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Breast cancer is the most common malignant tumor in women, and its incidence
is increasing each year. To effectively treat breast cancer, it is important to identify
genes involved in its occurrence and development and to exploit them as potential
drug therapy targets. Here, we found that potassium channel subfamily K member 6
(KCNK6) is significantly overexpressed in breast cancer, however, its function in tumors
has not been reported. We further verified that KCNK6 expression is upregulated
in breast cancer biopsies. Moreover, overexpressed KCNK6 was found to enhance
the proliferation, invasion, and migration ability of breast cancer cells. These effects
may occur by weakening cell adhesion and reducing cell hardness, thus affecting the
malignant phenotype of breast cancer cells. Our study confirmed, for the first time,
that increased KCNK6 expression in breast cancer cells may promote their proliferation,
invasion, and migration. Moreover, considering that ion channels serve as therapeutic
targets for many small molecular drugs in clinical treatment, targeting KCNK6 may
represent a novel strategy for breast cancer therapies. Hence, the results of this study
provide a theoretical basis for KCNK6 to become a potential molecular target for breast
cancer treatment in the future.

Keywords: breast cancer, potassium channel, KCNK6, proliferation, invasion, migration

INTRODUCTION

The latest global cancer data released by the international cancer research agency (IARC) of the
World Health Organization, show that in 2020, the number of new breast cancer cases worldwide
was as high as 2.26 million, with an approximated 680,000 associated female deaths, far exceeding
that of any other female cancer. In fact, female breast cancer surpassed lung cancer to become
the most commonly diagnosed cancer worldwide. It is estimated that at least 1 million new breast
cancer patients will be diagnosed by 2040 (The, 2018). Currently, with the popularization of tumor
screening and detection technology, as well as the improvements in comprehensive treatment
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strategies, a variety of treatment methods for breast cancer
have been developed that benefit the majority of patients.
However, 20% of patients will develop metastatic breast cancer,
the prognosis of which is generally poor. Furthermore, 90% of
patients may die as a result of recurrence and metastasis (Ali
and Coombes, 2002; Rabbani and Mazar, 2007; Makki, 2015).
With the development of modern oncology, the unrestricted
proliferation of tumor cells, leading to their invasion and
metastasis, has been confirmed as the fundamental cause of breast
cancer progression and patient death (Chaffer et al., 2016; Mittal,
2018). It is, therefore, of urgency to predict the biological behavior
of breast cancer by studying the proliferation, invasion, and
metastasis of cancer cells, while also seeking to identify genes
and potential targets involved in the occurrence and development
of breast cancer.

A large number of studies have demonstrated that the
progression of breast cancer is closely related to a variety of
potassium channels, as the overexpression of many such channels
has been reported in breast cancer (Hemmerlein et al., 2006;
Dookeran et al., 2017), and found to be related to the poor
prognosis of patients (Brevet et al., 2009b; Oeggerli et al., 2012;
Faouzi et al., 2016). Potassium channel subfamily K member 6
(KCNK6) is a background potassium channel belonging to the
double-pore domain potassium channel family, that facilitates
the leakage of potassium ions out of cells primarily by regulating
the resting membrane potential and life process of cells.
Although KCNK6 is reportedly overexpressed in breast cancer
cells (Williams et al., 2013), its role in malignant progression
of tumors, has not been reported. Due to various unique
characteristics of potassium channels, their altered expression
may be useful for diagnosis and treatment. Indeed, Kv1.3 (Mohr
et al., 2019), Kv10.1 (García-Quiroz et al., 2019), and Kv11.1
(Wang et al., 2015; Breuer et al., 2019) have proven to be potential
molecular targets for breast cancer therapy. We, therefore, sought
to verify the expression of KCNK6 in breast cancer and detect its
function in the malignant phenotype to explore its potential as a
new therapeutic target for breast cancer.

Recent studies have shown that mechanical factors (cell
hardness, adhesion, etc.) play a key role in regulating the
structure and function of cells, particularly in the process of
cell carcinogenesis (Mierke, 2014; Mierke, 2019; Nia et al., 2020;
Shen et al., 2020). As has been well-documented, during the
process of metastasis, cancer cells must pass through a series
of barriers, including the basement membrane, extracellular
matrix, vascular wall, etc., requiring them to have strong invasive
and migratory capacity (Friedl and Alexander, 2011; Trepat
et al., 2012; Mittal, 2018). Many studies have shown that the
occurrence of these cellular behaviors is often accompanied by
a stronger deformability, facilitating the successful breaching
of these barriers, that is, cells must become softer and more
likely to detach from surrounding tissues (Cross et al., 2007;
Rubiano et al., 2018). The adhesive properties of tumor cells must
also, therefore, become weaker (Friedl and Wolf, 2003; Hamidi
and Ivaska, 2018). Hence, the comprehensive consideration of
a number of individual factors, including cell adhesion and
hardness, can provide new insights to further our understanding
regarding the mechanism of malignant tumor progression.

In the current study, we downloaded two groups of breast
cancer genome-wide expression microchips from the Gene
Expression Omnibus (GEO) database. Through data mining
of the microchip dataset, we found that the expression of
KCNK6 was significantly increased in breast cancer. Through
analysis of TCGA data, it was found that the upregulation
of KCNK6 is associated with malignant progression of breast
cancer. We further verified, via immunohistochemistry, that
KCNK6 expression is significantly upregulated in breast cancer
and may lead to enhanced proliferation and invasion in breast
cancer cell lines. Meanwhile, KCNK6 knockdown reversed these
effects. Further, we found that high levels of KCNK6 decrease
the adhesion and hardness of breast cancer cells, while its
knockdown increased these properties, thereby affecting their
biophysical phenotypes.

MATERIALS AND METHODS

Clinical Samples
In this study, three sets of expression microarrays published
online in the GEO public database were used to analyze the data:
GSE42568 (including 17 cases of normal breast tissue and 104
cases of breast cancer tissue), GSE10780 (including 143 cases of
normal breast tissue and 42 cases of breast cancer tissue) and
GSE53752 (including 25 cases of normal breast tissue and 51 cases
of breast cancer tissue).

Breast cancer tissue samples were provided by Xiangya Second
Hospital of Central South University. The samples included 16
pairs of paraffin-embedded breast cancer tissue sections and
non-tumor breast tissue sections, which were used to detect the
expression of KCNK6 protein by immunohistochemistry. The
clinical information of the patients from whom the sections
were obtained is shown in Table 1. The use of all samples was
authorized by the Ethics Committee of Central South University,
and informed consent was obtained from all patients.

KCNK6 Overexpression and Knockdown
in Breast Cancer Cell Lines
The breast cancer cell lines, MDA-MB-231 and MCF-7, used
in this study were preserved in the Molecular Genetics Room
of the Institute of Oncology, Central South University. Cells
were placed in complete Dulbecco’s modified eagle medium
(DMEM) containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Cells were cultured in a 37◦C incubator
containing 5% CO2.

The pcDNA6/myc-His C vector was employed as the control
empty vector, as well as the KCNK6 overexpression vector. After
annealing, the CDS fragment of KCNK6 was inserted into the
vector by matching the viscous ends of EcoRI and NotI to obtain
the overexpression vector.

The control empty vector of the shRNA vector is PLVshRNA-
EGFP_(2A) Puro, provided by Inovogen company. After
annealing, the shRNA fragment was inserted into the vector by
matching the viscous ends of the EcoRI and BamHI sites to
produce the shKCNK6 lentiviral vector.
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The two shRNA sequences used to target KCNK6 are as
follows: shRNA-1: 5′-GATCCGCAGGCAGGAAACAGACATAT
TCAAGAGATATGTCTGTTTCCTGCCTGTTTTTT-3′ and
shRNA-2: 5′-GATCCGCCCTTAACCATGACACCATTTCAAG
AGAATGGTGTCATGGTTAAGGGTTTTTT-3′.

For overexpression KCNK6, breast cancer cells were plated
overnight and transfected with the overexpression KCNK6
vector or control empty vector using the Neofect transfection
reagent (Invitrogen, Carlsbad, CA, United States) in OptiDMEM
medium (Invitrogen). Alternatively, 293T cells were transfected
in the same way with either the shRNA or empty control
vectors in the same way and incubated. The culture medium was
harvested after 60h. The virus particles in the culture medium,
containing the shRNA, were then used to infect breast cancer
cell lines. The cells with KCNK6 successfully knocked down were
screened with puromycin.

RNA Extraction and Quantitative PCR
Assay
The cellular RNA was extracted using Trizol reagent (Invitrogen)
and reverse transcribed into cDNA by Quantscript RT kit
(abm, Richmond, BC, Canada). KCNK6 specific primers were

TABLE 1 | Clinical patient information KCNK6 expression in breast cancer tissues
and corresponding adjacent tissues of paraffin-embedded tissue sections.

Patient No. Age T N M Clinic The
expression of
KCNK6 in the

normal
sample

The
expression of
KCNK6 in the

turmor
sample

Pat 01 52 T2 N0 M0 IIa 0 9

Pat 02 50 T2 N0 M0 IIa 0 3

Pat 03 47 T2 N0 M0 IIa 2 6

Pat 04 53 T2 N1 M0 IIb 2 9

Pat 05 63 T2 N1 M0 IIb 1 6

Pat 06 50 T2 N1 M0 IIb 0 6

Pat 07 64 T2 N0 M0 IIa 4 9

Pat 08 49 T2 N0 M0 IIa 0 3

Pat 09 53 T2 N1 M0 IIb 0 9

Pat 10 53 T2 N0 M0 IIa 0 6

Pat 11 74 T1c N1 M0 IIa 2 9

Pat 12 58 T2 N1 M0 IIb 0 6

Pat 13 49 T1c N0 M0 II 1 3

Pat 14 50 T2 N0 M0 IIa 0 6

Pat 15 51 T2 N2a M0 IIIa 1 9

Pat 16 44 T2 N1 M0 IIb 4 9

The age, TNM stage and tumor grade of each patient are presented,
and the immunohistochemical results of breast cancer and corresponding
paracancerous tissues were interpreted to show the expression of KCNK6. The
immunohistochemical scoring principle: according to the strength of KCNK6 signal,
light yellow was scored 1, brown was 2, brown and non-specific staining was 3.
According to the percentage of tumor cells with KCNK6 signaling relative to all
tumor cells in the section: 0–25% was assigned a score of 1, 25% was 2, 50% was
3, and 75% was 4; the product of the two represented the final score. If the final
score was 0, KCNK6 was judged as negative expression; if the final score was ≤3,
KCNK6 was judged as low expression; if the final was >3, KCNK6 was judged as
high expression.

used for real-time quantitative polymerase chain reaction
(PCR). A 5 × All-In-OneMasterMix kit (abm, Richmond, BC,
Canada) was used for real-time quantitative PCR. A CFX96
real-time PCR detection system (Bio-Rad, Hercules, CA,
United States) was used to detect the relative expression
level of KCNK6. The sequence of qPCR primers was as
follows: KCNK6-F, 5′-CTAAACCCCTCCTGTGTGCT-3′;
KCNK6-R, 5′-CAACACCTCACCTCCTCCAT-3′; GAPDH-
F, 5′-CAACGGATTTGGTCGTATTGG-3′; and GAPDH-R,
5′-TGACGGTGCCATGGA ATTT-3′.

Western Blotting
Whole cell lysates were obtained using RIPA buffer (beyotime,
China) and centrifugation at. The BCA protein analysis kit
(Pierce, Grand Island, NY, United States) was used to determine
protein concentration. A total of 50 µg of cell lysate was
separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to a polyvinylidene fluoride (PVDF)
membrane (Millipore, Billerica, MA, United States) and blocked
with 5% skim milk for 2 h at room temperature. The
membrane was then incubated with primary antibodies (Cusabio,
Zhengzhou, Henan, CHINA) at 4◦C overnight and washed
with 1 × PBST the next day. Second antibodies coupled with
horseradish peroxidase was then added to the membranes and
incubated at room temperature for 2 h. The signal was detected
with an ECL detection reagent.

MTT Assays
MTT assays were used to detect cell proliferation ability. Firstly,
the cells in the logarithmic growth phase were digested and re-
suspended to prepare cell suspension, and 800 cells per well
were inoculated into a 96-well plate. At least five parallel wells
were used for each group for 6 days. When the cells adhered
to the wall, 20 µl MTT solution was added to each well. The
plate was then placed into the culture box for further culture for
4 h. Two-hundred microliters of DMSO was added to each well,
and the plate was placed on the shaking table for 10 min. The
absorbance of the sample at a wavelength of 490 nm was detected
with a multi-function enzyme labeling instrument. The OD value
was plotted with the time point as the abscissa and OD value
as the ordinate.

Clone Formation Assays
Clone formation assays were used to detect cell proliferation
ability. The cells in the logarithmic growth phase were digested,
centrifuge, add the culture medium and re- suspended, and blow
into a single cell. The cells were then inoculated in a 12-well plate
with 1,500 cells per well. When a naked eye-visible monoclonal
(no less than 50 cells per clone) was formed, the culture was
removed from the plate and the plate was rinsed with PBS and
fixed with 4% paraformaldehyde for 15 min. This was followed
by staining with crystal violet for 15 min. Crystal violet was
then carefully washed. The 12-well plate was scanned, and the
number of clones in each group was counted with ImagePro
Plus 6.0 software.
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Transwell Cell Migration and Invasion
Assays
Transwell Cell Culture Inserts (8-µm pore size, BD Biosciences,
Franklin Lakes, NJ, United States) was used to evaluate the
migration and invasive ability of the cells. The melted BD
Matrigel, was mixed with the serum-free medium in the ratio of
V Matrigel :V culture medium = 1:9. 20 µl was added to each
transwell chamber and put into an incubator at 37◦C for 2 h, and
the matrix glue was condensed in the chamber. Note: this step
is not required for the Transwell migration experiment. Two-
hundred microliters of serum-free medium containing 3 × 104
cells were added to the upper chamber of 24-well plates. Eight-
hundred microliters of culture medium containing 20% FBS was
then added, and the plate was placed into the Transwell chamber
and soaked. The plate was then incubated at 37◦C until the
cells are observed to be falling to the bottom of the plate. The
plate was then removed from the chamber, washed twice with
normal saline, fixed with 4% paraformaldehyde, and stained with
0.5% crystal violet. Wiped off the matrigel glue and the cells
on the upper surface of the chamber. Five visual fields were
randomly selected to for imaging under the inverted microscope.
The invaded cells were counted using ImageProPlus 6.0 software.

Scratch Healing Assays
Scratch healing assays were used to observe cell migration ability.
The cells were inoculated in a 6-well plate and cultured in an
incubator at 37◦C until the cells cover the whole hole. The tip
of the p200 straw was crossed perpendicular to the opening of
the well (three lines could be divided into four equal lines in
horizontal and vertical directions). Then, DMEM with 2% FBS
was added for cell culture, and 5% hydroxyurea was added to
inhibit cell division. The culture group and hydroxyurea were
replaced at 0 and 24 h, respectively. The scratches were observed
and photographed under the microscope until fully healed. The
width of scratches at different time points was measured by
ImagePro Plus 6.0 software.

Atomic Force Microscopy (AFM)
A single MDA-MB-231 cell was measured with an atomic force
microscope (JPK NanoWizard 4 BioScience, JPK Instruments,
Berlin, Germany). The probe used was a 100 µm V-shaped
probe µm (HYDRA6V-100NG, AppNano, Mountain View CA,
United States). The indentation material was a silicon nitride
cantilever with a spring constant of 0.292 N/m. Indentation was
carried out at a loading and retraction speed of approximately
2.5 µm/s for all experiments to avoid the viscosity effect. The
cells in the Petri dish were measured at room temperature.
First, the cells were adhered to the Petri dish, followed by
washing three times with PBS. The cells were fixed with
2% glutaraldehyde for 45 s, followed by fixation with 4%
polymethanol for 20 min. Finally, the cells were washed with
PBS more than 5 times. The cells were then covered with an
appropriate amount of PBS, and with an AFM. In order to better
simulate the physiological deformation of cells, the indentation
depth was selected to be at least 1 mm. QI mode was used

for imaging, and JPK software was used to analyze the images
obtained by scanning.

Statistical Analysis
Statistical analyses were carried out with GraphPad Prism
9.0 software (GraphPad, San Diego, CA, United States).
For immunohistochemical statistical analysis, a paired
Student’s t-test was used to evaluate the significant
difference between the two groups of data. All other
analyses were conducted using unpaired t-tests to evaluate
the significant difference. P < 0.05 was considered to
indicate a statistically significant difference. All data are
shown as the mean ± standard deviation of at least three
independent experiments.

RESULTS

KCNK6 Expression Is Significantly
Increased in Breast Cancer
To identify differentially expressed ion channel proteins in breast
cancer, we downloaded the gene expression profile data for
two groups of breast cancer tissues from the GEO database:
GSE42568, GSE10780, and GSE53752. The expression profiles
of each member of the common ion channel family were
analyzed. We found that the expression of potassium channel
protein KCNK6 in normal breast tissue was significantly lower
than that in breast cancer tissue (P < 0.05; Figures 1A–
C). The breast cancer data downloaded from the TCGA
database were further processed with python. Compared
with normal breast tissues, the expression of KCNK6 was
significantly upregulated in breast cancer tissue (∗∗∗P < 0.001;
Figure 1D).

Furthermore, we collected paraffin sections of cancerous
tissues and corresponding paracancerous tissues from 16 patients
with breast cancer (Table 1). We then detected the expression
of KCNK6 expression in clinical breast cancer samples via
immunohistochemistry. The results showed that the expression
level of KCNK6 was significantly higher in breast cancer tissues
than in normal breast tissues (P < 0.0001; Figures 1E,F).

KCNK6 Expression Affects the
Proliferation of Breast Cancer Cells
The high expression of the potassium channel protein KCNK6
in breast cancer suggests that it may be involved in the
malignant transformation of breast cancer. We, therefore,
designed further experiments to verify its biological function
in breast cancer. First, we overexpressed KCNK6, in MDA-
MB-231 and MCF-7 cell lines and used lentivirus vectors to
infect cells with shRNA targeting KCNK6. A control group was
also created by infecting cells with an empty vector. In this
way, we successfully generated MDA-MB-231 cells and MCF-
7 cells with stable KCNK6 knockdown. The results showed
that considerable KCNK6 overexpression and knockdown were
obtained (∗∗P < 0.01; ∗∗∗∗P < 0.0001; Figures 2A,B).
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FIGURE 1 | Potassium channel protein KCNK6 expression was significantly increased in breast cancer. (A) KCNK6 expression was analyzed using the gene
expression microarray data set GSE42568 from the Gene Expression Omnibus (GEO) database. Compared with normal breast tissue, KCNK6 expression in breast
cancer tissue was significantly higher. N denotes normal, T, denotes tumor. (B) KCNK6 expression was analyzed using the gene expression microarray data set
GSE10780 from the GEO database. Compared with normal breast tissue, KCNK6 expression in breast cancer tissue was significantly higher. (C) KCNK6 expression
was analyzed using the gene expression microarray data set GSE53752 from the GEO database. Compared with normal breast tissue, KCNK6 expression in breast
cancer tissue was significantly higher. (D) Using TCGA database to analyze the expression of KCNK6. (E) KCNK6 expression in normal breast tissue and breast
cancer tissue. (F) KCNK6 expression in 16 pairs of normal breast tissues and breast cancer tissues. ***P < 0.001.
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FIGURE 2 | KCNK6 expression affects breast cancer cell proliferation. (A) qRT-PCR assay was used to detect the overexpression and knockdown efficiency of
KCNK6 in MDA-MB-231 cells and MCF-7 cells. (B) Western blot assay was used to detect the overexpression and knockdown efficiency of KCNK6 in
MDA-MB-231 cells and MCF-7 cells. (C) MTT experiment showed that overexpression of KCNK6 could significantly promote the proliferation of MDA-MB-231 cells.
(D) MTT experiment showed that overexpression of KCNK6 could significantly promote the proliferation of MCF-7 cells. (E) MTT experiment showed that knocking
down KCNK6 could significantly inhibit the proliferation of MDA-MB-231 cells. (F) MTT experiment showed that knocking down KCNK6 could significantly inhibit the
proliferation of MCF-7 cells. (G) Colony formation assay showed that overexpression of KCNK6 could significantly promote the proliferation of MDA-MB-231 cells
and MCF-7 cells, while knocking down KCNK6 could significantly inhibit the proliferation of MDA-MB-231 cells and MCF-7 cells. (H) Statistical analysis of the
number of clones in each group showed that overexpression of KCNK6 could significantly promote the proliferation of MDA-MB-231 cells and MCF-7 cells, while
knock down KCNK6 to get the opposite result. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 June 2021 | Volume 9 | Article 616784

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-616784 June 14, 2021 Time: 15:18 # 7

Hou et al. KCNK6 Promotes Breast Cancer

Although the current definition of tumor characteristics
is extensive, the most common and prominent feature of
tumors is their unlimited proliferative capacity. Therefore, we
designed experiments to explore whether the expression of
KCNK6 affects breast cancer cell proliferation. Through an MTT
assay, we showed that overexpression of KCNK6 significantly
promoted the proliferation of MDA-MB-231 and MCF-7 cells
(∗∗∗P < 0.001; ∗∗∗∗P < 0.0001; Figures 2C,D), while its
knockdown significantly inhibited MDA-MB-231 and MCF-7
cell proliferation compared with control cells (∗∗∗P < 0.001;
∗∗∗∗P < 0.0001; Figures 2E,F). The results of a colony
formation assay also showed that overexpression of KCNK6
promoted growth of MDA-MB-231 and MCF-7 cells. Meanwhile,
the proliferative ability of MDA-MB-231 and MCF-7 cells
stably transfected with shRNA was significantly weaker than
that of MDA-MB-231 and MCF-7 cells transfected with the
control empty vector (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001;
∗∗∗∗P < 0.0001; Figures 2G,H).

KCNK6 Expression Affects the Invasion
and Migration of Breast Cancer Cells
A high invasive ability is also considered to be a significant
feature of tumor cells. We further designed experiments to
verify whether the expression level of KCNK6 affects breast
cancer cell invasion and migration. Transwell cell migration
assays demonstrated that the migratory capacity of MDA-MB-
231 and MCF-7 cells overexpressing KNCK6 was significantly
enhanced compared to the control group, while knocking the
expression of KCNK6 down significantly inhibited this effect
(∗∗∗P < 0.001; ∗∗∗∗P < 0.0001; Figures 3A,B). The same result
was obtained using a scratch healing experiment in the MDA-
MB-231 cell line (∗P < 0.05; ∗∗P < 0.01; ∗∗∗∗P < 0.0001;
Figures 3C–F). Meanwhile, considering that MCF-7 cells are
unable to grow in clusters under the 2D in vitro culture
conditions, the scratch healing study could not be carried out.
Simultaneously, we observed via transwell cell invasion assay
results, that overexpression of KCNK6 also promotes the invasive
ability of breast cancer cell lines compared to control cells;
whereas the opposite effect was observed following KCNK6
knockdown (∗∗∗P < 0.001; ∗∗∗∗P < 0.0001; Figures 3G,H).

KCNK6 Expression Affects the
Biophysical Properties of Breast Cancer
Cells
Recent studies have shown that the biophysical characteristics
of cells are involved in regulating tumor cell occurrence and
development (Mierke, 2019). AFM can be used to detect
the mechanical properties of a single cell with strong spatial
resolution and high force sensitivity. To clarify the effect of
KCNK6 expression on the biophysical characteristics of cells, we
used atomic force microscopy to analyze the cell morphology
before and after altering KCNK6 expression. A representative
AFM deflection image (Figure 4A) as well as a three-dimensional
height distribution map (Figure 4B) of individual experimental
cells and control cells are presented to demonstrate the surface
characteristics of cells. We were then able to use the force

curve obtained from each point in the detection map for
further statistical analysis. The results showed that KCNK6
overexpression caused weakening of the cell adhesive properties,
indicating improved detachment from the surrounding tissues
and cells, reflecting the previously observed enhanced invasion
and metastasis properties. Meanwhile, KCNK6 knockdown
caused enhanced cell adhesion, indicating that cell invasion and
metastasis would have decreased (∗∗∗∗P < 0.0001; Figure 4C).

Current studies have also reported that the greater stiffness
of cancer cells, the weaker the deformability and worse invasive
ability. Atomic force microscopy showed that the stiffness of
overexpressing KCNK6 cells decreased, indicating that the cells
became softer, with increased deformability and invasiveness
increased; whereas knocking down KCNK6, caused breast cancer
cells to increase in stiffness, reflecting their weakened ability
to invade or metastasize (∗∗∗∗P < 0.0001; Figure 4D). Taken
together, these results suggest that KCNK6 may affect a series
of physiological activities in breast cancer cells, including
cell invasion and metastasis, by altering their biophysical
characteristics.

DISCUSSION

In this study, through the data mining of two groups of breast
cancer gene expression profile microarray datasets, we found
that the potassium channel protein KCNK6 was expressed at
an abnormally high level in breast cancer cells. Additionally,
in the collected clinical tissue samples, we found that KCNK6
expression was significantly higher in breast cancer tissue than
in normal breast tissue. We further detected the biological
function of KCNK6 in breast cancer cell lines and found
that overexpression of KCNK6 could significantly enhance
the proliferative, invasion, and migratory properties of MDA-
MB-231 and MCF-7 cells. Moreover, we observed that the
proliferative, invasive, and migratory capacity of breast cancer
cells with KCNK6 knocked down was significantly weakened.
These results suggest that KCNK6, as a potential biomarker, may
play a key role in the occurrence, development, and prognosis
of breast cancer.

According to the different modes of activation, ion channels
are generally divided into voltage-gated, ligand-gated, and
mechanical-gated channels. The term “ion channel” often refers
to the voltage-gated channel. The opening of this channel is
primarily controlled by the membrane potential, while channels
are generally named after the ions that can most readily pass
through them. These include the potassium, sodium, calcium,
and chloride ion channels (Prevarskaya et al., 2018). Potassium
channels are the most widely distributed and diverse class of
voltage-gated ion channels, and are generally classified into four
categories: voltage-gated potassium channels, calcium-activated
potassium channels, inward-rectifier potassium channels, and
two-pore-domain potassium channels. The potassium channel
protein KCNK6 is associated with two-pore-domain potassium
channels (Sigworth, 2001). KCNK6 is a member of the potassium
channel superfamily and forms a complete potassium channel in
the form of a dimer. Each subunit contains two pore domains,
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FIGURE 3 | KCNK6 expression affects the invasion and migration of breast cancer cells. (A) Transwell cell migration experiment results showed that the migration
ability of MDA-MB-231 cells and MCF-7 cells was significantly enhanced after overexpression of KCNK6, and the migration ability of MDA-MB-231 cells and MCF-7
cells was significantly inhibited after knocking down KCNK6. (B) The number of migrating cells in each group was counted and plotted, showing that overexpression
of KCNK6 could significantly promote the migration of MDA-MB-231 cells and MCF-7 cells, while knocking down KCNK6 significantly inhibited the migration of
MDA-MB-231 cells and MCF-7 cells. (C) The scratch healing experiment showed that overexpression of KCNK6 could significantly promote the migration of
MDA-MB-231 cells. (D) The software was used to measure the changes of scratch healing in each group at different time points, and the statistical chart was drawn.
The results showed that overexpression of KCNK6 could significantly promote the migration of MDA-MB-231 cells. (E) In the scratch healing experiment showed
that knocking down KCNK6 could significantly inhibit the migration of MDA-MB-231 cells. (F) The software was used to measure the changes of scratch healing in
each group at different time points, and the statistical chart was drawn. The results showed that knocking down KCNK6 could significantly inhibit the migration of
MDA-MB-231 cells. (G) Transwell cell invasion experiment showed that the invasive ability of MDA-MB-231 cells and MCF-7 cells was significantly enhanced after
overexpression of KCNK6, and the invasive ability of MDA-MB-231 cells and MCF-7 cells was significantly inhibited after knocking down KCNK6. (H) The number of
invasive cells in each group was counted and plotted showing that the invasive ability of MDA-MB-231 cells and MCF-7 cells was significantly enhanced after
overexpressing KCNK6. After knocking down KCNK6, the invasive ability of MDA-MB-231 cells and MCF-7 cells was significantly inhibited. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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FIGURE 4 | KCNK6 expression affects the biophysical properties of breast cancer cells. (A) Representative AFM deflection images of MDA-MB-231 cells and
MCF-7 cells in control group, overexpression KNCK6 group and knocked down KCNK6 group. The cells of each group were fixed in a petri dish, and were selected
randomly for detection by atomic force microscopy (AFM). (B) Representative three-dimensional height distribution map of MDA-MB-231 cells and MCF-7 cells in
control group, overexpression KNCK6 group and knock down KCNK6 group, the detection method is the same as above. (C) Thirty cells were randomly selected
form each group, and the adhesion was statistically analyzed and plotted based on JPK image processing software. High levels of KCNK6 could weaken the
adhesion between MDA-MB-231 cells and MCF-7 cells, while low levels of KCNK6 increased the adhesion between cells. (D) Thirty cells were randomly selected
from each group, and their stiffness was statistically analyzed and plotted based on JPK image processing software. Overexpression of KCNK6 significantly reduced
the stiffness of MDA-MB-231 and MCF-7 cells, while knocking down KCNK6 could significantly increase the stiffness of cells. ***P < 0.001; ****P < 0.0001.
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each of which two transmembrane regions consistent with the
typical structural characteristics of two-pore-domain potassium
channels (Kuang et al., 2015).

It is well-documented that various ion channels widely exist
in various tissues and cells and play an important regulatory
role in basic life processes (Huang and Jan, 2014; Pardo and
Stühmer, 2014; Bates, 2015). The normal structure and function
of ion channels are the basis for maintaining the life process
of cells. Their most important biological function is to regulate
the permeability of many kinds of ions and maintain osmotic
pressure inside and outside the cell, serving as an important
means for cells to exchange substances with their surroundings
(Ding et al., 2007; Urrego et al., 2016; Assiri et al., 2019). Ion
channels can directly affect a variety of biophysical properties,
such as cell hardness, by regulating the osmotic pressure of
cells. Therefore, based on their powerful functions, ion channels
are usually used as therapeutic targets for a variety of small
molecular drugs in clinical settings (Cannon, 2007; Bagal et al.,
2013).

Potassium channels are encoded by approximately 77 genes
(Pardo and Stühmer, 2014), and are the most widely studied
class of ion channels. Their normal biological function is to
specifically regulate the permeability of potassium ions and
hinder the permeability of other ions according to environmental
signals. These channels also maintain the normal membrane
potential of cells and regulate osmotic pressure (Huang and
Jan, 2014). Potassium channel proteins are widely involved in
various physiological and pathological processes in cells (Schwab
et al., 2012). Inhibiting KCNK6 expression in macrophages can
inhibit the inflammatory response induced by inflammatory
bodies (Di et al., 2018). KCNK6 is also highly expressed in
the vascular system, when its abnormally low expression may
lead to vascular dysfunction (Lloyd et al., 2011) and pulmonary
hypertension (Pandit et al., 2014). Studies on the nervous
system have found that abnormal KCNK6 expression may be
associated with pain caused by inflammation (Marsh et al., 2012).
More importantly, potassium channels show high variability
and abnormal expression in many tumor types (Cho et al.,
2006; Brevet et al., 2009a; Menéndez et al., 2012), such as
breast cancer (Ko et al., 2013), colorectal cancer (Ishaque et al.,
2018), prostate cancer (Rose et al., 2018), lung cancer (Zhang
et al., 2017), liver cancer (Wang et al., 2017), and glioma
(Huang et al., 2015).

Many studies have shown that potassium channels, including
KCNN4 (Steudel et al., 2017), KCNA1 (Lallet-Daher et al.,
2013), Kv11.1 (Breuer et al., 2019), KCNK9 (Mu et al., 2003;
Sun et al., 2016), KCNE1 (Becchetti et al., 2017), and GIRK1
(Stringer et al., 2001) are involved in the regulation of malignant
breast cancer transformation. Although it has been reported
that KCNK6 expression is increased in breast cancer (Williams
et al., 2013) and thyroid carcinoma (Lin et al., 2020), its
function had not been previously reported. Therefore, our study
revealed, for the first time, that altered KCNK6 expression
in breast cancer cell lines results in significant changes in
cell adhesion and hardness, leading us to postulate that its

expression will also affect the flow of potassium ions as well
as the liquid flow, thereby directly impacting the cell hardness
and adhesion. Thus, KCNK6 may participate in regulating
proliferation, invasion, and migration in breast cancer cells. It
is, therefore, suggested that the development of specific small
molecular therapeutic drugs for targeting KCNK6 may offer
potential for treating diseases, including breast cancer. KCNK6
expression is increased in breast cancer, and its correlation with
clinical progression and breast cancer prognosis is worthy of
further study. We have reason to believe that through more in-
depth and detailed investigations, KCNK6 may become a new
biomarker of breast cancer.

In short, we found that the potassium channel
protein KCNK6 is significantly overexpressed in breast
cancer and that its expression level significantly affects
the proliferation, invasion and migration capacity of
breast cancer cells, accompanied by changes in their
biophysical characteristics. This suggests that more detailed
analysis of KCNK6 will help to clarify the pathogenesis
of breast cancer, identify new therapeutic targets for
breast cancer, and promote development of new tumor
therapy strategies.
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