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MicroRNA-3690 promotes cell proliferation and cell cycle
progression by altering DKK3 expression in human thyroid cancer
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Abstract. An increasing amount of evidence has demon-
strated the importance of microRNAs (miRNAs/miRs) in
the tumorigenesis of malignant types of cancer, and data
retrieved from The Cancer Genome Atlas database revealed
that miR-3690 was upregulated in thyroid cancer (TC).
The present study focused on the biological function and
mechanism of miR-3690 in TC, demonstrating that miR-3690
expression was significantly elevated in TC cells and clinical
tissues. Functional studies indicated that miR-3690 acted as
an oncogene in TC by promoting cell proliferation, colony
formation and cell cycle progression in association with the
increased expression of cyclin E and c-myc. Mechanistically,
prediction software indicated that Dickkopf-related protein 3
(DKK3) was a target of miR-3690, which was confirmed by
the results of luciferase reporter assays and western blotting.
DKKS3 silencing abrogated the functions of miR-3690-in on
TC cell proliferation. Collectively, the findings of the present
study demonstrated that miR-3690 promoted TC cell prolif-
eration and indicated miR-3690 as a potential biomarker and
therapeutic target for TC.

Introduction

Thyroid cancer (TC) is the most common endocrine malig-
nancy and its incidence has increased rapidly in recent years
worldwide (1). Due to the absence of obvious symptoms in
the early stages of TC, ~30% of patients are diagnosed at a
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cancer,

late stage with lymph node metastases or invasion of the
surrounding tissues and organs (2). Furthermore, 10-20% of
patients exhibit distant metastases and recurrence, decreasing
the 10-year survival rate to 40% (3-5). In addition, selected
TC cases are not sensitive to radio-iodine treatment, and the
subsequent curative effect is poor (6). Therefore, it is of great
importance to understand the molecular mechanisms under-
lying TC in order to develop and improve current therapeutic
approaches.

MicroRNAs (miRNAs) are a class of short endogenous
non-coding molecules (~22 nucleotides in length) that play
key roles in oncogenesis and cancer progression by regulating
various biological functions (7-9). Accumulating evidence
has suggested that aberrant miRNA expression contributes
to multiple physiological and pathological processes during
TC (10-12). For example, Boufraqech et al (13) indicated
that miR-30a was downregulated in TC, decreasing cellular
invasion and migration by regulating lysyl oxidase. In addi-
tion, miR-338-3p was revealed to suppress cell proliferation,
clonogenicity and metastasis in TC by targeting RAC-vy
serine/threonine-protein kinase (14). miR-215 was reported to
inhibit TC cell proliferation, migration and invasion via the
AKT/glycogen synthase kinase-33/Snail signaling pathway by
targeting brefeldin A-inhibited guanine nucleotide-exchange
protein 1 (15). Furthermore, Guan et al (16) indicated that
the downregulation of miR-218-2 promoted the invasion
and progression of TC by regulating platelet-derived growth
factor receptor a and 1-phosphatidylinositol 4,5-bisphosphate
phosphodiesterase y-1. The aim of the present study was to
systematically investigate the precise role of miR-3690 in TC
and elucidate the underlying mechanism, in order to determine
the value of miR-3690 as a biomarker for TC.

Materials and methods

Clinical specimens and expression datasets. Clinical tissue
samples were collected from 4 male and 4 female patients (mean
age, 35+8 years) who underwent total thyroidectomy (cancerous
samples were collected from unilateral glandular lobe, and
non-cancerous samples were collected from unilateral glan-
dular lobe on the other side) and who were histopathologically
diagnosed with TC between January 2016 and January 2017 at
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Guangzhou First People's Hospital (Guangzhou, China). The
samples were immediately cryopreserved in liquid nitrogen
and stored at -80°C until further use. In order to investigate the
expression of miR-3690 in association with TC, the miR-3690
expression data of 59 patients were downloaded from The
Cancer Genome Atlas (TCGA; https:/cancergenome.nih.gov/)
database and subsequently analyzed.

Cell culture. The human thyroid follicular cell line Nthy-ori 3-1,
and various human TC cell lines, including TPC-1, SW1736,
FRO, K1 and 8505C, were purchased from the National Rodent
Laboratory Animal Resource. The TC cell lines were authen-
ticated by STR profiling, and were cultured in RPMI-1640
medium (Invitrogen; Thermo Fisher Scientific, Inc.) containing
10% FBS (Thermo Fisher Scientific, Inc.), 100 U/ml penicillin
and 0.1 mg/ml streptomycin. Nthy-ori 3-1 cells were cultured
in F-12K medium (Genom Biotech Pvt., Ltd.) containing 10%
FBS, 100 U/ml penicillin and 0.1 mg/ml streptomycin, and
all cells were cultured in a humidified atmosphere at 37°C
(5% Co,).

Plasmids, short interfering RNA (siRNA) and transfection.
Synthetic miR-3690 (cat. no. miR10018119-1-5), miR-3690-
inhibitor (cat. no. miR20018119-1-5), miR-3690-mutant
(mut, 5'-GCUUGGACCCAGCGUAGACAAAG-3")
and relative negative control miRNAs (vector:
Cat.no. miR1IN0O000001-1-5,NC: Cat.no. miR2N0O000001-1-5)
were synthesized by Guangzhou RiboBio Co., Ltd. Cells
transfections with 50 nM miRNAs were performed using
Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.),
according to the manufacturer's instructions.

Silencing DKK3 siRNAs (cat. no. HSH007526) were
synthesized and purified by GeneCopoeia, Inc., and transfec-
tions were performed using Lipofectamine® 2000 transfection
reagent (Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. All cells were harvested for subse-
quent experimentation 48 h post-transfection.

RNA extraction and reverse transcription-quantitative PCR
(RT-qPCR) analysis. Total RNA from the human clinical
tissues and cultured cells was extracted using TRIzol® reagent
according to the manufacturer's recommendations (Thermo
Fisher Scientific, Inc.). Reverse transcription and detec-
tion of mRNA (Cyclin E and c-myc) was performed using
BlazeTaq™ SYBR® Green qPCR mix 2.0 (GeneCopoeia,
Inc.). RT-qPCR was performed to detect miR-3690 expression
using the All-in-One™ miRNA qRT-PCR Detection kit 2.0
(GeneCopoeia, Inc, Guangzhou). Thermocycling conditions
were as follows: At 95°C for 30 sec, followed by 40 cycles
of amplification at 95°C for 5 sec, at 59°C for 30 sec and at
72°C for 30 sec. The following PCR primers were synthesized
by GeneCopoeia, Inc.: miR-3690 (cat. no. HmiRQP1976),
cyclin E (cat. no. HQP021819) and MYC (cat. no. HQP011597).
U6 small nuclear RNA (cat. no. HmiRQP9001) and GAPDH
(cat. no. HQP006940) were used as endogenous controls,
and mRNA quantification was performed using the 2-44¢4
method (17).

MTT and anchorage-independent growth assays. In order
to determine the cell proliferation rate, an MTT assay

(Sigma-Aldrich; Merck KGaA) was used according to the
manufacturer's protocol. The reaction was stopped by 200 ul
DMSO; the relative optical density was determined at a
wavelength of 490 nm, and the results are expressed as the
mean + standard deviation.

For the anchorage-independent growth assays, transfected
K1 cells (1x10° cell per well) were seeded into 2 ml complete
medium with 0.3% soft agar (Invitrogen; Thermo Fisher
Scientific, Inc.) and overlaid onto 2 ml preset 1.5% agar in the
same medium. The cells were cultured at 37°C with 5% CO, for
2 weeks, the colonies were then stained with 0.05% crystal violet
for 10 min atroom temperature, and colonies sized >0.1 mm were
counted under a microscope (Motic AE30 inverted fluorescence
microscope; Microscope Systems Limited; magnification, x40).

Bioinformatics. The potential target genes of miR-3690 were
predicted using Target Scan Human (version 7.1; http:/www.
targetscan.org/vert_71). Luciferase reporter assays. Based
on the binding sites of DDK-3 and miR-3690, which were
predicted using TargetScan, wild-type DDK-3 sequences were
designed and cloned into the pGL3 luciferase reporter vector
(Promega Corporation). Cells were then co-transfected with
the vectors and miR-3690, miR-3690-in or miR-3690-mut,
using Lipofectamine® 2000 transfection reagent. Following
a 48-h incubation, luciferase signals were measured using
the Dual luciferase reporter gene assay kit (BioVision, Inc.)
according to the manufacturer's protocol. Firefly luciferase
activity was normalized to that of Renilla luciferase.

Western blotting. Transcfeted TC cells were lysed in
protein RIPA buffer (cat. no. PO013; Beyotime Institute of
Biotechnology) according to the manufacturer's protocol.
The protein concentration was determined using a bicincho-
ninic acid protein assay. Proteins (40 ug) were separated via
10% SDS-PAGE and subsequently transferred onto PVDF
membranes (EMD Millipore). Membranes were blocked
with 5% bovine serum albumin (BSA) for 1 h at room
temperature, and incubated with primary antibodies against:
DKK3 (1:1,000; cat. no. SAB2701251; Sigma-Aldrich; Merck
KGaA), cyclin E (1:1,000; cat. no. 20808; Cell Signaling
Technology, Inc.) and c-myc (1:1,000; cat. no. 18583; Cell
Signaling Technology, Inc.) overnight at 4°C, as previously
described (17). To control sample loading, the membranes were
stripped and re-probed with an anti-a-tubulin antibody (1:500;
cat. no. SAB5600206; Sigma-Aldrich; Merck KGaA). The
membranes were then probed with a peroxidase-conjugated
secondary antibody goat-anti-rabbit IgG (1:5,000; ZDR5306
or ZDR5307; Zhongshan Golden Bridge Biotechnology, Inc.),
and the protein bands were quantified using Quantity One
software version 4.6 (Bio-Rad Laboratories, Inc.).

Bromodeoxyuridine (BrdU) incorporation analysis. To assess
cell proliferation, cells were cultured for 24 h following trans-
fection. The medium was then supplemented with 10 h BrdU and
the cells were incubated for a further 6 h. The labeled cells were
thoroughly rinsed with PBS and incubated with an anti-BrdU
antibody (1:500; cat no. 61273; Upstate Biotechnology, Inc.)
for 1 h at 37°C, according to the manufacturer's protocol.
Images were captured using a laser scanning microscope
(magnification, x100; Axioskop 2 plus; Carl Zeiss AG).
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Figure 1. Expression of miR-3690 in human TC cell lines and clinical tissues. (A) The expression levels of miR-3690 in TC from TCGA dataset (n=59).
(B) Reverse transcription PCR analysis of miR-3690 expression in primary Nthy-ori 3-1 (non-tumor follicular cell line) and human TC cell lines, including
TPC-1, SW1736, FRO, K1 and 8505C. (C) Relative miR-3690 expression levels in 8 paired primary TC tissues (TC) and the tumor-adjacent normal tissues
(TAT) from the same patient were detected by PCR analysis. Each bar represents the mean of three independent experiments. “P<0.05 vs Nthy-ori 3-1. miR,
microRNA; TC, thyroid cancer; TCGA, The Cancer Genome Atlas; TAT, tumor-adjacent normal tissues.

Cellcycledistributionanalysis.FollowingmiRNA-transfection
for 48 h, the cells were harvested, washed in ice-cold PBS,
and fixed with pre-chilled 75% ethanol at 4°C overnight. The
cells were stained using a propidium iodide/RNase staining
buffer (BD Biosciences) at room temperature for 30 min in
the dark, and the cell cycle distribution was analyzed using a
FACSCalibur™ flow cytometer (BD Biosciences) according to
the manufacturer's instructions.

Statistical analysis. Statistical analysis was performed using
SPSS 17.0 (SPSS, Inc.). The data were analyzed using a paired
Student's t-test for pair-wise comparisons or one-way analysis
of variance followed by a post hoc Tukey test for multiple
comparisons. P<0.05 was considered to indicate a statistically
significant difference.

Results

Upregulation of miR-3690 in TC clinical tissues and cell
lines. Based on the expression data downloaded from TCGA,
the expression level of miR-3690 was found to be higher in
TC tissues compared with that in adjacent non-tumor tissues
(Fig. 1A). Consistently, miR-3690 expression was also
significantly increased in TC cell lines (TPC-1, SW1736, FRO,
K1 and 8505C) compared with that in human thyroid follicular
cells (Nthy-ori 3-1; Fig. 1B). Furthermore, RT-qPCR analysis
of samples from 8 patients with TC revealed significantly
increased levels of miR-3690 in TC tissues (T) compared with
tumor-adjacent normal tissues (TAT; Fig. 1C).

miR-3690 promotes TC cell proliferation, which is coun-
teracted by miR-3690-in. To determine the effects of
miR-3690 on cellular proliferation, TC cells were trans-
fected with miR-3690 and assessed using RT-qPCR, MTT
and anchorage-independent growth assays, in addition to
BrdU labeling, immunofluorescence and cell cycle analysis.
Following transfection of K1 cells, the expression level of
miR-3690 was found to be significantly upregulated (Fig. 2A),
and miR-3690 overexpression facilitated cellular proliferation
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(Fig. 2B-D). Furthermore, miR-3690 overexpression signifi-
cantly decreased the number of cells in the G,/G, phase, but
increased the proportion of S phase cells, compared with the
control at 48 h post-transfection (Fig. 2E). In turn, miR-3690
expression was successfully inhibited by miR-3690-in trans-
fection in K1 cells (Fig. 3A), which significantly suppressed
proliferation and cell cycle progression compared with the
control-transfected cells (Fig. 3B-E). Further to the effects
of miR-3690 on TC cell proliferation, the results of the MTT
and anchorage-independent growth assays revealed that the
SW1736 cell line exhibited a lower miR-3690 expression level
compared with the K1 line, and thus was selected for further
experimentation. As presented in Fig. S1, the results reflected
those obtained from K1 cells.

miR-3690 regulates DKK3 via the 3'-UTR and alters cell
proliferation and the expression of cell cycle-associated
genes. In order to identify the potential targets of miR-3690,
a bioinformatics analysis was conducted using TargetScan,
and revealed that DKK3 contains a putative binding site
for miR-3690 (Fig. 4A). The effect of miR-3690-mut on TC
cells was detected via RT-PCR analysis, the result showed
that no effects were observed following transfection with
miR-3690-mut compared with that in NC (Fig. 4B). To inves-
tigate the potential regulatory effect of miR-3690 on DKK3,
protein expression levels were examined by western blot
analysis in the present study. miR-3690 overexpression signifi-
cantly decreased the expression levels of the DKK3 protein
in K1 cells, while the levels were found to be upregulated
following miR-3690-in transfection (Fig. 4C). Furthermore,
luciferase reported assays indicated that miR-3690 signifi-
cantly decreased the luciferase activity of the wild-type
3'-UTR of DKK3, whereas miR-3690-in transfection resulted
in increased activity; no suppressive effects were observed
following transfection with miR-3690-mut (Fig. 4D). These
findings indicate that DKK3 is a direct target of miR-3690.
As miR-3690 promoted cell proliferation and cell cycle
progression, regulatory genes associated with these processes
were detected. RT-qPCR and western blot analysis revealed
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Figure 2. Upregulation of miR-3690 promoted TC cell proliferation. (A) Validation of miR-3690 expression levels after transfection by PCR analysis. (B) MTT
assays revealed that overexpression of miR-3690 promoted proliferation of K1 cells. (C) Upregulation of miR-3690 promoted the anchorage-independent
growth of K1 cells. Representative micrographs (left) and quantification of colonies that were >0.1 mm (right). (D) Representative micrographs (left) and
quantification (right) of the Brd incorporation assay in K1 cells. (E) Flow cytometric analysis of the indicated TC cell line K1 cells transfected with NC or
miR-3690. Each bar represents the mean of three independent experiments. “P<0.05 vs. vector group. TC, thyroid cancer; miR, microRNA; NC, negative

control.

elevated mRNA and protein expression levels, respectively,
of cyclin E and c-myc in miR-3690-transfected cells, which
was consistent with the increased proportion of S phase and
decreased proportion of G,/G, phase cells (Fig. 4E and F).
By contrast, decreased expression of cyclin E and c-myc was
detected following transfection with miR-3690-in, which was
reflected by cell cycle arrest in the G,/G,, phase (Fig. 4D and E).

DKK3 knockdown counteracts miR-3690-in-associated
proliferative arrest. As DKK3 was confirmed to be a direct
target of miR-3690, the effects of DKK3 downregulation on
miR-3690-in-induced proliferative arrest were investigated.
Following treatment with miR-3690-in, DKK3 was knocked
down in K1 cells using specific siRNAs; knockdown effi-
ciency was confirmed by western blotting (Fig. 5A). The
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Figure 3. Inhibition of miR-3690 inhibited TC cell proliferation. (A) Validation of miR-3690 expression levels after transfection by PCR analysis. (B) MTT
assays revealed that miR-3690-in suppressed growth of K1 cells. (C) Inhibition of miR-3690 inhibited the anchorage-independent growth of K1 cells.
Representative micrographs (left) and quantification of colonies that were >0.1 mm (right). (D) Representative micrographs (left) and quantification (right)
of the BrdU incorporation assay in K1 cells. (E) Flow cytometric analysis of the indicated TC cell line K1 cells transfected with NC or miR-3690-in. Each
bar represents the mean of three independent experiments. “P<0.05 vs. NC group. miR, microRNA; TC, thyroid cancer; NC, negative control; miR-3690-in,

microRNA-3690-inhibitor.

growth-suppressive effect of miR-3690-in was partially
abrogated by DKK3-knockdown, as demonstrated by
anchorage-independent growth (Fig. 5B), BrdU labeling and
immunofluorescence assays (Fig. 5C). These findings indicate
that DKK3 was involved in the miR-3690-in-induced suppres-
sion of cellular proliferation.

Discussion

Profiling studies have indicated that miRNAs play an
essential role in TC development by regulating their target

genes. miR-195 was found to suppress tumor growth and
metastasis in TC by targeting G,/S-specific cyclin DI and
fibroblast growth factor 2 (18); additionally, miR-577 was
reported to inhibit the proliferation, migration and invasive
capacity of TC cells by targeting sphingosine kinase 2 (19).
The findings of Ye et al (20) indicated that fibronectin 1 was
a direct target of miR-139, which inhibits TC progression.
Furthermore, Sun et al (21) revealed that miR-144 suppressed
TC cell proliferation through WW domain-containing tran-
scription regulator protein 1. Our previous study revealed
that miR-639 promoted cell proliferation and cell cycle
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indicated cells transfected with the pGL3-DKK3-3"-UTR reporter and miR-3690 or miR-3690-in or miR-3690-mut. (E) Reverse transcription PCR analysis
of expression of Cyclin E and c-myc in indicated K1 cells. (F) Western blotting analysis of expression of Cyclin E and c-myc protein in K1 cells. a-tubulin
served as the loading control. “P<0.05 vs. NC group or vector group. miR, microRNA; 3'-UTR, 3'-untranslated region; DKK3, Dickkopf-related protein 3;
miR-3690-mut, microRNA-3690-mutant; miR-3690-in, microRNA-3690-inhibitor; NC, negative control.

B nNC C mNc

Il DKK3-siRNA#1 Il DKK3-siRNA#1
Il DKK3-siRNA#2 [l DKK3-siRNA#2
A K1-miR-3690-in __4or * G 32r
€
DKK3-  DKK3- E 3 N
NC S|RNA#1 SIRNA#2 S 30F < 24t x
: ‘ ; 2 3
il o
DKK3 “ S ol ¢ st
= 2 20 Z 16
= (%2}
= g
o-Tubulin s 10f 3 8r
3 e}
- A 0 p :
K1-miR-3690-in K1-miR-3690-in

Figure 5. Downregulation of DKK3 counteracted the proliferation arrest by miR-3690-in. (A) Western blot analysis verified that silencing DKK3 effectively
decreased the expression of DKK3 in miR-3690-in-transfected K1 cells. (B) miR-3690-in-transfected K1 cells after transfection with DKK3-siRNAs promoted
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assay. Each bar represents the mean of three independent experiments. "P<0.05. miR-3690-in, microRNA-3690-inhibitor; DKK3, Dickkopf-related protein 3;
siRNA, small interfering-RNA; NC, negative control.

progression in TC by inhibiting cyclin-dependent kinase that miR-3690 expression is upregulated in TC tissues from
inhibitor 1 (22). Data from the present study provide evidence  patients and TC cell lines, and also suggest that miR-3690
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promotes cell proliferation and cell cycle progression by
directly suppressing DKK3.

Human DKK3 is a member of the Dickkopf family,
which perturbs the negative regulator Kremen and enhances
Whnt signaling via low-density lipoprotein receptor-related
protein 6 (23). Previous studies have demonstrated that
DKK can act as a tumor promoter or suppressor in certain
types of cancer, thereby affecting tumor development and
progression. DDK3 has been reported to stimulate pancre-
atic ductal adenocarcinoma growth and metastasis, as well
as resistance to chemotherapy, by activating NF-«B (24). In
addition, overexpression of DKK3 reportedly contributes to
tumor cell proliferation, invasion, migration and survival
in head and neck squamous cell carcinoma by inducing
PI3K-Akt signaling (25). Furthermore, Xi et al (26)
observed that DKK3 was downregulated in prostatic cancer,
and that miR-95-3p contributed to the development of
prostatic cancer by repressing DKK3, thus activating the
Wnt/B-catenin pathway. In gastric cancer, DKK3 was shown
to attenuate CD133-induced NK-cell activation by inhibiting
the Erk pathway and immunological synapse formation (27).
DKK3 was also found to act as a biomarker and a thera-
peutic target by modulating Wnt signaling in several types
of human cancer (28). However, the role of DKK3 in TC
remains understudied. To the best of our knowledge, the
present study was the first to demonstrate that DKK3 was
a downstream target gene of miR-3690, and is considered
to act as a tumor suppressor in TC. Furthermore, DKK3
downregulation counteracted miR-3690-in-associated
proliferative arrest.

The present study revealed that miR-3690 promotes
cellular proliferation by regulating proliferation- and cell
cycle-associated genes, including cyclin E and c-myc. Cyclin
E is a key checkpoint protein for G1-to-S phase transition
in the cell cycle (29). C-myc is a known master regulator of
the cell cycle and plays a critical role in carcinogenesis (30).
In gastric carcinoma, downregulated DKK3 (REIC) expres-
sion was closely associated with aggressive phenotypes and
poor prognosis (31). Ectopic DKK3 expression downregu-
lated p-catenin, cyclin D2 and E expression levels, as well
as regulated the cell cycle in gastric carcinoma (31). The
results of the present study revealed that downregulation
of miR-3690 resulted in cell cycle arrest at the G,/G, phase
in TC.

In conclusion, the present study demonstrated that
miR-3690 was upregulated and promoted cancer cell prolif-
eration by directly repressing DKK3. Downregulation of
miR-3690 resulted in cell cycle arrest at the G,/G, phase by
inhibiting cyclin E and c-myc, which may affect the develop-
ment of TC. These findings indicate that miR-3690 may be of
value as a therapeutic target in TC.
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