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Abstract

microRNA-200c-3p (miR-200c-3p) has emerged as an important tumor growth reg-
ulator. However, its function in papillary thyroid carcinoma (PTC) is poorly under-
stood. This study was conducted to investigate the role of miR-200c-3p in the pro-
gression of human PTC. The miR-200c-3p expression in human PTC tissues and
cell lines was evaluated. The target relationship between miR-200c-3p and candidate
genes was predicted through bioinformatic analysis and confirmed with a luciferase
reporter assay. miRNA or gene expression was altered using transfection, and cell
behavior was analyzed using CCK-8, wound healing, Transwell, and colony forma-
tion assays. The tumor-promoting effects of miR-200c-3p were evaluated by xeno-
grafting tumors with K1 cells in nude mice. The expression level of miR-200c-3p
in human PTC tissues and cell lines markedly increased, and this increased expres-
sion was significantly associated with a worse overall survival. When inactivated,
miR-200c-3p suppressed K1 cells’ malignant behaviors, including decreasing pro-
liferation and attenuating colony formation, migration, and invasion. Its inactivation
also attenuated the development of xenografted K1 cells in nude mice. The effects
of miR-200c-3p mimics on promoting the malignant behaviors of PTC cells were
remarkably reversed by the overexpression of ATP2A2, as a downstream target of
miR-200c-3p. miR-200c-3p acts as an oncogenic gene and promotes the malignant
biological behaviors of human PTC cells, thereby directly targeting ATP2A2. This
regulated axis may be used as a potential therapy of PTC.
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Introduction

The incidence of thyroid cancer, a common endocrine cancer, increases yearly
(Vecchia et al. 2015). For instance, about 52,070 new cases were reported in the
United States in 2019, and nearly 2,170 patients died of thyroid cancer (Siegel
et al. 2019). Follicular cells in the thyroid can undergo neoplastic transforma-
tion. The well-differentiated type of malignancies in follicular cells can be fur-
ther subdivided into two subtypes: papillary thyroid carcinoma (PTC) and fol-
licular thyroid carcinoma (FTC). PTC originates de novo and is the most common
type of thyroid cancer (80%—85%; Sipos and Mazzaferri 2010; Xing 2013). It
is characterized by multifocality, lymphatic or local spreading, and lymph node
metastasis, and the overall 5-year survival rate of patients with PTC is about 97%.
It is usually treated with radioiodine ablation therapy during and after surgery
for most patients with low-risk small tumors and those who have no local/dis-
tant metastases or extra-thyroidal infiltration (Coca-Pelaz et al. 2020; Limaiem
et al. 2021). However, some patients with metastatic, recurrent, and relapsed PTC
require prompt and comprehensive treatments. Therefore, the molecular mecha-
nisms underlying PTC disease progression should be elucidated to identify new
therapeutic targets and develop more effective PTC therapeutic strategies.

MicroRNAs (miRNAs) are small noncoding RNAs encoded by 19-25 nucle-
otides. They control gene expression in a post-transcriptional manner, thereby
influencing diverse biological activities. In general, miRNAs reduce the expres-
sion of their target genes by promoting the instability of their transcript and sup-
pressing the translation of targets (Ambros 2004; Bartel 2004). They fundamen-
tally modulate various physiological processes, such as cancer and tumorigenesis
progression, by downregulating the abundance of specific proteins in these man-
ners (Ghafouri-Fard et al. 2020). The adapted expression of miRNAs has also
been identified in many studies on PTCs. For example, He et al. (2005) identi-
fied five miRNAs, namely, miR-146, miR-221, miR-222, miR-21, and miR-181a,
and compared them with normal thyroid tissues. They found that these miRNAs
are significantly overexpressed in PTCs. Further studies have suggested that
Mothers against decapentaplegic homolog 4(SMAD4)is a critical member of the
transforming growth factor p (TGF-f) signaling pathway; it functions as an hsa-
miR146b (a miR-146 family member) target, which confers the ability of hsa-
miR146b in controlling PTC cell proliferation (Geraldo et al. 2012). In addition,
hsa-miR146b-5p increases the expression of frizzled class receptor 6 and LDL
receptor-related protein 6 by inhibiting zinc ring finger3; consequently, Wnt/p-
catenin signaling increases, and alternating epithelial-mesenchymal transition
(EMT) occurs in PTCs (Deng et al. 2015). Therefore, miRNAs are efficient bio-
marker candidates and promising therapeutic tools for PTCs.

MiR-200c-3p, a key member of miR-200 family, a cancer-related miRNA
belonging to the miR-200 family, can regulate epithelial-mesenchymal transition
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(EMT) in cells or tissues (Chen et al. 2021; Mao and Jiang 2021; Pontemezzo
et al. 2021) and modulating tumor proliferation, invasion and metastasis (Wang
et al. 2020, 2021; Xia et al. 2020). Up to date, miR-200c-3p has been widely
reported as a tumor-suppressive or an oncogenic miRNA in many cancer types.
For instance, miR-200c-3p was downregulated in cancer tissues and inhibited the
proliferation, EMT, migration, and invasion and induced the apoptosis and che-
mosensitivity in non-small cell lung cancer (Wang et al. 2020), prostate cancer
(Xia et al. 2020), and breast cancer (Chen et al. 2021), while recent studies have
conversely reported that miR-200c-3p was increased in cancer tissue compared
with the normal tissues adjacent to cancer and promoted cell viability, prolifera-
tion, migration, and invasion, and EMT in cancers such as gastric cell carcinoma
(Wang et al. 2021) and serous ovarian cancer (Ankasha et al. 2021). Furthermore,
miR-200c-3p was reported to promote the cisplatin resistance in biliary tract can-
cer (Posch et al. 2021). However, the role of miR-200c-3p in human PTCs and its
potential molecular mechanisms have not been widely studied up to now.

In this study, we explored how miRmiR-200c-3p participated in the PTC patho-
genesis. We found that the miR-200c-3p expression was upregulated in human cell
lines and PTC tissues. miR-200c-3p inhibition could suppress malignant biological
behavior, including PTC cell colony formation, migration, proliferation, and inva-
sion. We also found that ATPase sarcoplasmic/endoplasmic reticulum Ca** trans-
porting 2 (ATP2A2) was a direct target of miR-200c-3p. The abnormal expression of
miR-200c-3p significantly reversed the tumor-promoting effect of the miR-200c-3p
overexpression in human PTC cells.

Materials and Methods
Cell Culture

The SV40-transfected human normal thyrocyte cell line Nthy-ori 3—-1 (EK-Biosci-
ence, Shanghai, China) was cultured in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS), 100 units/ml penicillin, and 100 pg/ml streptomycin (Chemi-
cal Book; Shanghai, China). Human papillary thyroid carcinoma cell lines TPC-1
and K1 were purchased from Sigma-Aldrich, and BCPAP cells were bought from
Lianmai Biotech, Inc. (http://www.lmai-bio.com/; Shanghai, China). These thyroid
cancer cells were cultured in Dulbecco’s modified Eagle medium or nutrient mix-
ture F-12 (DMEM/F12; 1:1, by volume) supplemented with 10% FBS and penicil-
lin/streptomycin (Gibco). All cells were kept in a humid incubator with 5% CO, at
37 °C.

Clinical Specimens
PTC cancer tissues and adjacent normal thyroid tissues (n=15 pairs) were col-

lected from patients who underwent surgery at the Shaanxi Hospital of Traditional
Chinese Medicine (Xi’an, China) between 2018 and 2019. The resected tissue
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was immediately frozen with liquid nitrogen and stored at—80 °C before use. All
patients were subjected to chemotherapy, radiotherapy, immunotherapy, or targeted
therapy naive before surgery. This study was approved by the Ethics Review Com-
mittee of the Shaanxi Hospital of Traditional Chinese Medicine. All patients or their
guardians were asked to sign a written informed consent.

Plasmids, miRNA Mimics, and Transfection

The DNA coding sequence of ATP2A2 was cloned into a pcDNA™3.1 (+) mam-
malian expression vector (Invitrogen) with an empty vector as a negative control
(NC). The miR-200c-3p mimic, inhibitor, and negative control (NC) mimic or inhib-
itor were chemically synthesized by Shanghai GenePharma Co., Ltd. (Shanghai,
China). The sequences of the miR-200c-3p inhibitor or NC inhibitor were cloned
into the GV280 vector (Biovector, Beijing) to generate PTC cells stably overexpress-
ing the miR-200c-3p inhibitor or NC inhibitor. The PTC cells were incubated in
24-well plates at a density of 5x 10*/ml overnight and then transfected with the indi-
cated miRNA mimics, inhibitors, and plasmids with Lipofectamine 3000 (Thermo
Fisher Scientific, Inc.) in accordance with the manufacturer’s instructions. They
were further analyzed 48 h after transfection. Stable cell lines overexpressing the
miR-200c-3p inhibitor or NC inhibitor were obtained through the limiting dilution
method.

Cell Proliferation and Colony Formation Assay

The proliferation of K1 cells was examined with a CCK-8 assay (AccuRef Scientific,
Xi’an, China) in accordance with the manufacturer’s instructions. The absorbance at
450 nm of the sample in each well was determined using a microplate reader (Bio-
Rad Laboratories, Inc.; Hercules, CA, USA). In the colony formation assay, the K1
cells seeded in 12-well plates were transfected with the indicated miRNA inhibi-
tors, mimics, and plasmids overnight. Then, 500 cells of each group were seeded
into 35 mm dishes, and the medium was replaced with fresh complete DMEM/F12
every 2 days. After being cultured in an incubator at 37 °C for 2 weeks, the cells
were washed twice with phosphate-buffered saline (PBS) and fixed with 4% para-
formaldehyde at room temperature for 10 min. They were then stained with 0.1%
crystal violet (Sigma-Aldrich) for 15 min and washed with tap water. This assay was
repeated thrice with triplicate samples in each group. The dishes were observed and
imaged under a microscope (XSP-13CC, Shanghai Yuguang Instrument; Shanghai,
China). The average number of colonies was obtained from five randomly selected
view fields.

Wound Healing and Transwell Invasion Assay
For wound healing assays, 1x10° cells/well of K1 cells were seeded in a six-well

plate and maintained overnight to allow adequate adherence for the formation of
a confluent monolayer. The cell layers were damaged using a sterile 200 ul pipette
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tip and cleaned with a serum-free medium to eliminate dislodged cells. They were
photographed immediately (time O h) after being scratched and after being cultured
with serum-free medium for 24 h (time 24 h). For Transwell assays, Boyden cham-
bers (8 pm pore size, BD Biosciences; San Jose, CA, USA) coated with Matrigel
(BD Biosciences) were used to evaluate the invasive potential of K1 cells. In simple
terms, the cells were harvested 48 h after transfection and suspended in an FBS-free
culture medium. Afterward, they were seeded into the upper chamber at a density
of 1x10° in each well, and 200 pl of the complete medium was added to the lower
chamber. After 24 h of incubation, the medium was removed. The cells on the upper
surface of the chamber were wiped off with a swab, and the invading cells on the
lower surface of the membrane were fixed with 1% paraformaldehyde and stained
with crystal violet (Sigma-Aldrich) at room temperature. The number of cells was
counted under an inverted microscope with five random views for further analysis.

Real-Time Quantitative PCR

RNA samples were isolated with an RNA isolation kit (AccuRef Scientific) and an
miRNeasy mini kit (Qiagen, Hilden, Germany; for miRNA). cDNA was synthesized
using the PrimeScript® RT Master Mix Perfect real-time reagent kit (Takara Bio
Inc.; for mRNA) or a universal tag with the miScript II RT kit (Qiagen; for miRNA).
Real-time quantitative PCR (qPCR) was performed on an AB7500 RT-PCR instru-
ment (Applied Biosystems, Foster City, CA, USA) in accordance with the standard
protocol of the SYBR Green PCR kit (Toyobo, Osaka, Japan). Quantification was
carried out through normalization to GAPDH (for mRNA) or U6 (for miRNA) with
the 272ACT method. The primers for gPCR analysis are listed in Table S1.

Western Blot Assay

The cells were lysed with the radioimmunoprecipitation assay lysis buffer (RIPA;
Sigma-Aldrich). Then, the lysates were centrifuged at 13,000xg at 4 °C for 10 min,
and the supernatants were harvested as protein samples. After being quantified with
a BCA protein quantification kit (AccuRef Scientfic), the protein samples were sepa-
rated using 10% sodium dodecyl sulfate—polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride (PVDF) membranes. The PVDF membranes
were then blocked with Tris-buffered saline supplemented with 0.1% Tween®
20 detergent buffer containing 5% nonfat dried milk at room temperature for 1 h.
They were incubated with primary antibodies at 4 °C overnight. The anti-ATP2A2
antibody (Cat. No. PB0279) and the antibody for the loading control p-actin (Cat.
No. BM0627) were purchased from Boster Biological Technology Co., Ltd. (Cali-
fornia, USA). After binding to secondary antibodies, namely, horseradish peroxi-
dase (HRP)-conjugated anti-rabbit IgG (cat. no HS101, TransGen Biotech, Inc.) or
anti-mouse IgG (cat. no. HS201, TransGen Biotech, Inc.), the protein bands on the
membranes were visualized using an enhanced chemiluminescence kit (AccuRef
Scientific). The expression levels of the targeted proteins were quantified through
densitometry.
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Xenograft Mouse Model

Male nude mice (6-8 weeks old; Charles River Laboratories, Beijing, China)
were acclimated in a specific-pathogen-free facility at the Experimental Ani-
mal Center of the Shaanxi Hospital of Traditional Chinese Medicine for at least
1 week. Stable K1 cells expressing the miR-200c-3p inhibitor or NC inhibitor
were subcutaneously injected into the right flanks of the randomly selected nude
mice at a dose of 1x10° cells per mouse. The tumor size was measured every
4 days. The tumor volume (V) was monitored once every 4 days and calculated
using the following formula: V=ab*2, where a is the long diameter, and b is the
short diameter. The mice were sacrificed 18 days after the tumor cells were inoc-
ulated. Then, the tumors were isolated, weighed, imaged, and analyzed. All ani-
mal experiments were performed in accordance with the Guide for the Care and
Use of Laboratory Animals (NRC 2011). The animal experimental procedures
were approved by the Institutional Animal Care and Use Committee of Shaanxi
Hospital of Traditional Chinese Medicine.

Immunohistochemistry Staining

The tumor tissues from xenograft mice were deparaffinized and rehydrated in seri-
ally graded ethanol solutions. Antigens were retrieved by heating the sections in pH
6.0 citric buffer in a microwave oven for 5 min. After being washed with PBS and
subsequently blocked with 3% H,0O,, the sections were incubated with rabbit-anti
Ki-67 antibody (cat. No. ab15580, Abcam, Cambridge, MA) at 4 °C overnight. They
were further washed with PBS and incubated with HRP-conjugated secondary anti-
rabbit monoclonal antibody (Cat. No. HS101, TransGen Biotech, Inc.) at room tem-
perature for 40 min. They were washed again with PBS, stained with 0.5% diamin-
obenzidine, and counterstained with Mayer’s hematoxylin. The mounted slides were
observed under a microscope (Axio Scan.Z1, ZEISS; Jena, Germany).

Target Prediction and Luciferase Reporter Assay

The mRNA targets of miR-200c-3p were predicted with a combination of public
algorithms, namely, Targetscan (http://www.targetscan.org/), microl (https://bio.
tools/DIANA-microl), and picTar (https://pictar.mdc-berlin.de/). The predicted
binding sites in the wild-type 3' UTR of the mRNA of ATP2A2 and the correspond-
ing mutated binding region were subcloned into a luciferase-expressing vector
pGL3. The K1 cells seeded in 24-well plates at a density of 1x 103 cells/well were
transfected with 100 nM miR-200c-3p mimic or NC mimic, together with 100 ng
of the plasmid-expressing wild-type or mutated 3' UTR of the mRNA of ATP2A2.
The cells were collected 48 h after transfection, and the luciferase activity was ana-
lyzed with a dual-luciferase reporter assay system (Promega; Madison, WI, USA) in
accordance with the manufacturer’s protocols.
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Statistics

Data were presented as mean +standard deviation and statistically analyzed using
GraphPad Prism 8 (San Diego, CA). Differences between means were examined
with Student’s ¢ test or ANOVA. Pearson correlation was also conducted. Survival
rates were evaluated using the Kaplan—-Meier method with a log-rank test. Data with
P <0.05 were considered statistically significant.

Results

miR-200c-3p is Highly Expressed in PTC Cells, and Its High Expression predicts
the Poor Prognosis of Patients with PTC

To explore the role of miRNAs in the development of PTC, we performed qPCR to
evaluate the expression levels of 10 miRNAs in 15 paired PTC tissues and adjacent
normal tissues. Among the candidate miRNAs, miR-200c-3p demonstrated more
than threefold of upregulated expression in the malignant samples compared with
that of the benign controls (Fig. 1A). The analysis of the THCA-TCGA database
also revealed that the expression of miR-200c-3p was significantly higher in the pri-
mary PTC tissues than in the normal tissues (Fig. 1B). Moreover, we evaluated the
expression level of miR-200c-3p in some typical human PTC cell lines. The expres-
sion levels of miR-200c-3p in TPC-1, K1, and BCPAP cells were more than that of
the control Nthy-ori 3—1. Among these cells, K1 cells displayed the highest level of
miR-200c-3p (Fig. 1C). Therefore, they were selected for further functional stud-
ies. Furthermore, we categorized the patients with PTC into two groups using the
moderate expression level of miR-200c-3p (moderate=4.946) in tumor tissues as
a cutoff value. We found that the survival of patients with PTC with a high miR-
200c-3p expression was significantly worse than that of patients with PTC with a
low miR-200c-3p expression (Fig. 1D). Therefore, miR-200c-3p participated in the
development of PTC.

miR-200c-3p Inhibition Suppresses the Progression of PTC Cells In Vitro
And In Vivo

A high miR-200c-3p expression in PTC cells suggests that miR-200c-3p is a poten-
tial oncogenic gene that promotes PTC progression. To validate this hypothesis, we
examined the effects of miR-200c-3p inactivation on the following malignant behav-
iors of human PTC cells: cell proliferation, colony formation, migration, and inva-
sion. In Fig. 2A, the expression of miR-200c-3p in the K1 cells transfected with
miR-200c-3p inhibitors was substantially downregulated. The proliferation of the
K1 cells with inactivated miR-200c-3p was significantly compromised, especially at
48 and 72 h during the 3-day culture period, compared with that of the control K1
cells (Fig. 2B). The colony formation assay revealed that the number of colonies of
the K1 cells transfected with miR-200c-3p mimics significantly reduced (Fig. 2C).
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Fig. 1 miR-200c-3p was overexpressed in papillary thyroid carcinoma (PTC) and associated with poor
prognosis of patients with PTC. A The expression levels of the indicated miRNAs in PTC tissues and
paired adjacent normal tissues (n=15) were evaluated through real-time quantitative PCR (qQPCR). B
The expression levels of miR-200c-3p in the TCGA-THCA data set (https://portal.gdc.cancer.gov/proje
cts/TCGA-THCA) were retrieved and graphed; n =59 for normal tissues and n=501 for primary cancer
tissues. C The relative expression levels of miR-200c-3p in the immortalized human thyroid follicular
epithelial cell line Nthy-ori 3-1 and three human papillary thyroid carcinoma cell lines, namely, TPC-
1, K1, and BCPAP, were quantitated through qPCR; n=3 for each group. Their differences were ana-
lyzed with Student’s ¢ test in GraphPad Prism 8. D Kaplan—Meier analysis of the association between
the expression of miR-200c-3p and the overall survival rate of patients with PTC; n=10 for the miR-
200c-3p-high group and n=10 for the miR-220c-3p-low group. *P <0.05 and **P <0.01 between the
indicated groups

The wound healing assay also demonstrated that miR-200c-3p inhibitors remarkably
weakened the migration ability of the K1 cells (Fig. 2D). Similarly, the Transwell
invasion assay confirmed that the invasion ability of the K1 cells with inactivated
miR-200c-3p was significantly suppressed (Fig. 2E). Therefore, miR-200c-3p had an
oncogenic role in PTC progression in vitro.

We also established a xenograft mouse model to evaluate the effect of miR-
200c-3p inactivation on the progression of PTC cells in vivo. We found that miR-
200c-3p inhibition significantly suppressed the growth of xenografted K1 cells in
nude mice. The tumor volume in the miR-200c-3p inhibitor group was significantly
smaller than that in the NC group during the 17-day observation period after tumor
inoculation (Fig. 3A). This finding was supported by the shrunken tumor sizes
(Fig. 3B) and the significant reduction of tumor weight in the miR-200c-3p inhibi-
tor group (Fig. 3C). In addition, we confirmed that the miR-200c-3p expression of
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Fig.2 miR-200c-3p inhibition suppressed the proliferation, migration, and invasion of PTC cells in vitro. A
K1 cells were transfected with the miR-200c-3p inhibitor or negative control (NC) and harvested 48 h after
transfection; the expression levels of miR-200c-3p were then determined through qPCR; n=3 for each group.
B The proliferation of K1 cells transfected with the miR-200c-3p inhibitor or NC was determined via CCK-8
assays; n=3 for each group at each time point. C The colony formation ability of K1 cells after the indicated
transfection was evaluated. Representative images were shown, and the number of colonies in each visual field
was calculated; n=>5 for each group. D Wound healing assay was performed to evaluate the migration ability
of K1 cells after the indicated transfection. Representative images at 0 and 24 h were shown, and the relative
wound closure was summarized; n=3 for each group. E Transwell invasion assay was conducted to evaluate the
invasion ability of K1 cells after the indicated transfection. Representative images were shown, and the number
of invading cells per visual field was summarized; n=5 for each group. *P <0.05 and **P <0.01 between the
indicated groups. Their differences were analyzed with Student’s ¢ test in GraphPad Prism 8
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Fig.3 miR-200c-3p inhibition suppressed the progression of PTC cells in vivo. A-E Stable K1 cells
overexpressing the miR-200c-3p inhibitor or NC were injected subcutaneously into the right flank of
nude mice (1 x 10° cells/mouse; n=>5 for each group) to establish a human PTC xenograft model. Tumor
volume was measured every 4 days, and tumor tissues were collected 18 days after tumor inoculation.
The tumor growth curve (A) for 18 days and the tumor image (B) and tumor weight (C) on day 18 were
summarized. D The expression levels of miR-200c-3p in tumor tissues on day 18 were summarized. E
Tumor cell proliferation was determined in tumor tissues on day 18 through Ki-67 IHC. Representa-
tive IHC images were shown, and the relative Ki-67 staining intensity was summarized. *P <0.05 and
**P <0.01 between the indicated groups. Their differences were analyzed with Student’s 7 test in Graph-
Pad Prism 8

the K1 cells markedly reduced (approximately 50%) 18 days after inoculation com-
pared with that of the control K1 cells (Fig. 3D). The IHC staining of Ki-67 revealed
that the proliferation of the cells in the tumor tissue from the miR-200c-3p inhibitor
group significantly decreased compared with that in the tumor tissues from the con-
trol group (Fig. 3E). Thus, miR-200c-3p inhibition suppressed the progression of
PTC cells in vitro and in vivo.

ATP2A2 is a Downstream Target of miR-200c-3p in PTC Cells

To further explore the molecular mechanisms underlying the tumor-promoting func-
tion of miR-220c-3p, we used public algorithms to predict the target genes based on
the consensus binding sites of miR-220c-3p. We found that 31 genes were the com-
mon targets predicted by three online tools (Fig. 4A). We then selected 11 putative can-
didates with the highest scores and examined their expression levels in the K1 cells
transiently transfected with miR-200c-3p mimic or NC. We observed that ATP2A2
was the most downregulated upon miR-200c-3p overexpression in K1 cells (Fig. 4B).
As such, we selected ATP2A2 as the putative downstream target of miR-200c-3p and
performed multiple experiments to validate their relationship. The sequence located at
the 3" UTR of the mRNA of ATP2A2 (position 500-506) was highly complementary
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ity was detected in K1 cells after 48 h of the co-transfection of WT or MUT sites of the 3" UTR of
ATP2A2, together with miR-200c-3p mimics or NC mimic; n=4 for each group. D, E The overexpres-
sion of miR-200c-3p downregulated the ATP2A2 expression in K1 cells. D The mRNA and E protein
levels of ATP2A2 in K1 cells 48 h after the transfection of miR-200c-3p mimic or NC were determined
through qPCR and Western blot, respectively. The representative images of bands were shown, and the
relative levels of ATP2A2 were summarized from three independent experiments; n=4 for each group. F
Pearson correlation analysis of the expression levels of miR-200c-3p and ATP2A2 in PTC tumor tissues
(n=15). *P<0.05 and **P<0.01 between the indicated groups. Their differences were analyzed with
Student’s 7 test in GraphPad Prism 8
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Fig.5 ATP2A2 overexpression inhibited the proliferation, migration, and invasion of PTC cells in vitro. p
A-E Kl cells were transfected with an ATP2A2-expressing plasmid or an empty vector plasmid and
harvested 48 h after transfection. A The mRNA level of ATP2A2 was determined through qPCR. B Cell
proliferation for 3 days was examined via the CCK-8 assay. C The colony formation ability of K1 cells
with and without ATP2A2 overexpression was determined. Representative images were shown, and the
number of colonies was summarized. D The migration ability of K1 cells with and without ATP2A2
overexpression was determined via a wound healing assay. The representative images of wound initiation
(0 h) and closure (24 h) were shown, and the relative wound closure was summarized. E The invasion
ability of K1 cells with and without ATP2A2 overexpression was determined through Transwell experi-
ments. Representative images were shown, and the number of invading cells was summarized; n=4 for
each group. *P<0.05 and **P<0.01, between the indicated groups. Their differences were analyzed
with Student’s # test in GraphPad Prism 8

with the seed sequence of miR-200c-3p. We also designed the mutated 3' UTR of the
mRNA of ATP2A2 to confirm the specific interaction between miR-200c-3p and wild-
type 3' UTR of the mRNA of ATP2A2 (Fig. 4C). Luciferase assays demonstrated that
the luciferase activity was significantly decreased only after the co-transfection of wild-
type 3' UTR of ATP2A2 and miR-200c-3p mimics compared with that of the control
groups transfected with NC mimics. However, it remained largely unchanged after
the co-transfection of the mutated 3" UTR ATP2A2 and miR-200c-3p mimics in K1
cells (Fig. 4C). The mRNA (Fig. 4D) and protein (Fig. 4E) levels of ATP2A2 were
significantly reduced in the K1 cells transfected with miR-200c-3p mimic compared
with those in the cells transfected with the control miRNA mimic. Furthermore, the
miR-200c-3p expression was inversely correlated with the ATP2A2 expression in
PTC tumor tissues (Fig. 4F). This finding further supported the negative regulation of
ATP2A?2 expression by miR-200c-3p.

ATP2A2 Overexpression Inhibits the Malignant Traits of PTC Cells In Vitro

We next investigated the effects of the ATP2A?2 expression on the malignant prop-
erties of K1 cells. After the transient transfection of the ATP2A2-expressing plas-
mid, the expression of ATP2A2 substantially increased compared with that of the
cells transfected with the empty vector (Fig. 5A). During the 3-day culture period,
the growth of the K1 cells with the ATP2A2 overexpression was evidently slower
in vitro, especially on days 2 and 3, than that of the control-transfected K1 cells
(Fig. 5B). Similarly, the colony formation assay (Fig. 5C), the wound healing assay
(Fig. 5D), and the Transwell invasion assay (Fig. SE) revealed that the colony for-
mation, migration, and invasion abilities of the K1 cells with the ATP2A2 overex-
pression were significantly compromised compared with those of the control K1
cells. Therefore, ATP2A?2 overexpression inhibited the malignant traits of PTC cells
in vitro, implying that ATP2A2 functioned as a tumor-suppressor gene.

ATP2A2 Overexpression Abolishes the Tumor-Promoting Effects of miR-200c-3p
in PTC Cells In Vitro

To further confirm the target relationship between miR-200c-3p and ATP2A2
in human PTC cells, we explored the effects of ATP2A2 overexpression on the
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malignant behavior of the K1 cells transfected with miR-200c-3p mimic. The K1
cells were divided into four groups: control untransfected cells, cells transfected
with the miR-200c-3p mimic alone, cells transfected with the ATP2A2-expressing
plasmid alone, and cells transfected with the miR-200c-3p mimic and the ATP2A2-
expressing plasmid. We validated that miR-200c-3p mimic transfection significantly
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downregulated the ATP2A2 expression, whereas the additional transfection of the
ATP2A2-expressing plasmid reversed the downregulated ATP2A2 expression com-
pared with that of the control untransfected K1 cells (Fig. 6A). miR-200c-3p acti-
vation in the K1 cells significantly enhanced the cell proliferation, whereas further
ATP2A2 overexpression reduced the cell growth. The group transfected with the
miR-200c-3p mimic and the ATP2A2-expressing plasmid had comparable cell pro-
liferation with that of the control group (Fig. 6B). Similarly, miR-200c-3p mimic
alone significantly enhanced colony formation (Fig. 6C), migration (Fig. 6D), and
invasion (Fig. 6E). Conversely, the additional ATP2A2 overexpression markedly
compromised the effects of miR-200c-3p in promoting the malignant behaviors
of K1 cells. Therefore, as a downstream effector of miR-200c-3p, ATP2A2 could
reverse the tumor-promoting effects of miR-200c-3p in PTC cells.

Discussion

Although the 5-year survival of patients with PTC is over 95%, some patients do
not respond to radioactive iodine therapy and eventually suffer from cancer metas-
tasis (Chen et al. 2009). As such, these patients have a poor prognosis, and their
10-year survival decreases to approximately 10% (Hay et al. 2002). The oncogen-
esis and development of various human cancers, including PTCs (Hay et al. 2002),
involve miRNAs, whose dysregulation is a common feature of human malignancies
because they regulate the expression of oncogenes and tumor-suppressors (Hayes
et al. 2014). Therefore, miRNAs may possess potential tumor diagnostic, prognostic,
and therapeutic values in human PTCs.

In the present study, we observed the expression of 10 key tumor-associated
miRNAs (miR-153-5p, miR-375-5p, miR-584-3p, miR-942-5p, miR-197-3p, miR-
222, miR-1275, miR-19a, miR-200c-3p, and miR-769-5p) in 15 PTC tumor tissues
and paracancer normal tissues. We found that only the miR-200c-3p expression in
PTC increased (more than threefold upregulated expression), speculating that miR-
200c-3p dysregulation might be the key to the malignant progression of PTC. Thus,
we characterized the role of miR-200c-3p in controlling the malignant traits of PTC
cells. We reported for the first time that miR-200c-3p was significantly upregulated
not only in human PTC tumor tissues but also in cell lines. It also contributed sub-
stantially to the malignant behaviors of PTC cells, including proliferation, colony
formation, migration, and invasion. For instance, miR-200c-3p inhibitor downreg-
ulated at least 20% of proliferation and about 40% of the number of plate clone/
invasion/migration of K1 cells in vitro. In addition, we validated the suppressing
effect of miR-200c-3p inhibition on the in vivo growth of PTC cells using the K1
cell xenograft mouse model. Our results demonstrated that the miR-200c-3p inhibi-
tor strongly inhibited not only the tumor volume and weight of the xenografted
mice with K1 cells but also the expression of Ki67. We further identified ATP2A2
as a novel target of miR-200c-3p through bioinformatic analysis and luciferase
reporter assay experiments. Moreover, the aberrant expression of ATP2A2 drasti-
cally reversed the tumor-promoting roles of miR-200c-3p mimics on the malignant
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Fig.6 ATP2A2 overexpression abrogated the promoting effects of miR-200c-3p on the malignancy of
PTC cells. A-E K1 cells were left untransfected or transfected with miR-200c-3p alone, an ATP2A2-
expressing plasmid alone, or miR-200c-3p with the ATP2A2-expressing plasmid. They were harvested
48 h after transfection for subsequent experiments. A The relative level of ATP2A2 in K1 cells was
determined through qPCR. B The proliferation of the indicated cells was determined during a 3-day cul-
ture period via the CCK-8 assay. C The colony formation ability, D migration ability, and E invasion
ability of the indicated K1 cells were examined with (C) a colony formation assay, D a wound healing
assay, and E Transwell experiment, respectively. Representative images were shown, and the bar graphs
were summarized from five independent experiments; n=4 for each group. Their differences were ana-
lyzed with Student’s ¢ test in GraphPad Prism 8

behavior of human PTC cells. These findings suggested that the miR-200c-3p/
ATP2A2 axis could be a novel target for developing therapeutic strategies against
PTCs.
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We found that miR-200c-3p was highly expressed in human PTC tissues and cell
lines. Furthermore, its inactivation was associated with the suppressed malignant
biological behavior of PTC cells. For instance, these cells had diminished prolifera-
tion, reduced colony formation ability, and compromised potentials of migration and
invasion. These results demonstrated that miR-200c-3p functioned as an oncogenic
factor in human PTCs. Additionally, the survival of patients with PTC with high
miR-200c-3p expression levels in tumors was worse than that of patients with low
miR-200c-3p expression levels. Similarly, the miR-200c expression level of ovarian
cancer is much higher than that of normal ovarian tissues, and miR-200c expres-
sion is inversely associated with the advanced clinical stage and lymph node metas-
tasis of ovarian cancer (Lu et al. 2014). miR-200c-3p inhibition ameliorates acute
lung injury induced by H5N1 virus infection in vivo; moreover, nuclear factor-kB-
dependent upregulation of miR-200c-3p can reduce ACE2 levels, increase angio-
tensin II levels, and cause lung injury (Liu et al. 2017). The miR-200c-3p overex-
pression can significantly promote the proliferation activity, DNA replication, and
invasion of endometrial cancer (EC) cells. miR-200c-3p remarkably suppresses
phosphatase and tensin homolog deleted on chromosome ten (PTEN), which is a
cancer suppressor, and activates the Akt activity by increasing phosphorylated Akt
levels in EC cells (Liu et al. 2021). These studies have shown the destructive role of
miR-200c-3p in diseases, including cancers and acute lung injury. However, miR-
200c-3p plays a tumor-suppressive role in multiple cancer types. For example, miR-
200c-3p as a tumor-suppressor participates in the tumorigenesis and progression of
various cancers, including human prostate cancer (Li et al. 2019a, b), human oral
squamous cell carcinoma (Kawakubo-Yasukochi et al. 2018), renal cell carcinoma
cells (Li et al. 2019a, b), and nephroblastoma cells (Li et al. 2019a, b). miR-200c-3p
also contributes to the resistance of human gastric cancer cells to cisplatin (Jiang
et al. 2017). A low miR-200c-3p level in tumors can predict a shorter overall sur-
vival of patients with pancreatic ductal adenocarcinoma (Zhuo et al. 2018). There-
fore, the function of miR-200c-3p as a tumor-suppressive or tumor-promoting factor
is most likely cell-context dependent and determined by cancer type. In addition,
circulating miR-200c-3p is a potential marker of the diagnosis of metastatic disease
in patients with breast cancer (Manzano et al. 2017). However, studies should deter-
mine whether the plasma level of circulating miR-200c-3p can be used to diagnose
patients with PTC.

miRNAs exert their biological functions by directly regulating the expression of
functional genes, which include tumor-suppressors and oncogenes (Banelli et al.
2017; Luo et al. 2015). In our study, we used multiple bioinformatic algorithms to
predict the gene targets of miR-200c-3p and identified that the mRNA of ATP2A2
contained a highly conserved miR-200c-3p binding sequence in the 3" UTR. Our
subsequent luciferase assay and analysis on the expression levels further confirmed
the targeting relationship between miR-200c-3p and ATP2A2 in human PTCs.
Sarco (endo) plasmic reticulum Ca**-ATPase isoform 2 (SERCA2), which is the
protein product of ATP2A2 and involved as a transporter to move Ca’** from the
cytosol to the endoplasmic reticulum lumen (Li et al. 2017). Mutations in ATP2A2
cause Darier’s disease in humans, an autosomal dominant skin disorder character-
ized by the loss of adhesion between epidermal cells and abnormal keratinization
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(Sakuntabhai et al. 1999). Ca>* homeostasis is necessary to maintain the physiologi-
cal functions of cells, so ATP2A2 mutation has been implicated in some malignan-
cies. For example, phylogenetic changes in ATP2A2 may lead to the development
of lung cancer and colon cancer, and the inactivation of ATP2A2 may be associ-
ated with cancer development as an early event (Korosec et al. 2006). ATP2A2 sup-
presses astrocytoma growth, and a high ATP2A2 expression in patients with diffuse
astrocytic tumor is associated with better prognosis (Li et al. 2017). However, the
expression of ATP2A2 and its role in the oncogenesis of other cancer types have
not been elucidated. Here, we confirmed that ATP2A2 had a lower expression level
in PTC tissues than in normal tissues. More importantly, ATP2A2 was identified as
a tumor-suppressor of PTC because its ectopic expression remarkably suppressed
the malignant behaviors of PTC cells. For instance, it significantly compromised the
potentials of cell proliferation, colony formation, migration, and invasion. Therefore,
consistent with the report on the anti-tumor activity of ATP2A2 in astrocytoma (Li
et al. 2017), ATP2A2 also functioned as a tumor-suppressor in human PTC.

This study had some strengths and limitations. It is the first to report the onco-
genic role of miR-200c-3p in thyroid cancer and reveal the tumor-suppressor prop-
erty of ATP2A2 in thyroid cancer. Although we demonstrated the apparent onco-
genic role of miR-200c-3p in human PTCs in vitro and in an animal model, further
studies should elucidate the use of miR-200c-3p as a cellular environmental limit-
ing factor and determinant of oncogenes or tumor-suppressors. Moreover, a single
miRNA may have multiple target miRNAs, which enable the involvement of a given
miRNA in numerous biological processes. To fully clarify the tumor-promoting role
of miR-200c-3p in the pathogenesis of human PTC, we recommend that further
studies should be performed to screen the potential targets of miR-200c-3p other
than ATP2A2, ZEB2, and FRS2.

In summary, miR-200c-3p acted as an oncogenic gene whose inactivation could
suppress the malignant biological behavior of human PTC cells in vitro and in vivo.
ATP2A2 was validated as a direct target gene of miR-200c-3p. Its overexpression
remarkably reversed the tumor-promoting effects of miR-200c-3p mimics in human
PTC cells. Therefore, the miR-200c-3p/ATP2A2 axis could be a new mechanism
underlying the pathogenesis of human PTCs. It could be used as a basis for develop-
ing targeted therapeutics for human PTCs.
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