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Abstract

Potassium Calcium-Activated Channel Subfamily N1 (KCNN1), an integral membrane protein, is thought to regulate neuronal excitability by con-
tributing to the slow component of synaptic after hyperpolarization. However, the role of KCNN1 in tumorigenesis has been rarely reported, and
the underlying molecular mechanism remains unclear. Here, we report that KCNN1 functions as an oncogene in promoting breast cancer cell
proliferation and metastasis. KCNN1 was overexpressed in breast cancer tissues and cells. The pro-proliferative and pro-metastatic effects of
KCNN1 were demonstrated by CCK8, clone formation, Edu assay, wound healing assay and transwell experiments. Transcriptomic analysis using
KCNN1 overexpressing cells revealed that KCNN1 could regulate key signaling pathways affecting the survival of breast cancer cells. KCNN1
interacts with ERLIN2 and enhances the effect of ERLIN2 on Cyclin B1 stability. Overexpression of KCNN1 promoted the protein expression of
Cyclin B1, enhanced its stability and promoted its K63 dependent ubiquitination, while knockdown of KCNN1 had the opposite effects on Cyclin
B1. Knockdown (or overexpression) ERLNI2 partially restored Cyclin B1 stability and K63 dependent ubiquitination induced by overexpression (or
knockdown) of KCNN1. Knockdown (or overexpression) ERLIN2 also partially neutralizes the effects of overexpression (or knockdown) KCNN1-
induced breast cancer cell proliferation, migration and invasion. In paired breast cancer clinical samples, we found a positive expression correl-
ations between KCNN1 and ERLIN2, KCNN1 and Cyclin B1, as well as ERLIN2 and Cyclin B1. In conclusion, this study reveals, for the first time,
the role of KCNNT1 in tumorigenesis and emphasizes the importance of KCNN1/ERLIN2/Cyclin B1 axis in the development and metastasis of
breast cancer.
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Abbreviations: AR, Androgen receptor; ASCP, adenosquamous cancer of the pancreas; co-IP, co-immunoprecipitation; DEGs, differentially expressed genes;
EMT, epithelial-mesenchymal transition; ERLIN2, endoplasmic reticulum lipid raft-associated protein 2; GO, Gene Ontology; IHC, immumohistochemical;
KCNN1, potassium calcium-activated channel subfamily N1; KEGG, Kyoto Encyclopedia of Genes and Genomes; miRNAs, MicroRNAs; RT-qPCR, real-time

fluorescence quantitative PCR; TNBC, triple negative breast cancer.

Introduction

Although the overall survival and prognosis of breast cancer
patients have been improved in recent years (1), the develop-
ment of metastatic disease is still the leading cause of poor
prognosis of patients with breast cancer (2). The mechanism
of breast cancer metastasis may be the result of the inter-
actions and signal transduction of multiple genes and protein
products (3), and identifying the molecular mechanism of
breast cancer metastasis is the biological basis for developing
new treatment strategies (4).

Potassium Calcium-Activated Channel Subfamily N1
(KCNNT1) is a KCNN family member that was widely dis-
tributed in cytoplasmic membrane and intima of cells. Recent
studies showed that KCNN1 also co-locates with cytoskel-
eton actin filaments (5). The expression of KCNN1 was de-
creased by knockdown of HDACs 2, 3, 6 and 7 and enhanced
by HDACY inactivation, while siRNAs targeting HDACs 1, 4
and 5 did not affect KCNN1 mRNA level (6). Although the
function of KCNNT1 has been extensively studied in central
nervous system and glioma, its biological effects in malignan-
cies especially in breast cancer are still unknown.

Endoplasmic reticulum lipid raft-associated protein 2
(ERLIN2) is a mitochondrial lipid raft protein, which locates
in lipid raft on mitochondrial membrane (7). ERLIN2 gene is
located in region 11 (8P11) of the short arm of chromosome
8. In previous reports, ERLIN2 was considered as candidate
oncogene located on chromosome 8p11-12 (8,9), and amp-
lification might induce malignant transformation correlated

with the poor prognosis of breast cancer patients (10,11).
MicroRNAs (miRNAs) are widely expressed in human cells
and are closely related to the development of various can-
cers. It has been reported in the literature that miR-876-5p
inhibits the proliferation, migration and invasion ability of
breast cancer cells by directly targeting TFAP2A, and that
overexpression of miR-410-3p promotes the proliferation
and invasion of breast cancer cells (12,13). In addition, the
expression of ERLIN2 was negatively regulated by miR-410
and miR-876-5p, and ERLIN2 could restore the inhibitory ef-
fects of miR-410 and miR-876-5p on cell proliferation, metas-
tasis and EMT processes (14,15). Overexpression of ERLIN2
promoted the proliferation of normal breast cells MCF10A,
while knockdown of ERLIN2 inhibited the proliferation
and survival of breast cancer cells SUM-44 and SUM-225,
suggesting that ERLIN2 is an oncogene (16). Additionally,
ERLIN2 binds to Cyclin B1 and promotes Cyclin B1 stability
through Lysine residue 63 (K63)—dependent ubiquitination
(17).

Cyclins are critical to cell cycle progression. Cyclin D1
and E1 are widely studied in breast cancer, but cyclin B1
is rarely studied in breast cancer (18-28). Cyclin B1 and
CDKI1 can form a functional complex, which is crucial for
G2/M transition and cell proliferation (29,30). The stability
of Cyclin B1 is critical to cell cycle progression. Studies
have shown that reduced Cyclin B1 stability can arrest the
cell cycle in G2/M phase, thus affecting the proliferation of
tumor cells (31,32). The abnormal expression of cyclin B1
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is considered as a tumor associated antigen, which is highly
expressed in multiple types of cancer, including breast
cancer (33-37).

The function of CylinB 1 is determined by subcellular
localization during the cell cycle, and is regulated by phos-
phorylation (38,39). It is reported that the overexpression
of CylinB 1 leads to poor prognosis of patients with breast
cancer (40,41). Cyclin B1 also plays an important role in
breast cancer metastasis. Multiple tumor suppressor genes
or miRNAs have been reported to inhibit breast cancer
metastasis by downregulation of Cyclin B1 (42-45). In
addition, a number of studies suggested that Cyclin B1
mainly affects tumor metastasis through the epithelial-
mesenchymal transition (EMT) pathway. In esophageal
squamous cell carcinoma and an melanoma, it has been
shown that the main mechanism of action of Cyclin B1 is
to promote (46,47).

In this study, we have clarified the role of KCNN1 in
stabilizing ERLIN2/Cyclin B1 pathway and the proliferation
and metastasis of breast cancer cell. This study will provide
a foundation for the potential molecular targeted strategy on
KCNN1/ERLIN2/Cyclin B1 pathway.

Materials and methods

Cell lines and cell culture

Breast cancer cell lines (MCF10A, BT474, MDA-MB-453,
MCF7, SK-BR-3, HCC1937 and MDA-MB-231) and
293T cells were obtained from the National Collection of
Authenticated Cell Cultures and identified by STR. Breast
cancer cell lines (MCF10A, BT474, MDA-MB-453, MCF7,
SK-BR-3, HCC1937 and MDA-MB-231) and 293T cells cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% (v/v) fetal bovine serum (FBS) and 1%
antibiotics (Gibco) in a humidified incubator containing 5%
CO, at 37°C.

Construction of plasmids, KCNN1 stably
overexpressing cells and KCNN1 stably silencing
cells

HA-Ub (wt), HA-Ub (K63) and HA-Ub (K63R) were pur-
chased from Focus biology (Nanchang, China). The in-
formation of other plasmids, including Flag-KCNNT1,
GFP-KCNN1, HA-ERLIN2, DsRed-ERLIN2, Flag-Cyclin
B1 and HA-Cyclin B1 were listed in Supplementary Table
1, available at Carcinogenesis Online. siRNA targeting
KCNN1 and ERLIN2 were purchased from RioBio Co.,
Ltd. (Guangzhou, China) (Supplementary Table 1 is avail-
able at Carcinogenesis Online). The KCNN1 overexpressing
cells and KCNN1 knockdown cells were constructed using
Psin-puro and LentiCRISPR lentiviral expression system,
respectively.

KCNN family members expression fromTCGA
database

The RNA sequencing data and matching clinical informa-
tion of breast cancer were downloaded from TCGA database
(https://www.cancer.gov/about-nci/organization/ccg/research/
structural-genomics/tcga). A total of 797 samples with com-
plete HER2, PR and ER expression status information from
clinical data were screened and classified according to the fol-
lowing criteria: A. HER2+ subtype (37): HER2+, ER- and
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PR-; B. Luminal A (443): ER+ (or PR+) and HER2—; Luminal
B (126): ER+ (or PR+) and HER2+; D. TNBC (115): ER-,
PR- and HER2-; E. Normal (76). The mRNA expressions
of KCNN families members (KCNN1, KCNN2, KCNN3)
were screened from the RNA sequencing data. R software
package pheatMap (Version:1.0.8, https://cran.r-project.org/
web/packages/pheatmap/index.html) was used to draw the
heat maps of KCNN1, KCNN2 and KCNN3. The expres-
sion value of each gene was proceeded in log, logarithmic
transformation.

Immumohistochemical staining

To confirm the expression of KCNNT1 in breast cancer tis-
sues, immumohistochemical (IHC) was performed using
tissue microarrays containing 140 breast cancer tissue
samples and 90 paracancer tissue samples. To compare the
correlation between KCNN1, ERLIN2 and Cyclin B1, we
used three identical tissue microarray containing 30 breast
cancer tissues and 30 paired paracancer tissues. First, par-
affin sections were dewaxed orderly in xylene I, II, III and
graded concentrations of ethanol, followed by cleaning
with distilled water. The tissue chips were placed in 0.01
M citric acid antigen repair buffer (PH = 6.0) and boiled in
the microwave oven for 4 min, then cooled to room tem-
perature, repeated twice and washed in PBS for three times.
The slices were soaked with preheated cell permeable solu-
tion (40 ml PBS + 120 pl TritonX-100 + 400 ul 30% H,0,)
for 30 min at room temperature to reduce the activity of
endogenous peroxidase. The non-specific binding sites were
blocked with serum from the same source as the second anti-
body. The sections were incubated with 20 pl anti-KCNN1
antibody (Cat: GTX47694, 1:200 dilution, GeneTex) at 4°C
overnight and washed in PBS for three times, followed by
incubation with 20 pl goat anti-rabbit antibody at 37°C
for 1.5 h, then washed in PBS three times for 3 min each
time. The cells were stained with DAB-H,O, for 10 min and
hematoxylin for 3 min. Finally, the slices were dehydrated
orderly in 75% alcohol for 5 min—85 % alcohol for 5§ min—
anhydrous ethanol for § min—xylene I for 5 min, and sealed
with neutral gum.

Slices were scanned by 3D HISTECH Pannoramic MIDI
scanner, and immunohistochemical staining scores were per-
formed by Densito Quant Software (Quant Center). The
areas of strongly positive (dark brown), moderately positive
(brown-yellow), weakly positive (light yellow) and negative
(blue) were calculated, and H-Score was obtained. H-score
= Y(PI xI) = (weakly positive PI x 1) + (moderately positive
PI x 2) + (strongly positive PIx 3). PI represents the per-
centage of positive staining cells in all cells in the section, and
I represents the color intensity.

Real-time fluorescence quantitative PCR

Real-time fluorescence quantitative PCR (RT-qPCR) was
used to detect the mRNA expression levels of KCNN1,
ERLIN2 and Cyclin B1 genes under different condi-
tions. Total RNA was extracted by Trizol (ABI, Cat:
15596026). cDNA was obtained by reverse transcription
using PrimeScript RT Kit (Takara, Cat: RR037A). The re-
action conditions for RT-qPCR reaction was 95°C for 30
s, 95°C for 5 s, 60°C for 30 s with a total of 40 cycles.
The relative quantitative analysis of differential expression
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was performed by 2-A Ct method. The primers used in
RT-qPCR were as listed in Supplementary Table 1, avail-
able at Carcinogenesis Online.

Western blot

The cells were collected with RIPA lysis solution on ice for
30 min. After centrifugation, the cell supernatant was mixed
with 5 x SDS loading buffer. After protein denaturation,
SDS-PAGE gel electrophoresis was performed. The blot was
transferred to PVDF membrane at the conditions of 2.5 mA
and 25 V. The PVDF membrane was placed in 5% skim milk
and sealed at room temperature for 1.5 h. The primary anti-
body was added and incubated at 4°C overnight. The mem-
brane was washed by TBST for three times. The second
antibody was added and incubated at room temperature for 1
h, then the membrane was washed with TBST for three times.
Finally, the signal was detected by ECL chemiluminescence.

CCK8 assay

Breast cancer cells were transfected with corresponding
plasmid. On the 1st, 2nd, 3rd, 4th and 5th days after cell
transfection, CCK-8 reagent was added and cells were incu-
bated at 37°C, 5% CO, for 2 h. The OD value was detected
at 450 nm wavelength using the microplate reader.

Clone formation assay

Cells were plated in a six-well plate at 8000 cells per well. When
the cells grew to more than 50 cells in a single cell cluster, the
cell culture supernatant was discarded and cells were fixed with
4% paraformaldehyde for 1 h, followed by 1% crystal violet
solution staining for 1 h. The cells were cleaned three times
with PBS. After drying, the cells were photographed by camera,
and the number of monoclones was calculated by Image].

Cell proliferation detection by Edu

Cells with KCNNT1 stably overexpression, KCNN1 stably
knockout and their control cells were plated in 96-well plates,
respectively. EDU (50uM) medium was added into the 96-well
plate according to 100UL volume per well, and cultured for 2
hours, then washed with PBS twice for 5 minutes each time.
50 pl glycine at a concentration of 2 mg/ml was added to
each well, and cells were incubated in a shaker for 10 min.
Cells were stained with 1 x Apollo® staining solution, and
mixed in a decolorizing shaker at room temperature for 30
min, then discard the staining solution. Cells were permeabil-
ized with 0.5% Triton X-100 for 15 min and stained with 100
ul 1 x Hoechst 33342. Edu-positive cells were observed and
photographed under a microscope.

Wound healing assay

Cells were plated in a six-well plate at 800 000 cells per well.
When cell confluence reached 100%, draw three vertical lines
in each well with 200 ul pipette tip. Cells were washed twice
with PBS, and cultured by the complete medium. The cells
were photographed under the microscope at 0 h, 24 h and
48 h, respectively. Image ] software was used to analyze the
scratch area. Scratch healing rate = (0 h scratch area — 48h
scratch area)/0 h scratch area x 100%.

Transwell migration and invasion assay

2 x 10°/ml cell suspension prepared with 200 pl serum-free
medium was added to the upper chamber of transwell and
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500 pl DMEM medium containing 10% FBS was added to
the lower chamber. 48 h later, the chamber was washed with
PBS, and the cells on the membrane surface at the bottom
of the upper chamber were wiped. The cells were stained
with 0.1% crystal violet for 10 min. After washing with PBS,
the migrated cells were photographed and counted in six
randomly selected fields under the microscope. The experi-
ment procedure of transwell invasion assay was as same as
transwell migration, excepting that an invasion chamber was
used instead of the transwell migration plate.

Transcriptome sequencing and differentially
expressed gene analysis

A total of 1x10° KCNN1 overexpressing MCF7 cells and
control cells at logarithmic growth stage were collected
and total RNA was extracted by Trizol method. The purity
and concentration of RNA were detected by Nanodrop.
RNA integrity was accurately detected using agilent 2100.
The complementary DNA library was constructed by reverse-
transcribing RNA fragments using the mRNA-Seq sample
preparation kit (Illumina, San Diego, CA) and sequencing
was performed using Illumina Novaseq platform. Differential
expression analysis was conducted according to the expres-
sion levels of genes in KCNN1 overexpressing cells and con-
trol cells. Log, FC (fold change) > 1 and FDR (false discovery
rate) < 0.05 were used as screening criteria.

The expression levels of differentially expressed genes
(DEGs) were analyzed by clustering, functional annotation
and functional enrichment. The volcano plot, Gene ontology
(GO) enrichment (www.geneontology.org) and KEGG (www.
genome.jp/kegg/) pathway analyses were performed to ana-
lyze and classify the DEGs.

Co-immunoprecipitation

The indicating expression plasmids were co-transfected into
293T cells or breast cancer cells. 48 h after transfection, cells
were lysed with RIPA solution and supernatant was collected
after centrifugation. 50 pl supernatant was considered as in-
ternal reference sample. The remaining samples were mixed with
30 pl Protein G agarose beads, and rotated at 4°C for 2 h. The
protein extracts were then incubated with corresponding Flag or
HA antibodies overnight, centrifuged and washed for five times.
The expression levels of KCNN1, ERLIN2 and Cyclin B1 in the
reference sample and IP sample were detected by western blot.

Immunofluorescence

The constructed KCNN1-EGFP and ERLIN2-DSRED expres-
sion plasmids were co-transfected into MCF7 cells. After 36 h,
the cells were washed with PBS three times and immobilized with
4% paraformaldehyde for 15 min, followed by permeation with
1% Triton X-100 at room temperature for 10 min. After washed
with PBS, cells were blocked with PBST for 30 min, followed by
DAPI working solution staining at room temperature for 10 min
away from light. The plates were sealed with neutral gum and
images were obtained using a confocal laser microscope.

Stability assay

Proteasome inhibitor MG132 was added at different time points
(0 min, 30 min, 60 min, 90 min and 120 min) to the KCNN1
overexpressing cells and the control cells. Cells at each time point
were collected, and the expression of endogenous Cyclin B1 was
identified by western blot. $-actin was used as internal control.
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Ubiquitination assay

In the corresponding ubiquitination experiment, MCF7 cells
were transfected with KCNN1-EGFP and its control plasmid,
co-transfected with Flag-cyclin B1 or siERLIN2, and trans-
fected with HA-Ub (wt), HA-Ub (K63) or HA-Ub (K63R),
respectively. Cyclin B1 protein was pulled down by anti-flag
antibody captured by magnetic beads. The magnetic beads
were washed, and the ubiquitin level of Cyclin B1 was deter-
mined by western blot using HA antibody.

Statistical analysis

SPSS 22.0 software and GraphPad Prism was used for data
analysis. The measurement data were tested for normality and
homogeneity of variance. The measurement data with normal
distribution and homogeneity of variance were expressed as
mean = standard deviation (X = S), and the z-test was used
for comparison of mean values between groups. Analysis of
variance was used to compare the mean values of multiple
groups. Non-normal distribution data were represented by
median = quartile spacing (M =IRQ), and Wilcoxon rank-
sum test was used to compare groups. P < 0.05 was con-
sidered to be statistically significant.

Results

The expression of KCNN1 was up-regulated in
breast cancer tissues and cells

To compare the mRNA expression levels of KCNN family
genes in breast cancer tissues, we obtained the expression
levels of KCNN1, KCNN2 and KCNN3 in different mo-
lecular subtypes of breast cancer tissues from TCGA database.
Compared with KCNN2 and KCNN3, KCNNT1 exhibited
the lowest endogenous mRNA expression level in tissues.
Interestingly, KCNN1 showed the highest expression level
in triple negative breast cancer (TNBC), the molecular sub-
type with the worst prognosis in breast cancer (Figure 1A).
Overall, mRNA expression level of KCNNT1 in breast cancer
tissues was not significantly higher than that in adjacent tis-
sues (Figure 1A and B). However, the results of breast cancer
tissue microarray showed that the protein expression level
of KCNNT1 in breast cancer tissues was significantly higher
than that in adjacent tissues, and the staining of KCNNT1 in-
dicated that KCNN1 was mainly located in the cytoplasm
(Figure 1C). To further clarify the expression characteristics
of KCNNT1 in breast cancer cells, we selected normal breast
cells MCF10A and breast cancer cells with different pheno-
types, genotypes, and aggressiveness to identify the mRNA
and protein expression levels of KCNN1. RT-qPCR results
showed that the expression level of KCNN1 was the lowest in
MCF10A, while the expression level was the highest in more
invasive TNBC cells (Figure 1D). Western blot results further
confirmed that KCNN1 showed the highest expression in
TNBC cells HCC1954 and the lowest expression in MCF10A
(Figure 1E). These results suggest that KCNN1 may be a po-
tential oncogene of breast cancer.

KCNN1 promoted the proliferation, migration and
invasion of breast cancer cells

Since KCNNT is highly expressed in breast cancer tissues and
cells, we speculate that KCNNT1 may play a key role in the de-
velopment and progression of breast cancer. We constructed
breast cancer cell MCF7 with KCNNT1 stable expression and

813

MDA-MB-231 with KCNN1 stable knockdown (Figure 2A).
The CCK8 assay showed a significant increase in the prolifer-
ation rate of breast cancer cells overexpressing KCNN1 com-
pared to the control cell (Figure 2B). Knockdown of KCNN1
inhibited the proliferation of breast cancer cells (Figure
2C). Clone formation assay showed that overexpression of
KCNNT significantly enhanced the growth ability of breast
cancer monoclonal cells, while silencing KCNNT1 significantly
weakened the clone formation ability of breast cancer cells
(Figure 2D). Edu experiment further confirmed that after
KCNN1 was overexpressed, the proportion of active cells
with Edu-positive staining was significantly increased (Figure
2E), indicating that the DNA replication activity of these cells
was significantly strengthened. Inversely, knocking down of
KCNNT resulted in a significant decrease in the proportion
of Edu positive staining cells (Figure 2F). To evaluate the role
of KCNNT in breast cancer cell metastasis, we conducted cell
migration and invasion experiments. In the wound healing ex-
periment, the migration rate of cells overexpressing KCNN1
to the wound center was significantly increased (Figure 2G),
and the migration ability of cells was inhibited by knocking
down KCNNT1 (Figure 2H). In the transwell migration and
invasion experiments, the migration and invasion ability of
MCF7 cells were enhanced after overexpression of KCNN1
(Figure 2I), while the biological effect of knockdown KCNN1
on migration and invasion was opposite (Figure 2]).

Together, these results indicated that KCNN1 promoted
breast cancer cell growth and metastasis.

Differentially expressed genes and signaling
pathways in KCNN1 overexpressing cells versus
the control cells

To our knowledge, most KCNNT1 related studies have been
reported on the central nervous system disease, the gene ex-
pression and signaling pathways controlled by KCNNT1 in tu-
mors are largely unknown. To obtain a comprehensive gene
expression profile regulated by KCNN1, we performed high-
throughput RNA sequencing using MCF7 cells with KCNN1
overexpression and the control cells. Using llog,Ratiol 2 1 and
q value <0.05 as the screening criteria, we found that 821
genes were differentially expressed in these cells being 121
genes up-regulated and 700 down-regulated (Figure 3A and
Supplementary Table 2 is available at Carcinogenesis Online).
Although KCNNT is not a transcription factor that directly
regulate gene expression, it can still lead to the dysregulated
expression of a cluster of important genes, and the number of
negatively regulated genes were significantly higher than that
of positively regulated genes. Gene Ontology (GO) analysis
showed that DEGs were mainly enriched in regulation of gene
expression (classified as biological process), binding (classi-
fied as cellular component) and intracellular part (classified
as molecular function) (Figure 3B). The Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis showed the top 20
signaling pathways affected by KCNN1 overexpression, most
of which are closely related to proliferation and metastasis of
breast cancer cells (Figure 3C). We selected 5 upregulated and
27 down-regulated DEGs which were representative genes
enriched in Toll like receptor signaling pathway, NF-Kappa
B signaling pathway, JAK-STAT signaling pathway and cyto-
kine-cytokine receptor interaction as indicated in KEGG ana-
lysis for RT-qPCR verification. The RT-qPCR results of all
selected genes were consistent with the expression trend of
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Figure 1. The expression of KCNN1 in breast cancer. (A) Heat map showing the mRNA expression of KCNN family proteins, including KCNN1, KCNN2
and KCNNS3, in different molecular subtypes of breast cancer samples. The mean expressions of these genes in each subtype were converted by log,
transformation. The original gene expression data comes from TCGA database. (B) The mRNA level of KCNN1 in 1109 breast cancer samples and 113
normal samples. The original gene expression data comes from TCGA database. (C) The protein expression of KCNN1 in 140 breast cancer samples and
90 paracancer tissues were evaluated by IHC. The H-score represented the relative KCNN1 staining intensity. (D) The mRNA expression of KCNN1T in
representative breast cancer cells with different molecular subtypes was determined by RT-qPCR. (E) Western blot showing the protein expression of
KCNNT1 in the same breast cancer cell lines as indicated in (D). **P < 0.01 by One-way ANOVA. ns, No significant.

RNA sequencing (Figure 3D). Overall, these results suggest
that KCNN1 may control breast cancer cell proliferation and
metastasis through the expression of these DEGs or switching
the on and off of related signaling pathways.

KCNNT1 interacted with ERLIN2, but not Cyclin B1

As an intracellular transmembrane protein, we believed that
the direct mechanism of KCNNT1 is mainly through the trans-
mission of functional signals between interacting proteins,

rather than regulating gene expression. Therefore, we focused
on the KCNN1 interacting proteins as the breakthrough point
of the molecular mechanism centered on KCNNT1. Using
Flag-KCNN1 plasmid as a bait, we pulled down the KCNN1
interacting proteins in 293T cells, and identified the compos-
ition of the interacting proteins by LC-MS/MS. After removing
non-specific binding proteins from the control group, a total
of 268 interacting proteins were obtained. Among them, the
endoplasmic reticulum-associated protein ERLIN2 (unique
peptide = 5) attracted our attention. ERLIN2 has been reported
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Figure 2. The effect of KCNN1 on breast cancer cell proliferation and metastasis. (A) Western blot identified the KCNN1 overexpression and KCNN1
knockdown cells using lentiviral expression system and siRNA in MCF7 and MDA-MB-231. (B and C) CCK8 assay showing the effect of KCNN1
overexpression (B) and KCNN1 knockdown (C) on the proliferation of MCF7 and MDA-MB-231, respectively. (D) Clone formation assay measuring the
clone number of MCF7 with KCNN1 overexpression and MDA-MB-231 with KCNN1 knockdown. (E and F) Edu assay showing the number of Edu
staining cells in MCF7 with KCNN1 overexpression (F) and MDA-MB-231 with KCNN1 knockdown (G). (G and H) Cell migration ability affected by
KCNN1 overexpression (G) and KCNN1 knockdown (H) was detected by wound healing assay. (I and J) The effect of KCNN1 overexpression (I) and
KCNN1 knockdown (J) on breast cancer cell migration and invasion was measured by transwell assay. *P < 0.05, **P < 0.01 and ***P < 0.001 by One-

way ANOVA.

to promote cell proliferation and metastasis in breast cancer,
lung cancer and astrocytoma, while KCNNT1 also locates in
the endoplasmic reticulum and plays a similar biological role.
The bidirectional immunoprecipitation experiment confirmed
that Flag-KCNNT1 successfully captured HA-ERLIN2 in 293T
cells transfected with both plasmids (Figure 4A). On the con-
trary, Flag-KCNNT1 can also pull down HA-ERLIN2 (Figure
4B). Further immunofluorescence assay was used to determine
the subcellular localization of KCNN1 and ERLIN2. It was
found that GFP-KCNNT1 and dsRed-ERLIN2 were co-located
in the cytoplasm, and their fluorescence was almost completely
coincident (Figure 4C). To explore the direct factor affecting
breast cancer proliferation and metastasis downstream of
ERLIN2, we continue to extract valuable information from

ERLIN2-related studies. ERLIN2 can interact with mitosis-
promoting complex Cyclin B1/CDK1 and enhanced the sta-
bility of Cyclin B1 by Ké63-linked ubiquitination. Moreover,
Cyclin B1 is an important factor affecting the proliferation,
invasion, metastasis and prognosis of breast cancer. We specu-
lated whether KCNNT1 interacts with Cyclin B1. However,
we did not find Cyclin B1 in the interaction protein profile of
KCNNI. Bidirectional immunoprecipitation confirmed that
KCNNT1 did not interact with Cyclin B1 (Figure 4D and E).

KCNN1 promoted the K63 dependent
ubiquitination of Cyclin B1 through ERLIN2

As KCNNT1 could interact with ERLIN2, but not Cyclin B1,
we speculated that KCNN1 could affect the stability and
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Figure 3. Identification of the key gene expression and signaling pathway regulated by KCNN1. (A) Volcano Plot of the DEGs in KCNN1 overexpressing
cells compared with the control cells. (B) GO analysis of the DEGs. (C) KEGG analysis of the DEGs. (D) Identification of 32 DEGs by gPCR and the
comparison of gPCR result with the original RNA sequencing result for each DEG.

ubiquitination of Cyclin B1 via ERLIN2. Firstly, overexpression
(knockdown) of KCNN1 had no significant effect on mRNA
expression levels of ERLIN2 and Cyclin B1, indicating that
KCNNT1 was not involved in gene transcription regulation
of ERLIN2 and Cyclin B1 (Figure 5A and B). Western blot
showed that overexpression of KCNN1 promoted the protein
expression level of Cyclin B1, while knockdown of KCNN1
inhibited the Cyclin B1 expression, but KCNN1 had no effect
on the protein level of ERLIN2 (Figure 5C). In the stability
experiments, we treated KCNN1 overexpressing cells and the
control cells with proteasome inhibitor MG132, and found
that overexpression of KCNN1 could promote the accumu-
lation of Cyclin B1 (Figure 5D). In the ubiquitination assay,
overexpression of KCNN1 enhanced the ubiquitination level
of Cyclin B1 (Figure SE), while the ubiquitination level of
Cyclin B1 was significantly decreased when lysine at site 63
(K63) of the ubiquitin chain was mutated to arginine (K63R)
(Figure SF). To further confirm whether KCNN1 affects the
ubiquitination and expression of Cylin B1 through ERLIN2,
we knocked down ERLIN2 in MCF7 cells overexpressing
KCNNI1. Knock down of ERLIN2 partially recovered the
up-regulation of Cyclin B1 expression affected by KCNN1
overexpression (Figure 5G). Inversely, the upregulation
of ERLIN2 can partially reverse the KCNN1-mediated
downregulation of Cyclin B1 expression (Figure SH). More
importantly, after knocking down of ERLIN2, the increased
ubiquitin level of Cyclin B1 induced by overexpression of
KCNN1 was significantly inhibited (Figure 5I). Therefore,
KCNN1 promotes the K63-dependent ubiquitination of

Cyclin B1 through ERLIN2, thereby enhancing the stability
and expression level of Cyclin B1.

ERLIN2 was the functional downstream target of
KCNN1

As confirmed above, ERLIN2 is critical for KCNN1-mediated
K63-dependent ubiquitination of Cyclin B1. Therefore, we
speculate that ERLIN2 might be the key downstream func-
tional target of KCNN1-mediated proliferation and me-
tastasis of breast cancer cells. We used siRNA to silence
ERLIN2 in MCF7 cells with KCNN1 overexpression,
while MDA-MB-231 cells with KCNN1 knockdown were
co-transfected with ERLIN2 expressing plasmid (Figure 5G
and H). CCK8 assay indicated that knockdown of ERLIN2
could inhibit the enhanced proliferation ability of MCF7
caused by KCNNT1 overexpression (Figure 6A), while the in-
hibitory effect of KCNNT1 silencing on MDA-MB-231 was sig-
nificantly increased after overexpression of ERLIN2 (Figure
6B). Clone formation experiments further confirmed that
knockdown of ERLIN2 significantly inhibited the number
of monoclonal cell formation caused by overexpression of
KCNNI1, while overexpression of ERLIN2 improved the
clone formation ability suppressed by KCNN1 knockdown
(Figure 6C). ERLIN2 also plays an important role in
KCNN1-mediated migration and invasion of breast cancer
cells. Overexpression of KCNNT1 significantly promoted
wound healing, cell migration and cell invasion of MCF7
cells, while further knockdown of ERLIN2 could neutralize
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Figure 4. Validation of the interaction between KCNN1 and ERLIN2, as well as KCNN1 and Cyclin B1. (A) Co-immunoprecipitation (co-IP) showing the
interaction between KCNN1 and ERLIN2. ERLIN2 immunoprecipitates were analyzed with HA tag antibody recognizing ERLIN2 and Flag tag antibody
recognizing KCNN1. (B) co-IP showing the interaction between KCNN1 and ERLIN2. ERLIN2 immunoprecipitates were analyzed with HA tag antibody
recognizing ERLIN2 and Flag tag antibody recognizing KCNN1. (C) The colocalization of KCNN1 and ERLIN2 in MCF7 cells. Scan bar = 50 uM. (D) The
interaction between KCNN1 and Cyclin B1 was identified by co-IP KCNN1 immunoprecipitates were analyzed with Flag tag antibody recognizing KCNN1
and HA tag antibody recognizing Cyclin B1. (E) The interaction between KCNN1 and Cyclin B1 was identified by co-IP. Cyclin B1 immunoprecipitates

were analyzed with HA tag antibody recognizing Cyclin B1 and Flag tag antibody recognizing KCNN1.

the enhancement of KCNNI1-mediated cell migration
(Figure 6D and E). On the contrary, further overexpression
of ERLIN2 on the basis of KCNNT1 knockdown resulted in
the increased wound healing, migration and invasion abilities
of MDA-MB-231 cells compared with KCNN1 knockdown
alone (Figure 6D and E). These results suggest that ERLIN2
is a downstream functional target to realize the oncogenic ef-
fects of KCNNT.

The expression and prognostic value of ERLIN2
and Cyclin B1 in paired breast cancer samples

The above studies have preliminarily revealed the mutual
regulatory relationship among KCNNT1, ERLIN2 and Cyclin

B1. We then evaluated the correlation of KCNN1, ERLIN2
and Cyclin B1 expression in breast cancer clinical samples.
Firstly, the mRNA levels of Cyclin B1 were significantly
higher in breast cancer tissues compared with normal tis-
sues as revealed by RNA sequencing data from TCGA data-
base, but the mRNA levels of ERLIN2 was not higher than
that in normal tissues (Figure 7A and B). IHC staining using
tissue microarray containing 30 breast cancer samples and 30
paired paracancer samples revealed that the protein expres-
sions KCNN1, ERLIN2 and Cyclin B1 were all up-regulated
in breast cancer samples (Figure 7C). We performed the cor-
relation analysis between KCNN1 versus ERLIN2, KCNN1
versus Cyclin B1 and ERLIN2 versus Cyclin B1 using H-score
representing the relative protein expression levels. As our
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(H) MDA-MB-231 cells were transfected with siNC, siKCNNT1, vector or Flag-ERLIN2. The protein expression of KCNN1, ERLIN2 and Cyclin B1 was
measured by western blot. (I) HA-Ub, GFP-KCNN1, Flag-Cyclin B1 or siERLIN2 were transfected into MCF7 cells for 36 h. The cells were treated with 20
uM MG132 for 6 h. The polyubiquitination of Cyclin B1 was detected in the immunoprecipitates by HA antibody. ns, No significant; WT, wild type.

study elucidate the signaling pathway of KCNN1 was both
positively correlated with ERLIN2 and Cyclin B1, and there
was also a significant correlation between ERLIN2 and Cyclin
B1 (Figure 7D-F). Kaplan—Meier analysis using data from
TCGA showed that the expression of ERLIN2 was associated
with the overall prognosis of breast cancer patients and the

higher expression of Cyclin B1 indicated the shorter overall
survival time of breast cancer patients (Figure 7G and H). In
conclusion, the correlation and prognostic value of KCNN1/
ERLIN2/Cyclin B1 expression in breast cancer tissues further
confirmed the important role of the KCNN1/ERLIN2/Cyclin
B1 axis in the occurrence and development of breast cancer.
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Figure 6. The effect of ERLIN2 in KCNN1 mediated breast cancer cell proliferation, migration and invasion. (A) CCK8 assay measuring the effect

of ERLINZ silencing on the proliferation of MCF7 cells with KCNN1 overexpression. (B) MDA-MB-231 cells were transfected with siNC, siKCNNT,
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Discussion

KCNNT1 are widely distributed in various types of tissues or
cells, such as brain, islet cells, cardiomyocytes, endothelial
cells, etc. The activity of KCNN1 family proteins could be
regulated by intracellular free Ca?* concentration and have
unique characteristics, such as K+ selectivity, Ca?* hypersen-
sitivity and voltage independence. Abnormal expression of
KCNNT1 is commonly observed in Parkinson’s disease, stroke,
schizophrenia and cancers, and is a promising therapeutic
target for neurodegenerative diseases (48,49).

Recent studies have shown that the concentration of K*
and Ca?* in tumor microenvironment and intracellular K+
and Ca?* homeostasis are crucial for enhancing the sensitivity
of tumor immunotherapy and regulating tumor cell apop-
tosis (50,51). However, breast cancer was considered as ‘cold
tumor’ because the immunogenicity of breast cancer is weak,
with poor immunotherapeutic effect. Whether it is related
with the overall low endogenous expression level of KCNN1
in breast cancer is still unclear. Since KCNN1 expression was
relative higher in the TNBC (Figure 1A and D), we speculated
that the sensitivity of TNBC to anti-PD-L1 immunotherapy
might be related to higher KCNNT1 expression and its regula-
tion of K* and Ca?* (52).

As far as we know, this is the first paper to report the bio-
logical role and molecular mechanism of KCNNT1 in tumors.
At present, most of the studies on the KCNN family proteins
in tumors have focused on KCNN2 and KCNN3. KCNN2
is an important oncogene in prostate cancer. Androgen re-
ceptor (AR) and Myc are the key downstream signaling
molecules of KCNN2 (53). Protein kinase A could phos-
phorylate KCNN2 at Ser568/Ser570 and affects KCNN2
expression (54). KCNN3 was highly expressed in breast
cancer tissues, but not in normal breast tissues. KCNN3
overexpression can promote the proliferation and migration
of breast cancer in vivo and in vitro (55). As our study fills in
the biological role of KCNN1, we could preliminarly envi-
sion the oncogenic role of KCNN family proteins in the oc-
currence and development of malignant tumors. As KCNN1
is a membrane protein that can be easily recognized and
targeted by targeted drugs. Designing targeted molecular
inhibitors or preparing specific antibodies against KCNNT1,
KCNN?2 or KCNN3 may be promising strategies for cancer
therapy.

In this study, we also discovered that KCNNT1 interacted
with ERLIN2, but not Cyclin B1. We speculated that KCNN1
might enhance the interaction between ERLIN2 and Cyclin
B1 and promoted the ERLIN2-meidaated K63 dependent
ubiquitination of Cyclin B1. These findings also suggest that
KCNN1 may be a major upstream driver of ERlin2-mediated
biological function. We speculate the molecular mechanism
may be related to the effect of KCNNT1 on lipid rafts, or
KCNN1 may recruit specific protein kinases to phosphorylate
ERLIN2 functionally, which can affect the occurrence and de-
velopment of breast cancer.

Based on the important role of KCNN1/ERLIN2/Cyclin
B1 in breast cancer cell proliferation and metastasis, targeting
this signaling pathway may be a valuable therapeutic
strategy. In addition to the KCNN1, targeting ERLIN2 may
also be a promising strategy. In adenosquamous cancer of
the pancreas (ASCP), ERLIN2 fused to the extracellular do-
mains and the kinase domains of FGFR1, organoids devel-
oped from the FGFR1-ERLIN2 fusion-positive ASCP patient

821

derived tumor xenograft (PDX) model were sensitive to the
pan FGFR inhibitor infigratinib (56). Moreover, treatment
with infigratinib in cholangiocarcinoma cells inhibited the
expression of Cyclin B1 and interrupted cell growth, migra-
tion and invasion (57). Therefore, in future research plans,
we intend to evaluate the therapeutic effects of infigratinib
on a variety of breast cancer cells i1 vivo and in vitro.

In summary, our data provide the basis for a better under-
standing of the molecular mechanism centered by KCNNT1,
the biological role of which has not been discovered in can-
cers previously. We also improved the molecular interaction
network between ERLIN2 and Cyclin B1 and highlighted the
understanding of the Cyclin B1, the classic cell cycle regulatory
protein, in the regulation of metastasation of breast cancer.
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Supplementary data are available at Carcinogenesis online.
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