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Interference with KCNJ2 inhibits proliferation, migration
and EMT progression of apillary thyroid carcinoma cells
by upregulating GNG2 expression
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Abstract. Papillary thyroid carcinoma is a common malig-
nant tumor of the endocrine system. The specific role and
molecular mechanism of potassium inwardly rectifying channel
subfamily J member 2 (KCNJ2) in papillary thyroid carcinoma
remain unknown. In the present study, the underlying mecha-
nism of KCNIJ2 in papillary thyroid carcinoma was explored.
KCNIJ2 expression in thyroid cancer tissues was predicted using
the Gene Expression Profiling Interactive Analysis database, and
reverse transcription-quantitative PCR and western blot analyses
were performed to detect KCNJ2 expression in papillary thyroid
carcinoma cell lines. Cell transfection was performed to inhibit
KCNIJ2 and G protein subunit y2 (GNG2) expression. In addition,
cell proliferation was detected via the colony formation and MTT
assays. The wound healing and Transwell assays were performed
to assess cell migration and invasion, respectively. Western
blot analysis was performed to detect the expression levels of
transport-related proteins and interstitial related proteins. The
StarBase database was used to detect GNG2 expression in
thyroid cancer. The results demonstrated that KCNJ2 expression
was upregulated in papillary thyroid carcinoma cells. In addition,
interfering with KCNIJ2 expression inhibited the proliferation,
invasion and migration of papillary thyroid carcinoma cells,
and inhibited the epithelial-to-mesenchymal transition (EMT).
These processes may be influenced by the upregulation of GNG2
expression induced by KCNJ2 knockdown. Overall , the results
of the present study demonstrated that interference with KCNJ2
inhibited proliferation, migration and EMT progression of papil-
lary thyroid carcinoma cells by upregulating GNG2 expression.
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Introduction

Thyroid cancer is the most common malignant tumor in the
endocrine system, among which papillary carcinoma is the
most common, accounting for ~88% of thyroid tumors (1). In
patients with papillary thyroid carcinoma, the early symptoms
are not obvious (2). Thyroid nodules are identified in the
majority of patients using B-mode ultrasound during physical
examination, and diagnosis is confirmed following histopatho-
logical examination (3). Generally, the survival rate of patients
without metastasis of papillary thyroid carcinoma is >80% at
10 years following surgical treatment (4). However, in patients
with lymph node metastasis, the tumor cannot be completely
removed by surgery, thus the prognosis following palliative
treatment remains poor (2). Therefore, early detection, diag-
nosis and surgical treatment are important means to improve
the prognosis of patients with papillary thyroid carcinoma.

Traditional chemotherapy drugs generally have no signifi-
cant effect on thyroid tumors, and surgical treatment is still the
preferred treatment for patients with thyroid tumors (5). With
the development of molecular biology and immunohistochem-
ical technology in medical diagnosis and auxiliary diagnosis,
the application value of molecular markers with high sensitivity
and high specificity in auxiliary diagnosis of tumor is gradually
increasing. The application of specific molecular markers in
tumor screening can indicate early tumor lesions and the pres-
ence of lymph node metastasis (6). In addition, targeting and
regulating the expression of molecules in cancer can influence
the occurrence and development of diseases, thus providing a
theoretical basis for targeted therapy in the treatment of cancer.

Potassium channels exist in a variety of cells and are
an important determinant of membrane potential (7). By
controlling the opening and closing of potassium channels,
membrane potential and signal transduction pathways, such
as calcium ions, can be changed (8). Previous studies have
demonstrated that there are various potassium channels on
tumor cells, and these potassium channels play an important
role in the regulation of tumor cell proliferation and apoptosis,
and their molecular mechanisms are involved in multiple
pathways (9-11). In addition, some potassium channels have
specific high expression in some tumor cell membranes, which
can be used as a basis for novel antitumor targets (12,13).
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Potassium inwardly rectifying channel subfamily J member 2
(KCN1J2) gene is located on chromosome 17, 17 q23, its coding
protein is inward rectifier potassium channel Kir2.1 (14). The
association between KCNJ2 and tumor progression has been
demonstrated; however, mechanistic studies have not yet been
performed (15). A study has reported that in small cell lung cancer,
inhibition of KCNIJ2 expression can promote cell apoptosis, inhibit
the cell cycle and promote the sensitivity of cancer cells to chemo-
therapy drugs (16). In addition, silencing KCNJ2 expression can
significantly decrease the invasive and metastatic abilities, and
epithelial-to-mesenchymal transition (EMT) of gastric cancer
cells (17). It has been reported that KCNJ2 expression is upregu-
lated in thyroid cancer tissues (18,19). However, the specific role of
KCNJ2 in papillary thyroid carcinoma remains unknown.

Heterotrimeric G protein has been reported to be involved
in several biological activities, including cell proliferation,
differentiation, invasion and angiogenesis (20,21). G protein y2
subunit (Gng2/GNG2) is one of the subunits of the Gfy-dimer,
composed of a heterotrimeric G protein with a Ga-subunit (22).
Overexpression of GNG2 inhibits metastasis of human malignant
melanoma cells (23). Thus, GNG2 may be a molecular target for the
prevention and treatment of malignant melanoma metastasis (23).

The present study aimed to investigate the specific role
of KCNJ2 in papillary thyroid carcinoma, and its regula-
tory molecular mechanism to provide a theoretical basis for
molecular biological screening and targeted therapy for papil-
lary thyroid carcinoma.

Materials and methods

Cell culture. The papillary thyroid carcinoma cell lines,
BCPAP and TPC-1, and the human thyroid normal cell line,
Nthy-ori 3-1, were purchased from The Cell Bank of Type
Culture Collection of The Chinese Academy of Sciences and
maintained in DMEM (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.) and 1% (v/v) penicillin/streptomycin (Sigma-Aldrich;
Merck KGaA) at 37°C with 5% CO,.

Bioinformatics analysis. StarBase website (version 2.0,
http://starbase.sysu.edu.cn/) was used to predict the expression
of KCNJ2 and GNG?2 in all types of thyroid cancer (24). The
STRING website (version 11.0, https://string-db.org/) was used
to predict the relationship between KCNJ2 and GNG2. The
expression of KCNIJ2 in thyroid cancer tissues was predicted
using the GEPIA database (gepia.cancer-pku.cn/) (25).

Reverse transcription-quantitative (RT-q)PCR. Total RNA
was extracted from cells using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). Total RNA was reverse tran-
scribed into cDNA at ~65°C for 10 min using the SuperScript™ I11
Reverse Transcriptase kit (cat. no. 18080093; Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions. gPCR was subsequently performed using the SYBR
Green qPCR Master mix (Takara Biotechnology Co., Ltd.) and
StepOnePlus Real-Time PCR system (Thermo Fisher Scientific,
Inc.). The thermocycling conditions were as follows: 95°C for
10 min, 40 cycles of 95°C for 10 sec, 55°C for 10 sec, and 72°C for
30 sec. KCNJ2 and GNG2 were normalized to the internal refer-
ence gene GAPDH. Relative expression levels were calculated

using the 2244 method (26). The following primer sequences
were used for gPCR: GNG2 forward, 5-ATCGATATGGCC
ACCAACAACACAGCTA-3" and reverse, 5"-TTACAGGAT
GGCAGAAGAAC-3";, KCNJ2 forward, 5"-TGGATGCTGGTT
ATCTTCTGC-3' and reverse, 5-AGCCTATGGTTGTCTGGG
TCT-3'"; and GAPDH forward, 5-TCAAGGCTGAGAACG
GGAAG-3' and reverse, 5“TGGACTCCACGACGTACTCA-3".

Western blotting. Total protein was extracted from each group
of cells using RIPA lysis buffer (Sigma-Aldrich; Merck KGaA)
and the protein concentrations were determined using a BCA
protein assay kit (Bio-Rad Laboratories, Inc.). A total of
40 ug protein/well was separated via SDS-PAGE on 10% gel.
The separated proteins were subsequently transferred onto
polyvinylidene difluoride membranes (Bio-Rad Laboratories,
Inc.) and pre-blocked with 5% non-fat milk for 1 h at room
temperature. The membranes were then incubated with rabbit
anti-human polyclonal antibody and mouse anti-human
GAPDH monoclonal antibody (1:1,000; Abcam) overnight
at 4°C. Membranes were washed with PBS and incubated
with secondary HRP-conjugated anti-rabbit antibody (1:5,000;
cat. no. ab205718; Abcam) for 1 h at room temperature. Protein
bands were visualized using an enhanced chemiluminescence
detection system (EMD Millipore), and protein band intensity
was determined using ImageJ software (version 146; National
Institutes of Health). The ratio of gray value of target protein
band to that of GAPDH was regarded as the relative protein
expression. The following primary antibodies were used:
Anti-KCNJ2 (1:1,000; cat. no. abl09750; Abcam), anti-matrix
metalloproteinase (MMP)2 (1:1,000; cat. no. ab92536;
Abcam), anti-MMP9 (1:1,000; cat. no. ab76003; Abcam),
anti-N-cadherin (1:1,000; cat. no. ab76011; Abcam), anti-Snail
(1:1,000; cat. no. ab216347; Abcam), anti-zinc finger E-box
binding homeobox 1 (ZEBI; 1: 1,000; cat. no. ab203829;
Abcam), anti-GNG2 (1:1,000; cat. no. ab198225; Abcam) and
anti-GAPDH (1:1,000; cat. no. ab8245; Abcam).

Plasmid construction and transfection. The KCNJ2 gene was
knocked down using two different KCNJ2 short hairpin (sh)RNAs
(shKCNIJ2-1 and shKCNIJ2-2) with lentiviral expression vector
GV 493. A negative control shRNA (sh-NC) was used to control for
off-target and non-specific effects of shRNA treatment at a concen-
tration of 20 nM. All purchased from Shanghai GenePharma Co.,
Ltd. Transfection was performed using Lipofectamine® 2000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). TPC-1 cells
were seeded in 6-well plates at a density of 1x10° cells/well. Small
interfering RNA (si)-GNG2-1, si-GNG2-2 and NC at a concentra-
tion of 20 nM, all purchased from Shanghai GenePharma Co., Ltd.
The vectors (Shanghai GenePharma Co., Ltd.) were transfected
into TPC-1 cells using Lipofectamine 3000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufacturer's
instructions. After transfection for 48 h at 37°C with 5% CO,, the
transfection efficiency was measured via RT-qPCR analysis, and
then subsequent assays were performed after 48 h. The following
sequences were used: si-GNG2, 5'-ATAGATCTCCGGACT
CTAAGATGAAGTT-3' and 5-ATAGATCTCCGGACTCTA
AGATGAAGTT-3"; and si-NC, 5-GGA UUGAAUCAAGUC
AUUC-3' and 5-GAAUGACUUGAUUCAAUCC-3'. Cells were
divided into the following groups: Control, sh-NC, sh-KCNJ2-2,
sh-KCNJ2-2 + si-NC and sh-KCNJ2-2 + si-GNG2-2.
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Figure 1. Expression of of KCNJ2 in papillary thyroid carcinoma cells. (A) Gene Expression Profiling Interactive Analysis database prediction results.
(B) Reverse transcription-quantitative PCR was performed to detect the mRNA expression of KCNJ2 (n=5). (C) Western blotting was performed to determine
the protein expression of KCNJ2 (n=3). "P<0.05, “"P<0.001. KCNJ2, potassium inwardly rectifying channel subfamily J member 2.

MTT assay. The viability of cancer cells was assessed via an
MTT assay. Cells (1x10° cells/well) were seeded into 96-well
plates with 0.1 ml for each well and incubated at 37°C with
5% CO,. Cells were transfected for 24 h at 37°C,and 10 ul MTT
was subsequently added to each well. Cells were cultivated for
an additional 4 h and 150 1 DMSO was added to each well
and shaken at low speed for 10 min to make the crystals fully
dissolved. Viability was subsequently analyzed at a wavelength
of 570 nm, using the Fisherbrand™ accuSkan™ GO UV/Vis
microplate spectrophotometer (Thermo Fisher Scientific, Inc.).

Colony formation assay. Following cell transfection, cells
were seeded into 6-well plates at a density of 500 cells/well and
cultured in DMEM (Invitrogen; Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific,
Inc.), under normal conditions for 14 days at 37°C until visible
colonies appeared. Cells were fixed with methanol for 15 min at
room temperature and subsequently stained with 0.5% crystal
violet (Sigma-Aldrich; Merck KGaA) for 30 min at room
temperature, prior to observing the cell colonies with a light
contrast microscope (Olympus Corporation; magnification, x1).

Wound healing assay. Cells (1x10° cells/well) were seeded
into 6-well plates and cultured (serum-starved) until they
reached 80% confluence. Cell monolayers were subsequently
wounded (width, 2 mm) using sterile plastic pipette tips and
washed with PBS to remove cell debris. The cells were then
cultured with fresh DMEM. Cells were observed in five
randomly selected fields under a light microscope (magnifica-
tion, x100) at O and 24 h. The distance of cell migration into

the wound area was calculated using ImagelJ software v1.48u
(National Institutes of Health).

Transwell Matrigel assay. Cells in 200 pl serum-free DMEM
were plated in the upper chambers of 24-well Transwell plates
(Corning, Inc.) with 8-ym pore inserts coated with Matrigel
(BD Biosciences), at a concentration of ~1x10° cells/ml. DMEM
(0.5 ml) supplemented with 10% FBS was plated in the lower cham-
bers. For the invasion assay, Transwell membranes were coated
with Matrigel (BD Biosciences) at 37°C for 30 min, according
to the manufacturer's instructions. Following incubation for 24 h
at 37°C with 5% CO,, cells were fixed with paraformaldehyde for
15 min at 25°C and stained with 0.1% crystal violet for 30 min
at room temperature. Cells in the upper chambers were removed
using cotton swabs, while stained cells were observed under a light
contrast microscope (Olympus Corporation; magnification, x100).

Statistical analysis. Data are presented as the mean + standard
deviation (n=3). Statistical analyses were performed using SPSS
statistical software (version 22.0; IBM Corp.). Comparisons
among multiple groups were analyzed using one-way ANOVA
followed by Tukey's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

KCNJ2 expression in papillary thyroid carcinoma cells. The
prediction results from the GEPIA database demonstrated that
KCNIJ2 expression was upregulated in thyroid cancer tissues
(Fig. 1A). KCNJ2 expression in papillary thyroid carcinoma
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cell proliferation (n=3). (E) Statistical analysis of the results presented in D. ""P<0.001 vs. sh-NC group. KCNJ2, potassium inwardly rectifying channel

subfamily J member 2; sh-, short hairpin RNA; NC, negative control.

cell lines was subsequently analyzed. RT-qPCR (Fig. 1B) and
western blot analyses (Fig. 1C) demonstrated that KCNJ2
expression was significantly increased in papillary thyroid
carcinoma cell lines, with the most significant increase in
TPC-1 cells. Thus, TPC-1 cells were selected for subsequent
experimentation.

Interfering with KCNJ2 inhibits the proliferation of
papillary thyroid carcinoma cells. KCNJ2 expression in
papillary thyroid carcinoma cells was inhibited following cell
transfection, as assessed via western blotting (Fig. 2A) and
RT-qPCR (Fig. 2B). The results demonstrated that KCNJ2
expression was significantly decreased in the sh-KCNJ2-1 and
SH-KCNIJ2-2 groups compared with the sh-NC group, and the
decrease was more notable in the sh-KCNJ2-2 group. Thus, the
sh-KCNJ2-2 group was selected for subsequent experimenta-
tion. Cell viability was assessed via the MTT (Fig. 2C) and
colony formation (Fig. 2D and E) assays. The results demon-
strated that the cell survival rate and proliferative ability
of cells in the sh-KCNJ2-2 group significantly decreased
compared with the sh-NC group. Taken together, these results

suggested that interfering with KCNIJ2 inhibited the prolifera-
tion of papillary thyroid carcinoma cells.

Interfering with KCNJ2 inhibits invasion, migration and
the EMT process of papillary thyroid carcinoma cells. The
invasive and migratory abilities of papillary thyroid carcinoma
cells were assessed. The results of the wound healing assay
demonstrated that KCNJ2 knockdown significantly inhibited
the migratory ability of papillary thyroid carcinoma cells
(Fig. 3A and B). In addition, the results of the Transwell assay
demonstrated that KCNJ2 knockdown significantly inhibited
the invasive ability of papillary thyroid carcinoma cells
(Fig. 3C and D). Western blot analysis was performed to detect
the expression levels of the transport-related proteins, MMP2
and MMP9. The results demonstrated that MMP2 and MMP9
expression significantly decreased in the sh-KCNJ2-2 group
compared with the sh-NC group (Fig. 3E). The expression levels
of the EMT-related proteins, N-cadherin, Snail and ZEB1 were
also detected. The results demonstrated that N-cadherin, Snail
and ZEBI expression significantly decreased in sh-KCNJ2-2
group compared with the sh-NC group (Fig. 4).
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Interfering with KCNJ2 upregulates GNG2 expression in
papillary thyroid carcinoma cells. The StarBase database
predicted that GNG2 expression was downregulated in thyroid
cancer (Fig. 5A), and western blotting (Fig. 5B) and RT-qPCR
(Fig. 5C) were performed to detect GNG2 expression in papil-
lary thyroid carcinoma cells. The results demonstrated that
GNG?2 expression was significantly decreased in papillary
thyroid carcinoma cells compared with the normal thyroid

cells, Nthy-ori 3-1. Following transfection to suppress KCNJ2
expression, GNG2 expression significantly increased in the
sh-KCN1J2-2 group compared with the sh-NC (Fig. 5D). TPC-1
cells were selected for subsequent experimentation. The results
from the STRING database demonstrated that KCNJ2 could
regulate GNG2 expression (Fig. 6). Collectively, these results
suggested that interference with KCNJ2 upregulated GNG2
expression.

Knockdown of GNG2 expression partially reverses the effects
of KCNJ2 interference on the proliferation, migration and
EMT process of papillary thyroid carcinoma cells. Cell trans-
fection was performed to interfere with GNG2 expression in
papillary thyroid carcinoma cells, and western blot analysis
was performed to detect the interference effect (Fig. 7A). The
results demonstrated that si-GNG2-1 and si-GNG2-2 expres-
sion levels significantly decreased compared with the si-NC
group, and the decrease was more notable in the si-GNG2-2
group, thus si-GNG2-2 was selected for subsequent
experimentation. The MTT (Fig. 7B) and colony formation
(Fig. 7C and D) assays were performed to detect the prolif-
erative ability of cells. The results demonstrated that cell
viability increased in the sh-KCNJ2-2 + si-GNG2-2 group
compared with the sh-KCNJ2-2 + si-NC group, suggesting
that GNG2 interference could partially reverse the effect
of KCNJ2 interference on papillary thyroid carcinoma cell
proliferation. In addition, the results of the wound healing
assay demonstrated that cell migration significantly increased
in the sh-KCNJ2-2 + si-GNG2-2 group compared with the
sh-KCNJ2-2 + si-NC (Fig. 8A and B). The results of the
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Transwell assay demonstrated that cell invasion significantly
increased in the sh-KCNJ2-2 + si-GNG2-2 group compared
with the sh-KCNJ2-2 + si-NC group (Fig. 8C and D), accom-
panied by increased MMP2 and MMP9 expression (Fig. 8E).
Furthermore, the expression trend of the EMT-related
proteins (N-cadherin, Snail and ZEB1) was consistent with
that of the migration-related proteins (Fig. 9). Taken together,
these results suggested that interference with GNG2 could
partially reverse the effects of KCNJ2 interference on papil-
lary thyroid carcinoma cell invasion, migration and the EMT
process.

Discussion

According to the GEPIA database, KCNJ2 expression was
found to be upregulated in patients with thyroid cancer in the
present study. Furthermore, this study also confirmed that
KCNIJ2 expression was significantly increased in papillary
thyroid carcinoma cells, and KCNJ2 knockdown inhibited
cell proliferation, invasion, migration and the EMT process.
According to the STRING database, there is a regulatory
relationship between KCNJ2 and GNG2. In addition, the
StarBase database demonstrated that GNG2 expression was

downregulated in thyroid cancer. The results of the present
study demonstrated that GNG2 expression was significantly
downregulated in papillary thyroid carcinoma cells, and
GNG?2 interference partially reversed the effects of KCNJ2
interference on the proliferation, migration and the EMT
process of papillary thyroid carcinoma cells.

The present study demonstrated that KCNJ2 expres-
sion was significantly upregulated in TCP-1 papillary
thyroid carcinoma cells. This finding was consistent with
a previous study by Kim et al (18), which reported that
KCNIJ2 expression is significantly upregulated in papillary
thyroid carcinoma tissues compared with normal tissues.
KCNJ2 is a potassium ion channel, which plays an impor-
tant role in the occurrence and development of tumors (27).
A previous study demonstrated that KCNJ2 can be used as
a biomarker for prognosis of gastric cancer (28). In addi-
tion, KCNJ2 can promote the invasion, metastasis and the
EMT process of gastric cancer cells by interacting with
serine/threonine-protein kinase 38 (17). However, only a few
studies have investigated the role of KCNIJ2 in other types
of cancer and determined its molecular mechanisms (15,29).
The results of the present study demonstrated that interfer-
ence with KCNJ2 expression in papillary thyroid carcinoma
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Figure 8. Interference with GNG2 partially reverses the effects of KCNJ2 knockdown on the migration and invasion of papillary thyroid carcinoma cells. (A) A
wound healing assay was performed to determine cell migration (magnification, x100). (B) Statistical analysis of the results presented in A. (C) A Transwell
assay was performed to detect cell invasion (magnification, x100). (D) Statistical analysis of the results presented in C. (E) Western blotting was performed to
measure the expression of MMP2 and MMP9 (n=3). “"P<0.001. ##P<0.001. KCNJ2, potassium inwardly rectifying channel subfamily J member 2; sh-, short
hairpin RNA; NC, negative control; GNG2, G protein subunit y2; si-, small interfering RNA; MMP, matrix metalloproteinase.
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Figure 9. Interference with GNG?2 partially reverses the effects of KCNJ2 knockdown on the EMT process of papillary thyroid carcinoma cells. Western
blotting was performed to detect the expression of EMT-related proteins (n=3). ““P<0.001. “P<0.05, “P<0.01. KCNJ2, potassium inwardly rectifying channel
subfamily J member 2; sh-, short hairpin RNA; NC, negative control; GNG2, G protein subunit y2; si-, small interfering RNA; EMT, epithelial-to-mesenchymal

transition; ZEBI, zinc finger E-box binding homeobox 1.

cells significantly decreased the proliferative, invasive and
migratory abilities of the cells, and inhibited the EMT
process. Of note, the BCPAP thyroid cancer cells used in the
present study have been proven to be a problematic cell line
as they are considered to be poorly differentiated thyroid
cancer cells (30). However, these effects did not have any
impact on the experimental results of the present study, as
it was confirmed that KCNJ2 was expressed at low levels
in TPC-1 papillary thyroid carcinoma cells, as predicted by
the GEPIA database. Thus, all experiments were performed
using TPC-1 cells.

Previous studies on GNG?2 focus on its role in melanoma,
for example a previous study demonstrated that GNG2
expression is downregulated in mouse malignant mela-
noma and human melanoma cell lines (31). Overexpression
of GNG?2 enhances the proliferation of melanoma cells,
suggesting that GNG2 may be a novel molecular target for
the treatment of malignant melanoma (32). The results of the
present study demonstrated that GNG2 expression was down-
regulated in papillary thyroid carcinoma cells; however, its
specific molecular mechanism has not yet been investigated.
Prediction analysis revealed that KCNJ2 can combine to
regulate GNG2. Following interference with KCNJ2 expres-
sion, GNG2 expression significantly increased in papillary
thyroid carcinoma cells, suggesting that KCNJ2 may regulate
GNG?2 expression in papillary thyroid carcinoma. In addition,
the results confirmed that GNG?2 interference could partially

reverse the effects of KCNJ2 interference on the proliferation,
migration and the EMT process of papillary thyroid carci-
noma cells.

In conclusion, the results of the present study demon-
strated the role of KCNIJ2 in papillary thyroid carcinoma and
discussed its molecular mechanism, providing a theoretical
basis for molecular targeted therapy of papillary thyroid
carcinoma.
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