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Abstract

Background The high invasiveness and infiltrative nature of Glioblastoma (GBM) pose significant challenges for sur-
gical removal. This study aimed to investigate the role of KCNAT in GBM progression.

Methods CCKS8, colony formation assay, scratch assay, transwell assay, and 3D tumor spheroid invasion assays
were to determine how KCNAT affects the growth and invasion of GBM cells. Subsequently, to confirm the impact
of KCNAT in ferroptosis, western blot, transmission electron microscopy and flow cytometry were conducted. To
ascertain the impact of KCNAT in vivo, patient-derived orthotopic xenograft models were established.

Results In functional assays, KCNAT promotes the growth and invasion of GBM cells. Besides, KCNAT can increase
the expression of SLC7A11 and protect cells from ferroptosis. The vivo experiments demonstrated that knocking
down KCNAT inhibited the growth and infiltration of primary tumors in mice and extended survival time.

Conclusion Therefore, our research suggests that KCNAT may promote tumor growth and invasion by upregulating
the expression of SLC7A11 and inhibiting ferroptosis, making it a promising therapeutic target for GBM.
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Introduction

Glioblastoma multiforme is the most common malignant
primary brain tumor, and its treatment include surgical
resection, radiotherapy, chemotherapy, and electric-field
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therapy [1, 2]. Owing to the highly infiltrative nature of
GBM cells and their potential origin in specific functional
areas of the brain, complete surgical resection is often
impossible [3]. Therefore, glioblastoma still lacks an effec-
tive treatment and is characterized by high recurrence
rates, high mortality, and poor prognosis [4]. Investigat-
ing the molecular mechanisms and biological behavior
underlying glioblastoma cell invasion and metastasis
is important in the search for novel therapeutic targets
[5]. We found KCNAL1 is overexpressed in GBMi™ cells
in vivo in patient-derived orthotopic xenograft (PDOX)
models and in patient glioblastoma tumor, functioning as
a downstream target of microRNAs in GBM cells to pro-
mote tumor invasion and metastasis [6]. Besides, KCNA1
role in cancer reportedly includes potential regulation of
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mitochondrial function in HeLa cells [7] and indicator of
poor prognosis in colorectal cancer [8].

The KCNA1 gene belongs to a large family of genes
that provide instructions for making potassium chan-
nels. These channels, which transport positively charged
potassium atoms (potassium ions) into and out of cells,
play a key role in a cell’s ability to generate and trans-
mit electrical signals. Potassium ion channels are widely
expressed ion channels on cell and organelle membranes
and are essential for maintaining central nervous system
function [9]. Among them, as a voltage-gated potassium
channel, Kvl.1 plays an important role in controlling
neuronal excitability [10, 11]. More and more research
suggest that potassium ion channels regulate the growth
of primary tumors, epithelial-mesenchymal transition
(EMT), angiogenesis, and invasion [12-15].

Ferroptosis is a regulatory cell death process that is
regulated through specific signal transduction pathways
[16]. With extended lipid peroxidation arising from reac-
tive oxygen species (ROS), many studies have indicated
that ferroptosis has different effects on tumor progres-
sion and response [17, 18]. Therefore, targeting ferropto-
sis could be a potential strategy for treating cancers [19,
20]. SLC7A11 is an important regulatory protein in the
ferroptosis pathway that increases glutathione (GSH) bio-
synthesis to detoxify products of lipid peroxidation [21].
SLC7A11 is regulated by various signaling pathways, such
as P53, activating transcription factor-4, signal transduc-
ers, activators of transcription, and nuclear factor eryth-
roid 2-related factor [22—25]. Therefore, this study aimed
to propose a new mechanism by which KCNA1 regulates
the expression of SLC7A11 in glioblastoma.

In this study, we confirmed that KCNA1 expression
was associated with proliferation and invasion of GBM
cells. Meanwhile, our study demonstrated firstly that
decreased KCNAI1 expression promotes ferroptosis
through SLC7A11-GPX4 pathway inhibition. Our study
has shown that KCNA1 rescues GBM cells from fer-
roptosis and promoting tumor progression. Therefore,
KCNAL1 could be a promising medical target for GBM
treatment.

Materials and methods

Cell lines and cell culture

Primary cell lines, SHG140, CXM, and LFL, derived from
GBM samples, were obtained from the First Affiliated
Hospital of Soochow University, cultured, and identified
using short tandem repeat DNA profiling. U87, U251 and
T98 cell lines were obtained from the Shanghai Academy
of Biological Sciences. All the cells were cultured in the
DMEM medium supplemented with 10% fetal bovine
serum (FBS).
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Bioinformatic analysis
We analyzed KCNAL1 expression in different aera of gli-
oma using the database of the Ivy Glioblastoma Atlas
Project [26]. The raw data was used for bioinformatic
information analysis.

Cell counting kit-8 (CCK-8) and colony formation assay

For the CCK-8 assay, cells with good growth condi-
tion (3000 cells/well) were placed in 96-well plates
with 100 pL of culture medium. After adding approxi-
mately 10 pL of CCK-8 reagent (CA1210, Solarbio) to
each well and incubating for 3 h at 37 °C, absorbance
at wave-length 450 nm was measured and recorded
for further analysis. For the colony formation assay,
cells (1000 cells/well) were placed in 6-well plates with
2 mL of culture medium. Then the cells were cultured
for 14 days, with the solution changed every 3 days.
After fixing the colonies with 4% paraformaldehyde for
15 min, stain with 0.5% crystal violet for 20 min.

Short hair pain RNA (shRNA) and small interfering RNA
(siRNA) transfections

KCNA1-shRNA knockdown and lentivirus overexpres-
sion (OE) of KCNA1 were designed and constructed
by Genechem (China), transfected into GBM cells, and
selected using puromycin to obtain stable transfected
cells. After 5 days, we achieved stable knockdown or
overexpression of the KCNA1l gene in glioblastoma
cells. Then, cells were further cultured to obtain a suf-
ficient quantity for subsequent experiments. SLC7A11-
siRNAs (siSLC7A11) and negative control were
designed and chemically synthesized by GenePharma
(China). Western blotting was performed to deter-
mine transfection efficiency. The shRNAs and siRNAs
sequences used for transfection are listed in Additional
file 5: Table S1.

Apoptosis analysis

Apoptosis was detected using an annexin V-FITC/PI
staining kit (BD Biosciences, NJ, USA). After diges-
tion and centrifugation, the cells were resuspended
in 100 pL of binding buffer. Subsequently, Annexin
V-FITC (5 uL) and PI (5 puL) were added. The mixture
was then incubated in the dark for 15 min, followed by
detection using a flow cytometer and raw data analysis
using FlowJo V10.81.

Western blotting

We used radio immunoprecipitation assay (RIPA)
lysis buffer (Beyotime, China) to extract total protein
from cells. After centrifuging with 12000 g for 15 min
at 4 C, the supernatant was to determine the protein



Wang et al. Cancer Cell International (2024) 24:7

concentration using a bicinchoninic acid (BCA) assay
kit (Beyotime, China). Subsequently, proteins were
electrophoresed to achieve complete separation and
then transferred onto a polyvinylidene fluoride (PVDF)
membrane at specific time intervals according to their
molecular weights. The PVDF membrane was subse-
quently sealed with 5% bovine serum albumin (BSA)
at 23 °C for 1 h, washed thoroughly using phosphate
buffer saline with tween-20 (PBST) thrice, and incu-
bated with primary antibody at 4 °C overnight. Fol-
lowing this, it was washed three times with PBST and
then incubated with a peroxidase-conjugated second-
ary antibody at 23 °C for 1 h on the second day. Then,
chemiluminescent (ECL) reagent was added to make
them visualize. Image] software was employed to calcu-
late the grayscale value.

Immunofluorescence

Cells were seeded onto slides, fixed with 4% paraformal-
dehyde for 20 min at an appropriate density. After wash-
ing with PBST three times, permeabilize with 0.3% Triton
X-100 for 20 min. Then, the cells were blocked at 23 °C
with 5% BSA for 1 h. Thereafter, the cells were incubated
with primary antibodies overnight at 4 °C and exposed to
secondary antibodies for 1 h at 23 °C. Finally, transfer the
cover glass onto the slide with DAPI (Southernbiotech,
China). Images were captured using a confocal fluores-
cence microscope (Leica).

Wound healing and transwell assays

SHG140 and U87 cells were inoculated into a 6-well plate
to evaluate the migration capability. Horizontal lines
were drawn using a 100-uL pipette tip, and the plate was
replaced with a serum-free culture medium when the
cells filled up the plate. After 0 h, 24 h and 48 h, capture
Images and calculate migration distance. For cell inva-
sion assays, 30000 cells were evenly spread into the upper
chamber containing Matrigel (Corning, USA), whereas
the lower chamber were full of medium containing 10%
FBS to induce tumor cell invasion. After invasion for
48 h, the invading tumor cells were fixed with 4% para-
formaldehyde for 20 min, subsequently stained with crys-
tal violet for 20 min. After natural air-drying, capture
pictures and count the number of cells using Image].

Spheroid and organoid assays

5000 cells were placed in a 96-well ultra-low attach-
ment culture dish (Corning Cat. No. 4515) and then
centrifuged at 200 g for 5 min to allow the cells to gather
together. Spheroids could be harvested after 3 days.
At the same time, organoids were cultivated as previ-
ously described [27]. For the invasion assay, the culture
medium in the plate was aspirated and replaced with a
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culture medium containing Matrigel (Corning, USA) for
2 days. Images were captured using an optical micro-
scope, and the invasion distances of the leading-edge
cells and number of edge antennae were evaluated.

RNA-sequencing and bioinformatics analysis

Extract total RNA using Trizol reagent and evaluate and
check the quality of RNA. After total RNA extraction,
eukaryotic cell mRNA was enriched using Oligo(dT)
beads. Subsequently, the enriched mRNA was frag-
mented into short fragments and subjected to reverse
transcription to generate cDNA. Then cDNA fragment
ends were ligated with Illumina sequencing adapters.
The size of the linked fragments was selected by aga-
rose gel electrophoresis and polymerase chain reaction
(PCR) amplification. The cDNA library was subjected to
sequencing using an Illumina Novaseq6000 sequencer
provided by Gene Denovo Biotechnology Co. (Guang-
zhou, China). Differential expression and pathway analy-
sis was performed using gene set enrichment analysis
(GSEA). Besides, we downloaded the expression data
from publicly available databases, the TCGA and the
CGGA and the correlation between genes was calculated
using the R package.

Determination of JC-1, ROS level, and lipid peroxidation
Cells in good condition were digested and resuspended
to 5x10* cells in flow cytometry tubes per tube. The
cells were then incubated with DCFH-DA (Beyotime,
China), JC-1 (Beyotime, China), C11-BODIPY 581/591
(Abclonal, China) and MitoSOX (M36008, Thermo
Fisher) in a serum-free medium for suitable time accord-
ing to the manufacturer’s instructions. Subsequently,
cells were washed thrice with PBS and detected using
flow cytometry. Finally, raw data were analyzed using
FlowJo V10.81.

Transmission electron microscopy (TEM)

The cells were digested, centrifuged at 500 g for 5 min,
and fixed with 2.5% glutaraldehyde solution at 4 °C over-
night. Thereafter, they were fixed with osmium acid
and uranium acetate and were dehydrated using differ-
ent concentrations of alcohol and acetone. The samples
were then embedded in a resin mixture. Ultra-thin sec-
tions with 60—80 nm thickness were cut, stained using a
uranium-lead double staining method, and observed at
120 kV using TEM (Tecnai, USA). Images were acquired
for further analysis.

Determination of ATP and GSH/oxidized glutathione
(GSSH) assay

Adenosine triphosphate (ATP) and GSH levels in
SHG140 and U87 cells were measured using enhanced
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ATP assay kit (Beyotime, S0027, China) and GSH/GSSG
assay kit (Beyotime, S0053, China). Each experiment had
been repeated three times.

Animal experiment

BALB/c nude mice (4-5 weeks old, male) in this study
were purchased from the Institute of Oncology, Chinese
Academy of Medical Sciences (Beijing, China) and raised
in a pathogen-free environment. A total 1x 10° U87 cells
with luciferase-encoded lentivirus (Gene Chem, China)
were injected the frontal subdural region of mice. Intrac-
ranial tumor growth was recorded using The IVIS Imag-
ing System (Caliper Life Sciences) after injecting with
D-luciferin (Solarbio, China) on days 7, 14 and 28. Once
the mice died during the experiment, we took out their
brains and fixed them using 4% paraformaldehyde. In the
end, all the samples would be embedded and sliced for
hematoxylin and eosin (H&E) staining and immunohisto-
chemical assay (IHC). Guidelines of the Ethics Commit-
tee of Soochow University were complied with during all
animal studies.

Statistical analysis

All experimental data acquired were repeated at least
three times and values were presented as mean and
standard deviation (mean + SD). GraphPad Prism 9 soft-
ware was used for statistically analysis. To analyze the
differences between groups, we used log-rank test, t-test
and one-way ANOVA test. P <0.05 is considered statisti-
cally significant.

Results

KCNAT1 is overexpressed in leading edge of GBM
According to the Ivy Glioblastoma Atlas Project, 122
RNA samples were divided into five structures: lead-
ing edge (LE), infiltrating tumor (IT), cellular tumor
(CT), microvascular proliferation (MVP), and pseudo
palisading cells around necrosis (PAN) as identified
by H&E staining. We observed that leading edge and
infiltrating tumors had higher expression of the KCNA
family, including KCNA1-6 (Fig. 1A, B), which is con-
sistent with the conclusion of a previous study that
KCNAL is highly expressed in marginally invasive cells
[6]. Simultaneously, we collected GBM samples from
the First Affiliated Hospital of Soochow University
and confirmed the high expression of KCNA1 protein
at the leading edge through a comparison of IHC and
H&E staining (Fig. 1C and Additional file 1: Fig. S1A).
Subsequently, three patient-derived primary cell lines,
SHG140, CXM, and LFL, and common GBM cell lines,
U251, U87, and T98, were used for western blotting
(Fig. 1D). Finally, we selected SHG140 and U87 cells for
further experiments. Moreover, immunofluorescence
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staining revealed that KCNA1 was associated with the
mitochondrial marker antibody, TOMMZ20, regard-
ing cellular spatial positioning (Fig. 1E). Summarily,
KCNAL is highly expressed at the tumor leading edge
and may be related to the mitochondria in GBM cells.

KCNA1 knockdown inhibits GBM proliferation and invasion
The Ivy Glioblastoma Atlas Project suggests that high
KCNA1 expression may be associated with glioblas-
toma progression. To determine the potential role
of KCNA1 in GBM development, we knocked down
KCNA1 in SHG140 and U87 cell lines with two shRNA
(ShKCNA1-1 and shKCNA1-2). Western blotting and
immunofluorescence assay confirmed that the knock-
down efficiency in both cell lines (Fig. 2A, B). Com-
pared to the control group, low expression of KCNA1
significantly reduced cell proliferation, and the number
of formed clones decreased simultaneously (Fig. 2C,
D). Increased apoptosis was observed after knock-
down of KCNA1 (Additional file 2: Fig. S2A). Moreover,
proteins involved in EMT, including MMP2, MMP9,
N-cadherin, and Snail, were reduced in the shKCNA1
cells (Fig. 2E). The migration and invasion capacity of
KCNA1 knockdown cells were reduced (Fig. 2F and
Additional file 2: Fig. S2B). In addition, the three-
dimensional (3D) tumor model mimics the complex
microenvironment and architecture of tumors in vitro
better than the traditional two-dimensional (2D) cell
culture models. Therefore, we examined the invasion of
U87 and SHG140 spheroids and confirmed that more
KCNAL1 proteins were associated with a stronger inva-
sive ability, which was consistent with the results of the
organoid invasion assays (Fig. 2G and Additional file 2:
Fig. S2C).

KCNA1 promotes GBM progression in vitro

We overexpressed the KCNA1 gene in SHG140 and
U87 cells, and substantiated the overexpression effi-
ciency through western blotting and immunofluores-
cence assay (Fig. 3A, B). Using CCK-8 assays and colony
formation experiments, we demonstrated that KCNA1
enhanced the proliferative ability of GBM cells (Fig. 3C,
D). The proportion of apoptotic cells decreased upon
overexpression of KCNA1l (Additional file 3: Fig.
S3A). Western blot analysis was used to validate the
increased expression of proteins associated with tumor
invasion in KCNA1-OE cells (Fig. 3E). Furthermore, we
validated in both 2D and 3D models that KCNA1-OE
cells exhibit increased invasion and migration abilities
(Fig. 3E, G, and Additional file 3: Fig. S3B, C).
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SLC7A11 is downregulated after KCNA1 knockdown

in GBM cells

To further determine the specific mechanisms by
which KCNA1 influences glioblastoma progression, we

conducted RNA sequencing in the NC and sh-KCNA1
groups. The results revealed 202 upregulated genes
and 217 downregulated genes between the two groups
(Fig. 4A). The top 20 genes were selected based on the
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Fig.4 SLC7A11 is downregulated after KCNA1 knockdown and the GSEA of RNA sequencing. A Heatmap of differentially expressed genes of NC
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enrichment analysis, F KEGG pathway enrichment analysis

criteria of P<0.05 and |log2FC|>2 (Additional file 6:
Table S2). Among these, the SLC7A11 was identified,
with substantial literature evidence, to be involved in fer-
roptosis and tumor progression. The correlation between
KCNAL1 and SLC7A11 was positive, as investigated using
the Cancer Genome Atlas Program (TCGA) database
(Fig. 4B, C). Furthermore, we confirmed that SLC7A11

expression was higher at the leading edge than in the
tumor core in the collected tumor samples (Fig. 4D),
which is consistent with our previous findings that
KCNA1 distribution was higher at the tumor edge, sug-
gesting that KCNA1 may positively regulate the expres-
sion of SLC7A11. Finally, to better understand the role of
KCNA1 in tumors, we conducted a Gene Set Enrichment
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Analysis (GSEA). Gene ontology (GO) enrichment
analysis revealed that KCNA1 might be associated with
mitochondrial-related functions, including oxidoreduc-
tion-driven active transmembrane transporter activity,
ATP synthesis-coupled electron transport, mitochon-
drial ATP synthesis-coupled electron transport, ATP
synthesis-coupled proton transport, and mitochondrial
ATP synthesis-coupled proton transport (Fig. 4E). Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis indicated that KCNA1 was associated with
oxidative phosphorylation and interleukin-17 (IL-17) and
tissue necrosis factor (TNF) signaling pathways (Fig. 4F).

KCNAT1 inhibits ferroptosis in GBM cells

To confirm further the relationship between SLC7A11
and KCNA1 in U87 and SHG140 cell lines, we conducted
a western blot analysis and confirmed that KCNA1
knockdown decreased SLC7A11 expression. SLC7A11
regulates the entry of cystine into the cells, and subse-
quently promoting GSH production, which plays a role
in combating ferroptosis. Within this pathway, GPX4
is the enzyme that regulates GSH generation, and our
experiments also verified reduced GPX4 expression in
KCNA1 knockdown cells. We found that iron-related
transport proteins, including the transferrin recep-
tor (TFRC) responsible for transporting Fe*>" into cells,
were increased in knockdown cells. In addition, iron ions
are stored in the cells as heavy and light chains ferritins
(FTH1 and FTL). The two proteins, known for their pro-
tective role against ferroptosis[28], found to have low
expression in KCNA1 knockdown cells (Fig. 5A). Fur-
thermore, after KCNA1 knockdown, ATP production
and GSH levels decreased (Fig. 5B, C). To investigate
the putative role of KCNAL in the ferroptosis, we used
transmission electron microscopy (TEM) to observe
morphological changes in mitochondrion following
KCNA1 knockdown. Compared with that in the control
group, a significant reduction was observed in the num-
ber of mitochondrial cristae and mitochondrial matrix
exhibited vacuolization in the KCNA1 knockdown group
(Fig. 5D). Additionally, using flow cytometry, we detected
decreased mitochondrial membrane potential (Fig. 5E),
increased intracellular ROS level (Fig. 5F, G), and height-
ened level of mitochondrial-targeted ROS (Fig. 5H,
I), along with accumulated lipid ROS (Fig. 5], K) after
KCNA1 knockdown. These results collectively confirmed
a high level of ferroptosis in KCNA1-knockdown cells.

Knockdown of SLC7A11 inhibits tumor progression

and promotes ferroptosis

SLC7A11 downregulation coincided with downregula-
tion of KCNAI. Therefore, we investigated the role of
SLC7A11 in U87 and SHG140 cells. Firstly, three siRNAs
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were designed for transfection, and their knockdown effi-
ciency was estimated using western blotting (Fig. 6A).
Ultimately, si-SLC7A11-3 was selected for subsequent
experiments. CCK-8 assays and colony formation experi-
ments revealed that SLC7A11 inhibits the proliferation
of GBM cells (Fig. 6B, C). Scratch and transwell assays
demonstrated that SLC7A11 suppressed the migration
and invasion of GBM cells (Additional file 4: Fig. S4A,
B). Furthermore, western blotting confirmed the reduced
expression of EMT-associated proteins in siRNA-trans-
fected cell lines (Fig. 6D). Finally, we validated, through
western blot and flow cytometry, the role of SLC7A11 in
inhibiting ferroptosis in glioblastoma (Fig. 6F, I). Thus,
the aforementioned results indicate that SLC7A11 pro-
motes tumor progression and suppresses ferroptosis in
GBM cells, exerting a similar role to that of KCNAI.

KCNA1 confers a protective effect against ferroptosis

In order to gain further insights into the role of KCNA1
in ferroptosis, we induced ferroptosis in glioblastoma
cells using the drug Erastin. Compared with the control
group, cells overexpressing KCNA1 showed increased
expression of GPX4, FTH1, and FTL proteins, while the
expression of TFRC protein was reduced (Fig. 7A). Fur-
thermore, transmission electron microscopy confirmed
a decrease in mitochondrial cristae and vacuolization in
response to ferroptosis, which were reversed by KCNA1
overexpression (Fig. 7B). Additionally, GBM cells with
higher KCNA1 expression exhibited increased mito-
chondrial membrane potential, decreased intracellular
and mitochondrial ROS levels, and reduced lipid per-
oxidation during ferroptosis (Fig. 7C, D, E and F). These
results demonstrated the protective role of KCNA1
against intracellular ferroptosis.

KCNA1 inhibits tumor progression in vivo

In vivo, we implanted stable transfections of negative
control virus (NC) and KCNA1l-interfering lentivirus
(shKCNA1) U87 cells into the mouse brains to simulate
the growth of glioblastoma. Using a bioluminescence
imaging system on days 7, 14, and 28 post-implanta-
tion, we observed tumor size (Fig. 8A). The tumors in
the sShKCNA1 group were smaller than that in the NC
group (Fig. 8B), and mice in the former group exhibited
longer tumor-bearing survival times (Fig. 8C). Subse-
quent H&E staining revealed larger intracranial tumors
with rougher tumor edges in the NC group, indicating
a stronger invasive behavior of tumor cells into the sur-
rounding tissue (Fig. 8D). Immunohistochemistry (IHC)
analysis of mouse brain sections showed reduced expres-
sion of KCNA1, Ki67, SLC7A11, and MMP2 proteins in
the shKCNA1 group, consistent with the in vitro experi-
mental data (Fig. 8E). These findings suggest that KCNA1
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promotes glioblastoma growth and invasion in vivo, and
may inhibit tumor ferroptosis through its interaction
with SLC7A11.

Discussion
In this study, we validated that KCNA1 promotes cell
growth and invasion of glioblastoma cells both in vivo
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and in vitro. Additionally, we demonstrated for the first
time that KCNA1 inhibits ferroptosis in glioblastoma by
positively regulating the expression of SLC7A11. Hence,
this study provides a novel approach for potential thera-
peutic intervention against glioblastoma by targeting the
KCNA1-SLC7A11 axis to inhibit tumor progression.

In previous studies, KCNA1 was recognized for its
crucial role in the central nervous system [29, 30]. The
Kv1.1 channel primarily facilitates the transport of potas-
sium ions into neuronal cells, thereby regulating mem-
brane potential and signal transmission [31]. This crucial
role helps prevent excessive excitation of neurons. For
instance, upregulating Kvl.1 through CRISPRa signifi-
cantly reduces neuronal excitability [32, 33]. Moreover,

KCNA1 mutations can lead to abnormal Kv1.1 function,
primarily associated with Episodic Ataxia Type 1 (EA1)
and epilepsy [34, 35]. In vivo, mice with KCNA1 knock-
down exhibit seizures, premature death, and cardiores-
piratory dysfunction [36]. However, recent research on
glioblastoma indicated that KCNA1 promotes the inva-
sion of tumor cells in highly infiltrative and invasive cell
population at the tumor edge [6]. Moreover, KCNA1 was
upregulated during seizures and tumor formation in glio-
blastoma models [34]. In this study, we confirmed that
KCNA1 promoted the growth, migration, and invasion
of GBM cells in both two and three-dimensional environ-
ments. In contrast, considering previous research that
demonstrated a significant association between KCNA1
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overexpression and the onset of epilepsy [31, 37], our
in vivo experiments did not observe any differences in
ataxia attacks or the probability of seizures between the
two groups of mice (NC and sh-KCNA1 groups). This
might be attributed to the fact that the baseline KCNA1
expression in mice did not differ and that the differential
expression of KCNA1 implanted within glioma cells only
resulted in variations in the biological behavior of the
tumors themselves. Considering the possibility of neuro-
toxic effects, drugs targeting KCNA1 for anticancer ther-
apy should be administered at appropriate concentrations
to exert anticancer effects while minimizing adverse neu-
rological outcomes. Therefore, further research is needed
to determine how to use chemical agents safely and effec-
tively to inhibit glioblastoma progression.

Ferroptosis, a cell-death mechanism that relies on iron
and lipid peroxidation, was been recently discovered [38].
In most tumor cells, ferroptosis is suppressed [39]. There-
fore, investigating the mechanisms underlying various
ferroptosis pathways and identifying targets for inducing
ferroptosis in tumor cells, or combining them with other
therapies, has emerged as a novel approach to slow-
ing tumor progression in cancer treatment [20, 40-42].
This study showed that KCNA1 was co-localized with
the mitochondrial marker protein, TOMM?20, suggest-
ing that KCNA1 may regulate mitochondrial function. As
mitochondrial damage is a hallmark of ferroptosis [43],
we subsequently ferroptosis-associated markers. These
results indicated that KCNA1 knockdown reduced ATP
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production and induced ferroptosis in tumor cells. Addi-
tionally, SLC7A11, a regulatory factor of cystine, controls
the generation of GSH and GPX4, thereby inhibiting lipid
peroxidation [44-46]. Further research revealed that
KCNA1 could upregulate the expression of SLC7A11
and simultaneously protected cells from ferroptosis. This
reveals a new mechanism by which KCNA1 inhibits fer-
roptosis. However, further research is needed on the
specific mechanism by which KCNA1 upregulates the
expression of SLC7A11.

Furthermore, our research indicates that KCNA1
promotes tumor progression by inhibiting ferroptosis,
which is consistent with the conclusion of other stud-
ies that ferroptosis is suppressed during cell growth and
invasion [47-50]. However, other studies reported that
EMT signaling enhances the migration and invasion
abilities of tumor cells and increases their sensitivity to
ferroptosis [51-53]. However, different signaling mol-
ecules in the EMT pathway may have varying effects
on ferroptosis [28]. For example, E-cadherin can inhibit
ferroptosis, whereas TWIST1 or ZEB1 may promote
ferroptosis [54, 55]. Therefore, KCNA1 may increase
certain EMT signaling molecules, enhancing cell
migration and invasion abilities and protecting against
ferroptosis. However, the specific mechanisms underly-
ing these processes require further investigation.

Finally, we validated in vivo that the inhibition of
KCNAL in cells led to tumor suppression during intrac-
ranial growth, extended survival time in mice, and
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Fig. 9 Mechanism pathway of how KCNAT upregulates SLC7A11 to promote tumor progression
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reduced the expression of SLC7A1l1l. Therefore, our
experiments elucidated the role of KCNA1 in inhibiting
ferroptosis and consequently promoting tumor growth.
Similarly, previous reports have shown a significant
reduction in tumor invasion and metastasis in mouse
models of glioblastoma following treatment with
potassium channel inhibitors [6]. Therefore, this study
reveals a mechanism that promotes the GBM progres-
sion and offers a promising new direction for the GBM
treatment.

Conclusion

In conclusion, our experiments showed that KCNA1
promotes progression of GBM. KCNA1 knockdown can
lower mitochondrial membrane potential, increase ROS
level, and enhance lipid peroxidation, increasing ferrop-
tosis. In addition, we found that KCNA1 upregulated
SLC7A11. When combined with SLC7A11, it can inhibit
ferroptosis, along with KCNA1’s protective effect on cells
undergoing ferroptosis. This study proposes that the
KCNA1-SLC7A11 axis suppresses ferroptosis in glioblas-
toma cells, thereby promoting tumor progression (Fig. 9).
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