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KCNN4-mediated Ca2+/MET/AKT axis is promising for
targeted therapy of pancreatic ductal adenocarcinoma
Xiao Mo1,3, Cheng-fei Zhang1,3, Ping Xu3, Min Ding3, Zhi-jie Ma3, Qi Sun3, Yu Liu1, Hong-kai Bi1,3, Xin Guo1,3, Alaa Abdelatty3, Chao Hu3,
Hao-jun Xu1,3, Guo-ren Zhou4, Yu-liang Jia2 and Hong-ping Xia1,2,3

As a member of the potassium calcium-activated channel subfamily, increasing evidence suggests that KCNN4 was associated with
malignancies. However, the roles and regulatory mechanisms of KCNN4 in PDAC have been little explored. In this work, we
demonstrated that the level of KCNN4 in PDAC was abnormally elevated, and the overexpression of KCNN4 was induced by
transcription factor AP-1. KCNN4 was closely correlated with unfavorable clinicopathologic characteristics and poor survival.
Functionally, we found that overexpression of KCNN4 promoted PDAC cell proliferation, migration and invasion. Conversely, the
knockdown of KCNN4 attenuated the growth and motility of PDAC cells. In addition to these, knockdown of KCNN4 promoted
PDAC cell apoptosis and led to cell cycle arrest in the S phase. In mechanistic investigations, RNA-sequence revealed that the MET-
mediated AKT axis was essential for KCNN4, encouraging PDAC cell proliferation and migration. Collectively, these findings reveal a
function of KCNN4 in PDAC and suggest it’s an attractive therapeutic target and tumor marker. Our studies underscore a better
understanding of the biological mechanism of KCNN4 in PDAC and suggest novel strategies for cancer therapy.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most
deadly solid tumors with a terrible prognosis (5-year survival rate
is less than 6%), and it was estimated to be the second leading
cause of cancer-related deaths in 2030 [1–3]. Since the pancreas
has an anatomically inaccessible location that prevents routine
examination, more than half of PDAC patients were diagnosed at
the advanced stages and no longer suitable for surgical resection.
Moreover, nearly 80% of the patients who underwent surgical
resection are at risk for recurrence [4, 5]. Currently, chemotherapy
is a rare option for the treatment of PDAC, but drug resistance led
to huge obstacles to improve overall survival [6–8]. Hence, despite
tremendous efforts that have been made to study PDAC, no
prominently therapeutic strategies have emerged. As a result, it is
very important to further investigate the molecular mechanisms
underlying PDAC and find out new targets for PDAC.
The protein encoded by KCNN4 (potassium calcium-activated

channel subfamily N member 4) is part of a potentially
heterotetrameric voltage-independent potassium channel that is
activated by intracellular calcium. Activation is followed by
membrane hyperpolarization, which promotes activated TRPV
channels and subsequently, calcium influx [9]. Previous studies
have demonstrated that KCNN4 plays an important role in
inflammatory disease [10, 11]. Recently, emerging evidence has
revealed that KCNN4 was overexpressed in malignancies, also

closely related to the occurrence and progression of malignancy
[12–16]. However, the functions and regulatory mechanisms of
KCNN4 in PDAC have been little explored.
A pivotal tyrosine kinase receptor (MET) is one of the classic

oncogenes for cancers [17, 18]. Previous studies have proved that
MET was frequently highly expressed in PDAC, and the activation
of MET triggers pleiotropic biological responses, which include
migration, invasion, angiogenesis, EMT, and activates AKT signal-
ing pathway [17, 19, 20]. AKT is not only a serine/threonine kinase
but also a signaling molecule of cell growth and differentiation, as
well as play a key role in the PI3K signaling pathway. Among the
dysregulated signaling pathways, the PI3K/AKT pathway has been
reported as the frequently altered signaling pathway in cancer
and correlative with the development of cancer, including PDAC
[21–23]. Thus, exploring the relation between KCNN4 and MET/
AKT signaling pathway is significant for the development of
effective therapeutic strategies in PDAC.
In this study, we showed that KCNN4 was aberrantly upregu-

lated in PDAC, it induced proliferation and migration in vitro, and
promoted oncogenesis in vivo. Besides, the overexpression of
KCNN4 was positively correlated with the progression of PDAC and
was related to the poorer prognosis of patients with PDAC.
Significantly, we further revealed that KCNN4 promotes the
proliferation and migration of PDAC via the Ca2+/MET/AKT axis
and identified KCNN4 as a potential therapeutic target in PDAC.
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MATERIALS AND METHODS
Plasmids and siRNAs
pLKO.1-shScramble and pLKO.1-shKCNN4 vectors were obtained
from Sigma-Aldrich (St. Louis, MO, USA). pLenti-CMV-GFP/puro and
pLenti-CMV-KCNN4 vectors were obtained from Biogot Technology.
pLVX-JUN, pLVX-MET vectors were obtained from Miaoling Biotech-
nology. shKCNN4-1 targeted the human KCNN4 mRNA sequences
(5ʹ-CCGGGCCTGGATGTTCTACAAACATCTCGAGATGTTTGTAGAACATC
CAGGCTTTTTG-3ʹ) and shKCNN4-2 targeted the human KCNN4
mRNA sequences (5′-CCGGCGCTCTCAATCAAGTCCGCTTCTCGAGAA
GCGGACTTGATTGAGAGCGTTTTTG-3ʹ). All the siRNA were purchased
from GenePharma. SiKCNN4 targeted the human KCNN4 mRNA
sequences (5ʹ-GCCGUGCGUGCAGGAUUUA-3ʹ) [15], sicJun-1 and
sicJun-2 targeted the human cJun sequences (5ʹ-UCAUCUGUCACG
UUCUUGGTT-3ʹ) and (5ʹ-CAGCUUCCUGCCUUUGUAATT-3ʹ) [24, 25],
siMET-1 and siMET-2 targeted the human MET sequences (5ʹ-
GUGUUGUAUGGUCAAUAACTT-3ʹ) and (5ʹ-CGGAUAUCAGCGAUCU
UCUTT-3ʹ) [19] and the negative control sequence was (5ʹ-UU
CUCCGAACGUGUCACGUTT-3ʹ).

Wound-healing assay
PDAC cells were plated in 6-well plates (each sample repeated 3
times) at a suitable density and cultured with DMEM containing
1% FBS and a wound was manually scratched by a sterile 10 μL
pipette tip. After 24 h and 48 h, each wound was pictured in five
random fields under a Fluorescence Inversion Microscope.

Cell cycle analysis
The cells were grown in a 6-well plate, and each sample was
repeated 3 times. After 72 h, the cells were respectively collected
and then fixed with ice-cold 75% ethanol overnight. After that, the
cells were treated with RNase A and stained with PI. Finally, the
detection by flow cytometry and the data were analyzed with
ModFit software.

Xenograft tumor model
All animal studies were performed according to the animal
experiment protocol approved by Nanjing Medical University.
ASPC1 cells (5 × 106) stably transfected with KCNN4 knockdown
plasmid or control plasmid were subcutaneously injected into the
back of NCG mice (for 10 NCG mice), respectively. The tumor
volume was measured every week. Five weeks later, the mice were
sacrificed (euthanasia), and tumor tissues were excised, measured,
and weighed. All efforts were made to minimize the suffering of
the animals and the number of animals used.

RNA-sequence
The ASPC1-shNC and ASPC1-shKCNN4 cell lysates were prepared
with Trizol, and the global gene expression library was detected
by RNA sequencing in Novogene (Beijing, China). Moreover,
bioprocess analyses were put into effect with Enrichr tools.

Luciferase reporter assay
HEK293T cells were plated into 12-well plates (4 × 105 cells per
well) overnight and then co-transfected with reporter plasmid,
renilla plasmid and pLVX-JUN (the overexpression of JUN) plasmid
for 48 h. Then, the cells were lysed, and the luciferase activity was
measured with a dual-luciferase reporter assay system (Promega).

FLUO-3 AM staining
ASPC1-shNC and ASPC1-shKCNN4 cells were grown in a confocal
dish (5 × 105 cells per well), the next step was according to the
manufacturer’s protocol. Then, the cells were analyzed by laser
scanning confocal microscope.

Statistical analysis
All data were analyzed by the GraphPad Prism software and
presented as the mean ± SEM. The Student’s t test (two-tailed) was

used for comparison among groups. P value < 0.05 was considered
statistically significant.

RESULTS
KCNN4 regulated by AP-1 was significantly up-regulated and
predicted a poor prognosis in PDAC
To understand the role of potassium channels in PDAC, we
examined 24 potassium channel genes in paired PDAC tissues.
The heatmap showed the significantly dysregulated potassium
channel genes in PDAC and matched normal tissues. Among
them, KCNN4 was identified to be the most significantly
overexpressed potassium channel gene in PDAC (Fig. 1a, b).
Consistently, we further analyzed the expression profile of
KCNN4 by Gene Expression Omnibus (GEO) dataset (GSE16515,
GSE28735, GSE15471) containing expression profile data of 100
microdissected PDAC and matching normal pancreatic tissue
samples (Fig. S1a). We also observed that the expression of
KCNN4 was enhanced significantly in PDAC tumor tissues.
Meanwhile, the expression of KCNN4 in different malignancy
was examined in the TCGA database, which also showed that
the level of KCNN4 was increased obviously in PDAC (Fig. S1b).
To confirm that, the expression of KCNN4 in PDAC clinical
tissues (Table S1) and cell lines were further analyzed by
immunohistochemistry, Western blotting and qPCR. As shown
in Fig. 1c, d and Fig. S1c, d, the expression of KCNN4 significantly
increased in PDAC clinical tissues and PDAC cell lines. Besides,
we found that the overexpression of KCNN4 was closely
correlated with a poor outcome of PDAC patients analyzed
from the TCGA dataset (Fig. 1e), which revealed that KCNN4 is
an unfavorable factor of PDAC.
To illustrate the underlying mechanisms of KCNN4-related

overexpression in PDAC, 2000 bp promoter regions of KCNN4
were analyzed by PROMO and JASPAR databases. We found that
three putative activator protein-1 (AP-1, it has been reported to
be overexpressed in human PDAC [26]) binding sequences
(TGAGACA, TGAGTGA and TGACTCT) upstream to the TSS
(transcription start site) of KCNN4 (Fig. 1f). To verify whether
KCNN4 expression was regulated by AP-1 in PDAC, the activity
of the KCNN4 promoter was examined by luciferase reporter
assay, we found that the transcription of luciferase gene
controlled by KCNN4 promoter was activated by AP-1 (Fig. 1g).
Similarly, when used SP600125 (AP-1 inhibitor) [24, 27] to treat
the PDAC cell lines (ASPC1, PANC1 and SW1990) or knockdown
c-Jun by small interfering RNA (siRNA), the level of KCNN4 was
markedly inhibited. Whereas, when AP-1 was overexpressed in
ASPC1 cells, the levels of KCNN4 and JUN were up-regulated
(Figs. 1h–j, S1e–h). Taken together, these results suggested that
KCNN4 was overexpressed in PDAC, and its elevation was
regulated by AP-1.

KCNN4 regulates cell growth and proliferation of PDAC
To investigate the biological functions of KCNN4 in PDAC,
we initially constructed two short hairpin RNAs (shRNA)
and siRNA targeting KCNN4 to specifically knockdown the
expression of KCNN4 or overexpression of KCNN4 in PDAC
cells (Figs. 2a, S2a–d). CCK8 assay, trypan blue staining assay,
and colony formation assay revealed that knockdown of
KCNN4 significantly suppressed the proliferation of PDAC cells
(Fig. 2b–f). Consistent with these, overexpression of KCNN4
dramatically promotes the proliferation of PDAC cells (Fig. 2g).
Besides, we found that knockdown of KCNN4 significantly
suppressed cell growth, while re-expressed KCNN4 in KCNN4-
knockdown ASPC1 cells restored the growth of cells (Fig. 2h).
These results proved that KCNN4 promotes the proliferation of
PDAC cells in vitro. Likewise, to verify this function in vivo,
ASPC1 cells with stable knockdown of KCNN4 or transformed
with the control vector were subcutaneously injected into the
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Fig. 1 The high expression of KCNN4 in PDAC is regulated by AP-1. a The heatmap showed the different expression patterns of 24
potassium channel genes in the PDAC tumor tissues (T) and matched normal (MN) tissues based on the clinical sample expression profile
data. b KCNN4 was identified to be the most significantly overexpressed potassium channel gene in PDAC. c The level of KCNN4 in clinical
PDAC tissue section was detected by immunohistochemical staining. d The level of KCNN4 in normal pancreatic cells HPNE and PDAC cell
lines was assessed by Western blotting. e Overexpression KCNN4 was associated with poor survival of PDAC patients analyzed from OncoLnc-
linked TCGA database. f Three AP-1 conjectural binding sites in the promoter region of KCNN4 were identified by analysis with JASPAR and
PROMO databases. g HEK293T cells were co-transfected with pGL3-KCNN4 reporter plasmid, renilla plasmid, pLVX-zsgreen plasmid or pLVX-
JUN plasmid, luciferase activities were detected with a dual-luciferase reporter assay system. h PDAC cell lines were treated with or without
AP-1 inhibitor (SP600125, 20 μM) for 6 h or 12 h, the mRNA level of KCNN4 was detected by qPCR. i PDAC cell lines were treated with AP-1
inhibitor (SP600125, 20 μM) for 48 h, the level of KCNN4 was detected by Western blotting. j Knockdown or overexpression of c-Jun in PDAC
cells, the levels of c-Jun and KCNN4 were detected by Western blotting. Data are shown as mean ± SEM. **P < 0.01; ***P < 0.001.
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Fig. 2 KCNN4 promoted PDAC cell proliferation. a Knockdown or overexpression of KCNN4 in ASPC1 or SW1990 cells, the level of KCNN4
was assessed by Western blotting. b Knocking down KCNN4 in ASPC1 cells by shRNA, the growth or the viability of the cells was measured by
trypan blue staining or CCK8 assay. c Silencing KCNN4 in PANC1 cells by shRNA, the growth or the viability of the cells was measured by
trypan blue staining or CCK8 assay. d SW1990 cells were transfected with negative control siRNA or KCNN4-specific siRNA to knockdown
KCNN4, the growth or the viability of the cells was measured by trypan blue staining or CCK8 assay. e Silencing KCNN4 in ASPC1 cells by
shRNA, the growth of cells was measured by colony formation assay. f Knockdown of KCNN4 in PANC1 cells by shRNA, the growth of cells was
measured by colony formation assay. g The overexpression of KCNN4 in ASPC1 and PANC1 cells by transfected with plenti-KCNN4 plasmid, the
growth of the cells was measured by trypan blue staining. h Silencing KCNN4 or re-expression of KCNN4 in ASPC1 cells, the mRNA level of
KCNN4 was assessed by qPCR, and the viability of the cells was detected by CCK8 assay. i Knockdown plasmid of KCNN4 in ASPC1 cells was
subcutaneously injected into NCG mice, the tumor volumes were measured every week, and the tumor weights were measured after 5 weeks
inoculation. Data are shown as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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back of NCG mice, then the lower tumor weight and volume
were observed in the knockdown of the KCNN4 group
compared with the control group (Fig. 2i). These results showed
that the knockdown of KCNN4 suppressed tumor growth
in vivo.

KCNN4 promoted the migration, invasion, and epithelial-
mesenchymal transition of PDAC
Considering that PDAC is more prone to metastasis, we further
assessed whether KCNN4 affected the migration and invasion of
PDAC cells. Transwell assay proved that knockdown of KCNN4
dramatically suppressed the migration and invasion of PDAC cells
(Figs. 3a, S3a, b), while overexpression of KCNN4 promoted this
process (Figs. 3b, S3c). Besides, wound healing assay also confirmed
that knockdown of KCNN4 attenuated the motility of PDAC cells
(Figs. 3c, S3d). The epithelial-mesenchymal transition (EMT) has been
reported to drive morphogenesis and initiate tumor progression
[28]. Thus, we detected the expression of EMT-related markers (E-
cadherin and vimentin) in ASPC1 cells by immunoblotting. As shown
in Figs. 3d, S3e, knockdown of KCNN4 dramatically suppressed the
process of EMT, while overexpression of KCNN4 accelerated the
process of EMT. Immunofluorescence assay has further confirmed
these results (Fig. 3e). Taken together, our results demonstrate that
KCNN4 promotes the EMT and motility of PDAC.

Knockdown of KCNN4 promoted apoptosis and induced S cell
cycle arrest in PDAC
Given that apoptotic resistance and rapid cell division are
common characteristics of tumor progression, we sought to
determine whether KCNN4 regulates the apoptosis and cell cycle
of PDAC. TUNEL staining assay revealed that the percentage of
TUNEL-positive cells was increased in KCNN4-knockdown
ASPC1 cells (Fig. 4a). Similarly, more TUNEL-positive cells were
found in the xenograft tumors generated by ASPC1-shKCNN4 cells
(Fig. 4b). Moreover, flow cytometry experiments also confirmed
that silencing KCNN4 dramatically increased the percentage of
apoptosis of PANC1 and ASPC1 cells (Figs. 4c, S4a), suggesting
that the deficiency of KCNN4 increased apoptosis in PDAC cells. To
evaluate the impact of KCNN4 on the cell cycle in PDAC, cells were
stained with propidium iodide (PI) and examined using flow
cytometry. As shown in Figs. 4d, S4b, knockdown of KCNN4 in
PANC1 and ASPC1 cells led to fewer cells in the G1 phase and
more cells in the S phase. Taken together, these findings suggest
that the deficiency of KCNN4 promoted apoptosis and induced
cell cycle arrest in the S phase in PDAC cells.

KCNN4 facilitated the progression of PDAC by regulating MET/AKT
pathway
The biological mechanism of how KCNN4 promotes the progression
of PDAC is still unclear. To determine these, we investigated the
genes, which are significantly associated with KCNN4 expression
based on the TCGA database, and the genes were subjected to
pathway enrichment analysis. Pathway enrichment analysis shows
that the AKT pathway had a close correlation with downstream of
KCNN4 (Fig. 5a). To further confirm the mechanism of KCNN4 in
PDAC, an RNA sequence was performed using control and KCNN4-
knockdown ASPC1 cells to analyze the differentially expressed
genes, and the genes whose expression was down-regulated more
than 2 folds were used to pathway enrichment. The results
confirmed that the AKT pathway had a close correlation with
KCNN4 (Fig. S5a). Interestingly, MET as a classical upstream
mediator of the AKT pathway [19, 20], was enriched in the AKT
pathway in the RNA sequence results (Fig. 5b). Besides, correlation
analyses based on the TCGA database and the immunoblotting
result showed that the expression of KCNN4 was closely associated
with that of MET (Figs. 5c, S5b). Immunoblotting revealed that MET
was also overexpressed in PDAC cell lines (Figs. 5d, S5c). Based on

these, we hypothesized that the MET/AKT pathway is involved in
facilitation of the progression of PDAC by KCNN4. To support this
notion, we silenced KCNN4 in ASPC1 cells and found that
knockdown of KCNN4 significantly reduced the levels of MET and
phosphorylated AKT, while re-expressed KCNN4 restored this
process, but the expression of ERK and p-ERK was not affected
(Figs. 5e, S5d, e). Similarly, IHC staining confirmed that the levels of
MET and phosphorylated AKT were markedly reduced in tumor
xenografts induced by subcutaneous inoculation of ASPC1-
shKCNN4 cells (Fig. 5f). Moreover, the immunoblotting assay
showed that the deficiency of MET suppressed the phosphorylation
of AKT, while overexpression of MET enhanced the level of p-AKT
(Figs. 5g, S5f, g). Moreover, according to the results of the Western
blots, silencing KCNN4 reduced MET expression, while knocking
down MET did not affect the protein level of KCNN4. This indicates
that KCNN4 is upstream of MET, and MET did not regulate KCNN4
with negative feedback. CCK8 and transwell assay showed that
knockdown of MET significantly suppressed the proliferation and
migration of PDAC cells (Fig. 6a–c). Besides, the overexpression of
KCNN4 in PANC1 cells promoted proliferation and migration, which
were significantly inhibited when these cells were treated with
siMET (Fig. 5h, i). Thus, these data indicate that KCNN4 facilitates
PDAC progression through regulating MET/AKT pathway.

KCNN4 modulated MET expression by controlling intracellular Ca2+

concentration
We then sought to get a more profound understanding of the way
that KCNN4 regulates the expression of MET in PDAC. Previous
studies showed that KCNN4 activation induces an increased calcium
influx in cancer cells and then promotes the development of cancers
[9, 16]. To determine whether the calcium influx is involved in the
expression of MET, we first validated whether KCNN4 regulates the
intracellular Ca2+ concentration in PDAC. As shown in Fig. 6a,
knockdown of KCNN4 by shRNA or treatment with TRAM-34 (KCNN4
inhibitor) in ASPC1 cells dramatically suppressed the calcium
mobilization. We then treated PDAC cells with a calcium chelating
agent (BAPTA) to chelate intracellular Ca2+, and the levels of MET
and p-AKT were assessed by immunoblotting. As shown in Figs. 6b
and S6d, e, BAPTA dose-dependently suppressed the expression of
MET and the phosphorylation of AKT. Consistent with these findings,
calcium activator (1-EBIO) significantly facilitated the expression of
MET and the phosphorylation of AKT in PDAC cells (Figs. 6c, S6f).
These results demonstrate that KCNN4-modulated MET expression is
dependent on calcium mobilization. Importantly, the proliferation
and migration of PDAC cells were dose-dependently decreased by
BAPTA (Figs. 6d, e, S6g–i), suggesting that calcium mobilization is
essential for KCNN4 to activate the MET/AKT pathways and
accelerate the progression of PDAC.

TRAM-34 impeded the proliferation and migration of PDAC cells
The aforementioned results encouraged us to evaluate the
therapeutic role of KCNN4 in PDAC. As the most commonly used
inhibitor of KCNN4, TRAM-34 was selected to treat PDAC cells
[13, 29]. Western blotting showed that TRAM-34 significantly
alleviated the levels of KCNN4, MET, and phosphorylated AKT
(Figs. 7a, S7a). Most strikingly, CCK8, colony formation, and
transwell assays showed that inhibition of KCNN4 by TRAM-34
dramatically attenuated both proliferation and migration of PDAC
cells, while only slightly reduced the growth of the normal
pancreatic cells (HPNE cells) (Figs. 7b–d, S7b, c). Moreover, to
confirm the effect of TRAM-34 in vivo, ASPC1 cells were
subcutaneously injected into the back of NCG mice. After 2 weeks,
the mice were treated with control (DMSO) or TRAM-34, then
the lower tumor weight and volume were observed in the TRAM-
34 group compared with the control group (Fig. 7e). Thus,
these studies imply that KCNN4 may be a therapeutic target for
PDAC.
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DISCUSSION
In this study, we reported that KCNN4 plays an important role in the
development of PDAC. PDAC is one of the most deadly cancer with
a terrible prognosis of a 5-year survival rate of less than 6% [1, 30]. In

reality, although largish advances appeared in the diagnosis and
treatment of PDAC, no prominently therapeutic strategies have
emerged. Therefore, there is an urgent need to find a new treatment
scheme for PDAC. Previously, numerous researchers have

Fig. 3 KCNN4 promotes the motility of PDAC. a The migrated or invasive cells after knockdown of KCNN4 by shRNA in ASPC1 cells were
measured by transwell assay with or without matrigel, scale bar, 200 μm, and the viability of the cells was measured by CCK8 assay. b The
migrated or invasive of KCNN4-overexpressed PANC1 cells were measured by transwell assay with or without matrix, scale bar, 200 μm, and
the viability of the cells was measured by CCK8 assay. c After silencing KCNN4 in ASPC1 cells, the migration ability was examined by wound
healing assay, scale bar, 500 μm. d Western blotting was used to detect the levels of KCNN4 and the EMT markers (E-cadherin and vimentin). e
Immunofluorescence staining of E-cadherin (Red), vimentin (Green), and DAPI (Blue) in ASPC1 cells analyzed by laser scanning confocal
microscope, scale bar, 50 μm. Data are shown as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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demonstrated that KCNN4 was closely related to the occurrence and
development of malignancy. Although KCNN4 has been involved in
the progression of numerous malignancy, the precise mechanism of
impact of KCNN4 on the biological processes of PDAC is largely
unknown. To investigate the expression and function of KCNN4 in
PDAC, we first discovered that KCNN4 was notably upregulated in

PDAC and associated with a poor outcome. Subsequently, we found
that transcription factor AP-1 is involved in the regulation of KCNN4
overexpression in PDAC. We further demonstrated that over-
expression of KCNN4 promoted the growth, metastasis and EMT,
while knockdown of KCNN4 caused promoted apoptosis and S
phase cell cycle arrest in PDAC. Besides, KCNN4 inhibitor TRAM-34

Fig. 4 Knockdown of KCNN4 induced PDAC cell cycle arrest and apoptosis. a Knockdown of KCNN4 in ASPC1 cells using shRNA, and the
percentage of apoptotic cells was analyzed by TUNEL assay, scale bar, 50 μm. b TUNEL assay analysis of apoptosis in tumor xenografts
generated by subcutaneous injection of ASPC1-shKCNN4 cells in NCG mice, scale bar, 50 μm. c Knockdown of KCNN4 in PANC1 cells using
shRNA, the percentage of apoptotic cells was detected by Annexin V-FITC/PI staining assay. d KCNN4 in PANC1 cells was silenced using shRNA,
and the cell cycle was detected by flow cytometry. Data are shown as mean ± SEM. **P < 0.01; ***P < 0.001.
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Fig. 5 KCNN4 promotes the activation of the MET/AKT signaling pathway. a Pathway enrichment analysis of the genes highly related to
KCNN4 expression, based on the TCGA database. b Heatmap representation of genes differentially expressed in KCNN4-knockdown
ASPC1 cells identified by RNA-seq. c The correlation between KCNN4 and MET was analyzed based on TCGA database. d The protein levels of
MET in HPNE and PDAC cell lines were assessed by Western blotting. e KCNN4-knockdown ASPC1 cells were reconstituted by infection of
KCNN4-overexpression lentivirus, the protein levels of KCNN4, MET, AKT, p-AKT, ERK and p-ERK were detected by immunoblotting. f The levels
of KCNN4, MET, AKT and p-AKT were assessed by immunohistochemical staining in tumor xenografts generated by subcutaneous injection of
ASPC1-shKCNN4 cells in NCG mice. g After knockdown or overexpression of MET in ASPC1 cells, the levels of KCNN4, MET, AKT and the
phosphorylation of AKT were detected by immunoblotting. h KCNN4-overexpression and control PANC1 cells were treated with or without
siMET, the migration of cells was measured by transwell assay, scale bar, 200 μm, and the viability of the cells was measured by CCK8. i KCNN4-
overexpression and control PANC1 cells were treated with or without siMET, the viability of the cells was measured by CCK8. Data are shown
as mean ± SEM. ***P < 0.001.
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significantly suppressed the proliferation and metastasis of PDAC
cells. Thus, our findings identify that KCNN4 promotes PDAC
proliferation and metastasis and provides a new potential strategy
for PDAC treatment.

To further explored the precise mechanism of KCNN4 in the
progression of PDAC, the RNA sequence results showed that the
MET/AKT pathway had a close correlation with downstream of
KCNN4. As a critical carcinogenic signaling pathway, MET/AKT

Fig. 6 KCNN4 modulates MET expression by controlling intracellular Ca2+ concentration. a Knockdown of KCNN4 by shRNA or inhibition of
KCNN4 with TRAM-34, the intracellular calcium was measured by FLUO-3 AM staining, scale bar, 50 μm. b ASPC1 and SW1990 cells were
treated with indicated concentrations of BAPTA for 24 h, the levels of KCNN4, MET, AKT and p-AKT were examined by Western blotting, and
the expression levels in ASPC1 cells were quantified and normalized using Image J analysis software. c ASPC1 and SW1990 cells were treated
with indicated concentrations of 1-EBIO, the levels of MET, AKT and p-AKT were examined by Western blotting, and the expression levels in
ASPC1 cells were quantified and normalized using Image J analysis software. d SW1990 cells were treated with BAPTA, and the viability of cells
was measured by CCK8 assay. e SW1990 cells were treated with BAPTA, and the migration of cells was measured by transwell assay, scale bar,
200 μm. Data are shown as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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signaling pathway has been reported frequently altered in cancers
and correlated with the development of PDAC [19, 20, 31, 32].
However, the relationship between KCNN4 and MET/AKT signaling
pathway remains to be clarified. Our Western blotting and IHC

staining assays revealed that the knockdown of KCNN4 dramati-
cally suppressed the expression of MET and the phosphorylation
of AKT. Furthermore, when knockdown of MET, the proliferation
and migration ability of PDAC cells were decreased significantly.

Fig. 7 The inhibitor of KCNN4 suppressed the development of PDAC. a ASPC1 and PANC1 cells were treated with indicated concentrations
of TRAM-34, the levels of KCNN4, MET, AKT, and p-AKT were examined by Western blotting, and the expression levels in ASPC1 cells were
quantified and normalized using Image J analysis software. b HPNE, PANC1, ASPC1, and SW1990 cells were treated with indicated
concentrations of TRAM-34, and the viability of cells was measured by CCK8 assay. c ASPC1 cells were treated with indicated concentrations of
TRAM-34, and the growth of cells was measured by colony formation assay. d ASPC1 cells were treated with TRAM-34, and the migration
of cells was measured by transwell assay, scale bar, 200 μm, and the viability of the cells was measured by CCK8. e ASPC1 cells were
subcutaneously injected into NCG mice, after 2 weeks, control (DMSO) or TRAM-34 was intraperitoneally injected every other day, then the
tumor weights and volume were measured after 5 weeks inoculation. Data are shown as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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All these data suggest that KCNN4 is a novel mediator of the MET/
AKT signaling pathway.
A key question that comes here is how KCNN4 regulates the

expression of MET. Previous studies revealed that intracellular Ca2+

concentration is essential for KCNN4 to promote cancer cell
proliferation and metastasis [9, 33]. So, we speculated whether
calcium mobilization is involved in the activation of the MET/AKT
signaling pathway by KCNN4. Our results proved that knockdown
or inhibition of KCNN4 dramatically suppressed the calcium
mobilization in PDAC cells and chelating intracellular Ca2+ reduced
the expression of MET and the phosphorylation of AKT. Therefore,
our data suggest that calcium mobilization is essential for KCNN4 to
activate the MET/AKT signaling pathway.

CONCLUSIONS
In conclusion, we emphasized a new molecule mechanism, in
which KCNN4 aberrantly up-regulates MET by controlling intra-
cellular Ca2+ concentration, and the up-regulated MET signifi-
cantly activated the AKT signaling pathway, which subsequently
promotes PDAC proliferation and metastasis. Our findings provide
a novel insight into the roles of KCNN4 in inducing progression of
PDAC, which could lead to the development of a potential
biomarker and therapeutic target for PDAC therapy.
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