTC 
may be mediated by TAGLN2.

Rescue of miR‑613‑induced EMT inhibition in PTC cells 
by TAGLN2
As previously suggested, miR-613 regulates the expres-
sion of TAGLN2 by binding to its 3′-UTR segment. We 
further evaluated whether TAGLN2 is able to rescue 
the inhibitory effect of miR-613 on EMT in PTC cells. 
Thus, it was observed that the protein expression lev-
els of E-cadherin were significantly lower, while those 
of N-cadherin, vimentin, and MMP2 were significantly 
higher in PTC cells co-transfected with pCMV-TAGLN2 
and miR-613 mimics than in cells transfected with miR-
613 only. These findings indicated that the upregula-
tion of TAGLN2 in PTC cells partially rescued the 
miR-613-induced inhibition of EMT (Fig. 6a and b). Col-
lectively, these results demonstrated that miR-613 inhib-
its EMT by suppressing the expression of TAGLN2.

Discussion
PTC is one of the most common endocrine malignan-
cies, and over the last 25 years, its incidence has tripled 
[1, 2]. It is also associated with a high risk of early lymph 
node metastasis and the absence of specific symptoms. 
These factors make its diagnosis and treatment difficult. 
Further, the risk of metastasis occurring in the early stage 
of PTC increases the risks of recurrence and mortality 
[45–47]. Therefore, effective therapy and early diagnosis 
are crucial.

MiRNAs, which function as oncogenes or antionco-
genes, and are candidate therapeutic and diagnostic 

targets for malignant tumors, have been a major focus of 
recent research efforts [48, 49]. The potential therapeu-
tic anti-tumor effect of miRNAs has been confirmed in 
an increasing number of studies, and a series of clini-
cal trials has been conducted in this regard. These stud-
ies have shown that the dysregulation of miRNA can be 
reversed by agomirs or antagomirs [50–52]. Recently, it 
was reported that miR-613 dysregulation, which is asso-
ciated with cancer cell aggressiveness and progression, 
occurs in several types of malignant cancers [53, 54]. 
Further, it has been observed that the overexpression of 
miR-613 in hepatocellular cancer cells inhibits cancer 
stem cell expansion and increases sensitivity to cisplatin 
and sorafenib [30]. Particularly, in gastric cancer, miR-
613 overexpression suppresses GC cell proliferation, cell 
cycle progression, and migration [29]. Additionally, in tri-
ple-negative breast cancer cells, miR-613 possibly inhib-
its cell migration and invasion [28]. However, its function 
in PTC is still unclear. The results of this study demon-
strated that miR-613 levels were markedly downregu-
lated in patients with PTC and were significantly lower in 
PTC with lymph node metastasis than in tissues without 
lymph node metastasis. These results suggest that low 
miR-613 expression levels may be associated with PTC 
invasion and metastasis.

Further, we observed that miR-613 was markedly 
downregulated in PTC cell lines, and its upregulation 
resulted in a significant inhibition of PTC cell prolifera-
tion, migration, and invasion. EMT is known to play an 
important role in cell morphology and motility, and dur-
ing such processes, epithelial cells lose their adhesion 
properties and acquire mesenchymal features alongside 
the dysregulation of a series of phenotypic biomarkers, 
under the action of various inducers. Consequently, the 
rate of cell metastasis increases, and metastasis to distant 
tissues and organs can also occur [55]. To determine the 
mechanism by which miR-613 inhibited PTC cell inva-
sion, we evaluated the expression levels of crucial EMT-
related proteins (E-cadherin, N-cadherin, vimentin, and 
MMP2) after the overexpression of miR-613. E-cadherin 
was observed to be significantly upregulated, while 
N-cadherin, vimentin, and MMP2 were markedly down-
regulated, indicating that miR-613 may be a negative reg-
ulator of EMT in PTC cells. These results suggested that 

(See figure on next page.)
Fig. 2  Inhibition of papillary thyroid cancer (PTC) cell proliferation, migration, and invasion by miR-613 in vitro. K1, TPC-1, and BCPAP cells were 
transfected with miR-613 mimics or miR-NC. a Significant inhibition of PTC cell growth at 48, 72, and 96 h owing to miR-613 restoration. b, c 
Inhibition of PTC cell migration ability via miR-613 restoration based on wound healing assays. Left, representative images showing the migration of 
three PTC cells in six-well culture plates (b). Right, quantification of the cell migration distances corresponding to three PTC cells (c). d, e Restoration 
of miR-613 inhibited PTC cell invasion. Images of cells that migrated to the bottom chamber (d) and calculated number of invasion cells (e). * 
p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001
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Fig. 2  (See legend on previous page.)
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the restoration of miR-613 expression may be an effective 
strategy by which PTC progression can be controlled.

As important gene expression regulators, miRNAs 
participate in physiological or pathological processes by 
regulating protein expression at the post-transcriptional 
level. Therefore, the identification of miRNA targets is 
crucial for the elucidation of cancer pathogenesis. Using 

various prediction algorithms, TAGLN2 was identified 
as a direct target of miR-613. Specifically, we observed 
that the expression of TAGLN2 was upregulated in PTC 
tissues and was negatively related to the expression of 
miR-613. Further, in PTC cell lines, the overexpression of 
miR-613 resulted in a decrease in the levels of TAGLN2. 
A dual-luciferase reporter assay also confirmed that 
TAGLN2 is a direct target of miR-613.

TAGLN2, an actin-binding protein, contributes to the 
formation of the cytoskeletal structure and helps in the 
maintenance of its stability; this is fundamental for a 
wide range of biological processes [56]. TAGLN2 is also 
overexpressed in various cancers, and its dysregulation is 
associated with the progression of malignant tumors [37, 
39, 57–59]. In this study, rescue experiments revealed 
that TAGLN2 overexpression attenuates the inhibitory 
effects of miR-613 on PTC cell proliferation, migration, 
and invasion. According to a previous study, TAGLN2 
silencing specifically inhibits F-actin-rich compartments 
in glioma cells, thereby reducing the formation of pseu-
dopodia during cell invasion [37]. In non-small-cell lung 
cancer, hypoxia-inducible TAGLN2 can promote EMT 
by activating the IGF1RB/PI3K/AKT pathway, thereby 
stabilizing Snail1, which functions as an E-cadherin 
suppressor [36]. These previous findings indicate that 
TAGLN2 may be a crucial regulator of metastasis and 
aggressiveness in malignancies. To further clarify the role 
of TAGLN2 in the invasive pathological process of PTC, 
PTC cells were co-transfected with miR-613 mimics and 

Table 2  The healing area and numbers of invasion cells in group 
of PTC cells transfected with mimics or mimics NC

a Control vs. mimics
b Mimics vs. mimics NC
c Control vs. mimics NC

Cell lines Scratch wound 
area healed

P value Number of 
invasion cells

P value

K1

 Control 68.6% ± 1.4% 0.01a 225.8 ± 14.3 0.043a

 Mimics 52.6% ± 3.2% 0.000b 157.3 ± 25.7 0.032b

 Mimics NC 74.7% ± 1.8% 0.063c 268.0 ± 22.5 0.145c

TPC-1

 Control 40.7% ± 2.3% 0.001a 496.2 ± 73.5 0.006a

 Mimics 28.1% ± 1.6% 0.001b 220.2 ± 5.4 0.006b

 Mimics NC 38.4% ± 1.5% 0.442c 498.2 ± 73.7 0.985c

BCPAP

 Control 38.6% ± 3.6% 0.023a 568.6 ± 25.6 0.000a

 Mimics 28.0% ± 1.9% 0.021b 233.8 ± 24.2 0.000b

 Mimics NC 37.2% ± 2.8% 0.776c 523.0 ± 34.1 0.416c

Fig. 3  Inhibition of EMT induction by miR-613 in papillary thyroid cancer (PTC) cells. A Increased E-cadherin expression, and decreased N-cadherin, 
Vimentin, and MMP2 expression based on western blot analysis. b Relative expression levels of EMT-related markers. * p < 0.05, **p < 0.01, *** 
p < 0.001, **** p < 0.0001
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Fig. 4  TAGLN2 as a direct target of miR-613. a Venn diagram displaying miR-613 predicated to target TAGLN2 based on four different predication 
algorithms, namely, TargetScan, miRDAB, RNAInter, and miRWalk. b Schematic representation of TAGLN2 showing the putative miRNA target 
site. c Suppression of the luciferase activity of TAGLN2-3`UTR by miR-613 in 293 T cells and removal of the miR-613-mediated inhibitory effect by 
TAGLN2-3`UTR-mut. d Decrease in TAGLN2 mRNA levels owing to the overexpression of miR-613 based on qRT-PCR analysis. e Decrease in TAGLN2 
protein level owing to the overexpression of miR-613 based on western blot analysis. f Upregulation of TAGLN2 in papillary thyroid cancer (PTC) 
tissues compared with adjacent non-tumor tissues based on qRT-PCR and western blot analyses. The expression of miR-613 was inversely correlated 
with the expression of TAGLN2 mRNA. * p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001
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Fig. 5  Inhibition of papillary thyroid cancer (PTC) cell proliferation, migration, and invasion by miR-613 directly targeting TAGLN2. A rescue 
experiment was performed to confirm that miR-613 exerts its inhibitory effect by targeting TAGLN2. a Significant re-upregulation of TAGLN2 in PTC 
cell lines after TAGLN2 overexpression based on western blot analysis. b Reversal of the inhibitory effects of miR-613 on PTC cell growth at 48, 72, 
and 96 h by TAGLN2 based on MTS assay. c, d Reversal of the inhibitory effects of miR-613 on cell migration by TAGLN2 based on wound healing 
assays. Representative images showing the migration of three PTC cells in six-well culture plates (c). Quantification of the cell migration distances 
corresponding to three PTC cells (d). e, f Reversal of the cell invasion inhibitory effects of miR-613 by TAGLN2. Images of cells that migrated to the 
bottom chamber (e), and calculated number of invasion cells (f). * p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001
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TAGLN2, and analyses were performed. Thus, it was 
observed that the miR-613-induced suppression of EMT 
was restored by the overexpression of TAGLN2. These 
results demonstrate the vital effects of miR-613-driven 
TAGLN2 suppression on the inhibition of PTC progres-
sion. Furthermore, the results of this study showed that 
miR-613 regulated EMT-related proteins by regulating 
TAGLN2 expression, suggesting that TAGLN2 may act as 
a bridge between upstream regulators and downstream 
effectors. Thus, the effect of TAGLN2 on morphological 
changes and the underlying mechanism related to EMT 
remain to be determined. In future, we will explore the 
molecular pathways that are associated with the involve-
ment of TAGLN2 in morphological changes and also 
reveal the precise molecular mechanism underlying PTC 
invasion and metastasis.

Conclusion
In this study, we obtained evidence that miR-613 
inhibits PTC cell proliferation, metastasis, and EMT 
by downregulating TAGLN2 expression. Overall, our 

Table 3  The healing area and numbers of invasion cells in group 
of PTC cells transfected with mimics or mimics + TA

a Control vs. mimics
b Mimics vs. mimics + TA
c Control vs. mimics + TA

Cell lines Scratch wound 
area healed

P value Number of 
invasion cells

P value

K1

 Control 87.1% ± 3.0% 0.008a 99.8 ± 5.9 0.002a

 Mimics 64.2% ± 5.7% 0.012b 64.3 ± 3.8 0.001b

 Mimics + TA 87.6% ± 4.4% 0.930c 101.0 ± 5.2 0.880c

TPC-1

 Control 58.5% ± 3.9% 0.004a 286.0 ± 15.5 0.000a

 Mimics 42.5% ± 1.1% 0.000b 121.0 ± 7.5 0.000b

 Mimics + TA 58.9% ± 2.3% 0.925c 299.3 ± 10.0 0.500c

BCPAP

 Control 84.8% ± 1.2% 0.000a 159.3 ± 8.9 0.001a

 Mimics 49.8% ± 3.9% 0.001b 96.0 ± 2.9 0.007b

 Mimics + TA 80.1% ± 3.6% 0.220c 168.5 ± 17.7 0.657c

Fig. 6  Inhibition of EMT by miR-613 via the direct targeting of TAGLN2 in papillary thyroid cancer (PTC) cells. K1, TPC-1, and BCPAP cells were 
transfected with miR-613 mimics or mimics + TAGLN2. a Decreased E-cadherin expression level and increased N-cadherin, Vimentin, and MMP2 
expression levels in mimics group compared with the mimics + TAGLN2 group. b Relative expression levels of EMT-related markers. * p < 0.05, 
**p < 0.01, *** p < 0.001, **** p < 0.0001
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findings indicated that miR-613 is a potential clinical 
biomarker for PTC progression and could serve as a 
therapeutic target for human PTC. In future, we plan 
to conduct an in-depth investigation into the role of 
TAGLN2 in PTC and clarify the molecular mechanisms 
by which TAGLN2 regulates the progression of PTC.

Abbreviations
PTC: Papillary thyroid cancer; EMT: Epithelial–mesenchymal transition; miRNA: 
MicroRNA; 3′-UTR​: 3′ Untranslated region; PSMD10: Proteasome 26S subunit 
non-ATPase 10; ARFGEF1: ARF Guanylate exchange factor; AKT: Protein kinase 
B; GSK-3β: Glycogen synthase kinase 3β; MMP2: Matrix metalloproteinase 2; 
PI3K: Phosphatidylinositol-4, 5-bisphosphate 3-kinase; IGF1RB: Insulin-Like 
Growth Factor I Receptor, beta.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12935-​021-​02083-8.

Additional file 1: Figure S1. The representative image color changes at 
each time point. As shown in Figure S1, the color depths corresponding to 
the mimics group at 48, 72 and 96 h were lighter than those correspond-
ing to the control and NC groups at the same time points.

Additional file 2: Figure S2. The representative image color changes at 
each time point. As shown in Figure S2, the color depths corresponding to 
the mimics group at 48, 72 and 96 h were lighter than those correspond-
ing to the control and mimics + TA groups at the same time points.

Acknowledgements
We sincerely thank Prof. Yang Fan from China Medical University (Shenyang, 
China) for her assistance with theoretical and technical guidance.

Authors’ contributions
YH, HZ and ZL designed the experiments; LW and CL participated in the col-
lection and analysis of clinical specimens` data; MG and HT were respon-
sible for the cell culture and bioinformatics; YH was a major contributor in 
performing the experiment and writing the manuscript. ZL and HZ revised the 
manuscript critically. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(Grant Number: 81672644), the National Natural Science Foundation of China 
(Grant Number: 81802672) and 345 Talent Project of Shengjing Hospital of 
China Medical University.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
The study was reviewed and approved by the Medical Ethics Committee of 
Shengjing Hospital. All patients signed the informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of General Surgery, Shengjing Hospital of China Medical Univer-
sity, No. 36 Sanhao Street, Shenyang 110004, China. 2 Department of General 

Surgery, The First Hospital of Lanzhou University, 1 Donggang West Rd, 
Lanzhou 730000, China. 

Received: 27 March 2021   Accepted: 7 July 2021

References
	1.	 Chen W, Zheng R, Zuo T, Zeng H, Zhang S, He J. National cancer inci-

dence and mortality in China, 2012. Chin J Cancer Res Chung-kuo yen 
cheng yen chiu. 2016;28(1):1–11.

	2.	 Kitahara CM, Sosa JA. The changing incidence of thyroid cancer. Nat Rev 
Endocrinol. 2016;12(11):646–53.

	3.	 Shaha AR. Recurrent differentiated thyroid cancer. Endocr Pract. 
2012;18(4):600–3.

	4.	 Biondi B, Cooper DS. Thyroid hormone suppression therapy. Endocrinol 
Metab Clin North Am. 2019;48(1):227–37.

	5.	 McLeod DSA, Zhang L, Durante C, Cooper DS. Contemporary 
debates in adult papillary thyroid cancer management. Endocr Rev. 
2019;40(6):1481–99.

	6.	 Schmid D, Ricci C, Behrens G, Leitzmann MF. Adiposity and risk of 
thyroid cancer: a systematic review and meta-analysis. Obesity Rev. 
2015;16(12):1042–54.

	7.	 Sinnott B, Ron E, Schneider AB. Exposing the thyroid to radiation: 
a review of its current extent, risks, and implications. Endocr Rev. 
2010;31(5):756–73.

	8.	 Dal Maso L, Bosetti C, La Vecchia C, Franceschi S. Risk factors for thyroid 
cancer: an epidemiological review focused on nutritional factors. Cancer 
Causes Control. 2009;20(1):75–86.

	9.	 Xing M. BRAF mutation in thyroid cancer. Endocr Relat Cancer. 
2005;12(2):245–62.

	10.	 Fortunato O, Boeri M, Verri C, Moro M, Sozzi G. Therapeutic use of microR-
NAs in lung cancer. BioMed Res Int. 2014;2014:756975.

	11.	 Ørom UA, Nielsen FC, Lund AH. MicroRNA-10a binds the 5’UTR of 
ribosomal protein mRNAs and enhances their translation. Mol Cell. 
2008;30(4):460–71.

	12.	 Li B, Wang X, Choi IY, Wang YC, Liu S, Pham AT, Moon H, Smith DJ, Rao 
DS, Boldin MP, et al. miR-146a modulates autoreactive Th17 cell dif-
ferentiation and regulates organ-specific autoimmunity. J Clin Investig. 
2017;127(10):3702–16.

	13.	 Liu Y, Liu R, Yang F, Cheng R, Chen X, Cui S, Gu Y, Sun W, You C, Liu Z, 
et al. miR-19a promotes colorectal cancer proliferation and migration by 
targeting TIA1. Mol Cancer. 2017;16(1):53.

	14.	 Angelopoulou E, Paudel YN, Piperi C. miR-124 and Parkinson’s disease: a 
biomarker with therapeutic potential. Pharmacol Res. 2019;150:104515.

	15.	 Zhou Y, Do DC, Ishmael FT, Squadrito ML, Tang HM, Tang HL, Hsu MH, 
Qiu L, Li C, Zhang Y, et al. Mannose receptor modulates macrophage 
polarization and allergic inflammation through miR-511-3p. J Allergy Clin 
Immunol. 2018;141(1):350-364.e358.

	16.	 Neviani P, Wise PM, Murtadha M, Liu CW, Wu CH, Jong AY, Seeger RC, 
Fabbri M. Natural killer-derived exosomal miR-186 inhibits neuroblastoma 
growth and immune escape mechanisms. Can Res. 2019;79(6):1151–64.

	17.	 An Y, Zhang J, Cheng X, Li B, Tian Y, Zhang X, Zhao F. miR-454 suppresses 
the proliferation and invasion of ovarian cancer by targeting E2F6. Cancer 
Cell Int. 2020;20:237.

	18.	 Sánchez-González I, Bobien A, Molnar C, Schmid S, Strotbek M, Boerries 
M, Busch H, Olayioye MA. miR-149 suppresses breast cancer metas-
tasis by blocking paracrine interactions with macrophages. Can Res. 
2020;80(6):1330–41.

	19.	 Ji R, Zhang X, Gu H, Ma J, Wen X, Zhou J, Qian H, Xu W, Qian J, Lin J. miR-
374a-5p: a new target for diagnosis and drug resistance therapy in gastric 
cancer. Mol Therapy Nucleic Acids. 2019;18:320–31.

	20.	 Xu K, Shi J, Mo D, Yang Y, Fu Q, Luo Y. miR-219a-1 inhibits colon cancer 
cells proliferation and invasion by targeting MEMO1. Cancer Biol Ther. 
2020;21(12):1163–70.

	21.	 Ou Z, Wada T, Gramignoli R, Li S, Strom SC, Huang M, Xie W. MicroRNA 
hsa-miR-613 targets the human LXRα gene and mediates a feed-
back loop of LXRα autoregulation. Mol Endocrinol (Baltimore, Md). 
2011;25(4):584–96.

https://doi.org/10.1186/s12935-021-02083-8
https://doi.org/10.1186/s12935-021-02083-8


Page 13 of 13Huang et al. Cancer Cell Int          (2021) 21:494 	

	22.	 Li X, Sun X, Wu J, Li Z. MicroRNA-613 suppresses proliferation, migration 
and invasion of osteosarcoma by targeting c-MET. Am J Cancer Res. 
2016;6(12):2869–79.

	23.	 Sang Q, Liu X, Sun D. Role of miR-613 as a tumor suppressor in glioma 
cells by targeting SOX9. Onco Targets Ther. 2018;11:2429–38.

	24.	 Li D, Li DQ, Liu D, Tang XJ. MiR-613 induces cell cycle arrest by targeting 
CDK4 in non-small cell lung cancer. Cell Oncol (Dordr). 2016;39(2):139–47.

	25.	 Li WT, Wang BL, Yang CS, Lang BC, Lin YZ. MiR-613 promotes cell prolifera-
tion and invasion in cervical cancer via targeting PTPN9. Eur Rev Med 
Pharmacol Sci. 2018;22(13):4107–14.

	26.	 Yang X, Zhang L, Song X, He W, Zhang D, Lu Q, Wu J, Wu C, Jiang J. Micro-
RNA-613 promotes colon cancer cell proliferation, invasion and migration 
by targeting ATOH1. Biochem Biophys Res Commun. 2018;504(4):827–33.

	27.	 Wang J, Yang S, Ge W, Wang Y, Han C, Li M. MiR-613 suppressed the laryn-
geal squamous cell carcinoma progression through regulating PDK1. J 
Cell Biochem. 2018;119(7):5118–25.

	28.	 Xiong H, Yan T, Zhang W, Shi F, Jiang X, Wang X, Li S, Chen Y, Chen C, Zhu 
Y. miR-613 inhibits cell migration and invasion by downregulating Daam1 
in triple-negative breast cancer. Cell Signal. 2018;44:33–42.

	29.	 Xue M, Li G, Sun P, Zhang D, Fang X, Li W. MicroRNA-613 induces the 
sensitivity of gastric cancer cells to cisplatin through targeting SOX9 
expression. Am J Transl Res. 2019;11(2):885–94.

	30.	 Li B, Liu D, Yang P, Li HY, Wang D. miR-613 inhibits liver cancer stem cell 
expansion by regulating SOX9 pathway. Gene. 2019;707:78–85.

	31.	 Chen X, Xu Y, Liao X, Liao R, Zhang L, Niu K, Li T, Li D, Chen Z, Duan Y, 
et al. Plasma miRNAs in predicting radiosensitivity in non-small cell lung 
cancer. Tumour Biol. 2016;37(9):11927–36.

	32.	 Yin LM, Ulloa L, Yang YQ. Transgelin-2: biochemical and clinical implica-
tions in cancer and asthma. Trends Biochem Sci. 2019;44(10):885–96.

	33.	 Jeon BN, Kim HR, Chung YS, Na BR, Park H, Hong C, Fatima Y, Oh H, Kim 
CH, Jun CD. Actin stabilizer TAGLN2 potentiates adoptive T cell therapy by 
boosting the inside-out costimulation via lymphocyte function-associ-
ated antigen-1. Oncoimmunology. 2018;7(12):e1500674.

	34.	 Na BR, Kim HR, Piragyte I, Oh HM, Kwon MS, Akber U, Lee HS, Park DS, 
Song WK, Park ZY, et al. TAGLN2 regulates T cell activation by stabiliz-
ing the actin cytoskeleton at the immunological synapse. J Cell Biol. 
2015;209(1):143–62.

	35.	 Yang L, Hong Q, Xu SG, Kuang XY, Di GH, Liu GY, Wu J, Shao ZM, Yu SJ. 
Downregulation of transgelin 2 promotes breast cancer metastasis by 
activating the reactive oxygen species/nuclear factor-κB signaling path-
way. Mol Med Rep. 2019;20(5):4045–258.

	36.	 Kim IG, Lee JH, Kim SY, Hwang HM, Kim TR, Cho EW. Hypoxia-inducible 
transgelin 2 selects epithelial-to-mesenchymal transition and γ-radiation-
resistant subtypes by focal adhesion kinase-associated insulin-like growth 
factor 1 receptor activation in non-small-cell lung cancer cells. Cancer Sci. 
2018;109(11):3519–31.

	37.	 Han MZ, Xu R, Xu YY, Zhang X, Ni SL, Huang B, Chen AJ, Wei YZ, Wang 
S, Li WJ, et al. TAGLN2 is a candidate prognostic biomarker promoting 
tumorigenesis in human gliomas. J Exp Clin Cancer Res. 2017;36(1):155.

	38.	 Du YY, Zhao LM, Chen L, Sang MX, Li J, Ma M, Liu JF. The tumor-suppres-
sive function of miR-1 by targeting LASP1 and TAGLN2 in esophageal 
squamous cell carcinoma. J Gastroenterol Hepatol. 2016;31(2):384–93.

	39.	 Jin H, Cheng X, Pei Y, Fu J, Lyu Z, Peng H, Yao Q, Jiang Y, Luo L, Zhuo H. 
Identification and verification of transgelin-2 as a potential biomarker of 
tumor-derived lung-cancer endothelial cells by comparative proteomics. 
J Proteomics. 2016;136:77–88.

	40.	 Liu F, Lou K, Zhao X, Zhang J, Chen W, Qian Y, Zhao Y, Zhu Y, Zhang Y. 
miR-214 regulates papillary thyroid carcinoma cell proliferation and 
metastasis by targeting PSMD10. Int J Mol Med. 2018;42(6):3027–36.

	41.	 Han J, Zhang M, Nie C, Jia J, Wang F, Yu J, Bi W, Liu B, Sheng R, He G, et al. 
miR-215 suppresses papillary thyroid cancer proliferation, migration, and 
invasion through the AKT/GSK-3β/Snail signaling by targeting ARFGEF1. 
Cell Death Dis. 2019;10(3):195.

	42.	 Leung WK, Ching AK, Chan AW, Poon TC, Mian H, Wong AS, To KF, Wong 
N. A novel interplay between oncogenic PFTK1 protein kinase and tumor 

suppressor TAGLN2 in the control of liver cancer cell motility. Oncogene. 
2011;30(44):4464–75.

	43.	 Zhang H, Jiang M, Liu Q, Han Z, Zhao Y, Ji S. miR-145-5p inhibits the prolif-
eration and migration of bladder cancer cells by targeting TAGLN2. Oncol 
Lett. 2018;16(5):6355–60.

	44.	 Li AY, Yang Q, Yang K. miR-133a mediates the hypoxia-induced apoptosis 
by inhibiting TAGLN2 expression in cardiac myocytes. Mol Cell Biochem. 
2015;400(1–2):173–81.

	45.	 Song E, Jeon MJ, Oh HS, Han M, Lee YM, Kim TY, Chung KW, Kim WB, 
Shong YK, Song DE, et al. Do aggressive variants of papillary thyroid 
carcinoma have worse clinical outcome than classic papillary thyroid 
carcinoma? Eur J Endocrinol. 2018;179(3):135–42.

	46.	 Schlumberger MJ. Papillary and follicular thyroid carcinoma. N Engl J 
Med. 1998;338(5):297–306.

	47.	 Lee YM, Sung TY, Kim WB, Chung KW, Yoon JH, Hong SJ. Risk factors for 
recurrence in patients with papillary thyroid carcinoma undergoing 
modified radical neck dissection. Br J Surg. 2016;103(8):1020–5.

	48.	 Ganju A, Khan S, Hafeez BB, Behrman SW, Yallapu MM, Chauhan SC, 
Jaggi M. miRNA nanotherapeutics for cancer. Drug Discovery Today. 
2017;22(2):424–32.

	49.	 Lee TJ, Yoo JY, Shu D, Li H, Zhang J, Yu JG, Jaime-Ramirez AC, Acunzo M, 
Romano G, Cui R, et al. RNA Nanoparticle-Based Targeted Therapy for 
Glioblastoma through Inhibition of Oncogenic miR-21. Mol Therapy. 
2017;25(7):1544–55.

	50.	 Bader AG. miR-34 - a microRNA replacement therapy is headed to the 
clinic. Front Genet. 2012;3:120.

	51.	 Misso G, Di Martino MT, De Rosa G, Farooqi AA, Lombardi A, Campani V, 
Zarone MR, Gullà A, Tagliaferri P, Tassone P, et al. Mir-34: a new weapon 
against cancer? Mol Therapy Nucleic Acids. 2014;3(9):e194.

	52.	 Beg MS, Brenner AJ, Sachdev J, Borad M, Kang YK, Stoudemire J, Smith 
S, Bader AG, Kim S, Hong DS. Phase I study of MRX34, a liposomal miR-
34a mimic, administered twice weekly in patients with advanced solid 
tumors. Invest New Drugs. 2017;35(2):180–8.

	53.	 Li B, Xie Z, Li Z, Chen S, Li B. MicroRNA-613 targets FMNL2 and suppresses 
progression of colorectal cancer. Am J Transl Res. 2016;8(12):5475–84.

	54.	 Li Q, Zhou L, Wang M, Wang N, Li C, Wang J, Qi L. MicroRNA-613 impedes 
the proliferation and invasion of glioma cells by targeting cyclin-depend-
ent kinase 14. Biomed Pharmacotherapy. 2018;98:636–42.

	55.	 Pastushenko I, Blanpain C. EMT transition states during tumor progression 
and metastasis. Trends Cell Biol. 2019;29(3):212–26.

	56.	 Kim HR, Kwon MS, Lee S, Mun Y, Lee KS, Kim CH, Na BR, Kim BNR, Piragyte 
I, Lee HS, et al. TAGLN2 polymerizes G-actin in a low ionic state but blocks 
Arp2/3-nucleated actin branching in physiological conditions. Sci Rep. 
2018;8(1):5503.

	57.	 Chen CL, Chung T, Wu CC, Ng KF, Yu JS, Tsai CH, Chang YS, Liang Y, Tsui KH, 
Chen YT. Comparative tissue proteomics of microdissected specimens 
reveals novel candidate biomarkers of bladder cancer. Mol Cellular Prot-
eomics : MCP. 2015;14(9):2466–78.

	58.	 Zhang H, Yang L, Liu Z, Liu C, Teng X, Zhang L, Yin B, Liu Z. iTRAQ-coupled 
2D LC/MS-MS analysis of CXCR7-transfected papillary thyroid carcinoma 
cells: a new insight into CXCR7 regulation of papillary thyroid carcinoma 
progression and identification of potential biomarkers. Oncol Lett. 
2017;14(3):3734–40.

	59.	 Zhang Y, Ye Y, Shen D, Jiang K, Zhang H, Sun W, Zhang J, Xu F, Cui Z, Wang 
S. Identification of transgelin-2 as a biomarker of colorectal cancer by 
laser capture microdissection and quantitative proteome analysis. Cancer 
Sci. 2010;101(2):523–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	MiR-613 inhibits the proliferation, migration, and invasion of papillary thyroid carcinoma cells by directly targeting TAGLN2
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cell culture
	Human samples
	Quantitative reverse-transcription polymerase chain reaction (qRT-PCR)
	Western blot analysis
	Cell transfection
	Dual-luciferase reporter assay
	MTS assay
	Wound healing assay
	Transwell assay
	Statistical analysis

	Results
	MiR-613 was downregulated in PTC tissues and cell lines
	Suppression of PTC cell proliferation, migration, and invasion by MiR-613
	Inhibition of EMT induction in PTC cells by MiR-613
	TAGLN2 as a direct target of miR-613
	Offset of the inhibitory effect of miR-613 in PTC cells by TAGLN2
	Rescue of miR-613-induced EMT inhibition in PTC cells by TAGLN2

	Discussion
	Conclusion
	Acknowledgements
	References




