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Glioma stem cells (GSCs) have been considered to be responsible for treatment

failure due to their self-renewal and limitless proliferative property. Recently, the

Na+/K+-ATPase a1 (ATP1A1) subunit was described as a novel therapeutic target for

gliomas. Interestingly, our previous proteomics study revealed that ATP1A1 is remarkably

overexpressed in GSCs. In the current study, we investigated the role of ATP1A1

in regulating growth, survival, and tumorigenicity of primary human GSCs and the

underlying molecular mechanism. We tested RNA and protein expression of ATP1A1 in

glioma tissues and GSCs. In addition, we knocked down ATP1A1 in GSCs and assessed

the effects thereof on growth, survival, and apoptosis. The role of ATP1A1 in signaling

pathways was investigated in vitro. We found that the ATP1A1 expression level was

associated with the grade of glioma. Knockdown of ATP1A1 in GSCs in vitro inhibited

cell proliferation and survival, increased apoptosis, and halted cell-cycle progression at

the G1 phase. Cell proliferation and survival were resumed upon rescue of ATP1A1

expression in ATP1A1-knockdown GSCs. The ERK1/2 and AKT pathways were inhibited

through suppression of Src phosphorylation by ATP1A1 knockdown. Collectively, our

findings suggest that ATP1A1 overexpression promotes GSC growth and proliferation

by affecting Src phosphorylation to activate the ERK1/2 and AKT signaling pathways.

Keywords: ATP1A1, GSCs, proliferation, survival, ERK/AKT, Src

INTRODUCTION

Glioblastoma (GBM) is the most devastating and lethal primary brain cancer (1, 2). Despite
advances in aggressive surgery, radio-, and chemotherapy, GBM therapies are still limited and only
palliative (3). The cancer stem cell (CSC) theory, which states that CSCs are a minor population of
tumor cells that are multipotent and have self-renewal capacity, and contribute to tumor regrowth
and therapy resistance, opens up new approaches to cancer therapy (4). Increasing evidence shows
that GSCs may play an integral role in initiating tumor development and facilitating malignant
progression (5, 6). Therefore, GSCs are a promising target for studying the molecular pathogenesis
of GBM and for clinical treatment. To identify novel targets uniquely expressed in GSCs, we
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previously performed a proteomics study, which revealed
that ATP1A1 (Na+/K+ ATPase α1 subunit) is abnormally
overexpressed in U251GSCs compared to differentiated cells (7),
indicating that ATP1A1 may be associated with the intrinsic
characteristics and oncogenic phenotype of GSCs. Accordingly,
in this study, we firstly studied the role of ATP1A1 in the function
and molecular mechanism in GSCs.

The Na+/K+ ATPase sodium pump is widely distributed
in mammalian cell membranes and contributes to many
important physiological processes, including maintenance of
the ion balance and cellular osmotic pressure (8). Na+/K+-
ATPase is an integral membrane protein. There are four isoforms
of the α-subunit of the sodium pump, i.e., α1, α2, α3, α4,
which are encoded by ATP1A1, ATP1A2, ATP1A3, and ATP1A4,
respectively (9). The α1 isoform is the predominant isoform in
humans. Recent studies have revealed that the sodium pump is
closely associated with cancer progression, and the α1 subunit
may play a crucial role in the underlying signaling pathway.
Inhibition of ATP1A1 reportedly induces apoptosis and impairs
migration in GBM cells (10–12). In addition, the sodium pump
was found to affect differentiation in bone marrow stromal cell
and mouse embryonic stem cells (13, 14). However, the roles of
ATP1A1 in GSCs and its underlying molecular mechanisms have
not clarified.

The Src family of non-receptor tyrosine kinases (SFKs) is
involved in cancer progression in various cancers. SFKs exist
in various isoforms, including Src, Fyn, Yes, and Lyn. Among
them, Src is the most important member. It functions in
activation of the MAPK and PI3K signaling pathways and
regulates cell proliferation and growth in various cancers (15–
17). Amongst Src-mediated signaling pathways, the interaction
between ATP1A1 and Src may be a potential target for the
treatment of GBM and other Src-related diseases (18).

In this study, to improve our understanding of the role of
ATP1A1 in the malignant phenotype and pathogenesis of GSCs,
we evaluated ATP1A1 expression in GBMs of different grades
and in two primary GSC lines established from human GBM
tissues. We evaluated the role of ATP1A1 in GSC growth, its
interactions with Src, and the activation of the ERK1/2 and AKT
pathways. Our results revealed that ATP1A1 acts as an oncogene
in our GSCmodels and targeting ATP1A1/Src may suppress GSC
proliferation and growth.

MATERIALS AND METHODS

Cell Isolation and Culture
Human brain GBM tissues were from pathologically confirmed
surgical specimens and normal human brain tissue was resected
from non-neoplastic brain tissue due to hemorrhage, and them
were collected at the Department of Neurosurgery of The First
Affiliated Hospital of Chongqing Medical University. Primary
cell cultures of GBMwere established from the freshGBM tissues.
Briefly, tumors were immediately dissected and enzymatically
dissociated into single cells, and red blood cells were lysed using
PBS/water (1:3, v/v). GSCs were obtained through culturing
the cells in serum-free medium (SFM) supplemented with
DMEM/F12, 20 ng/ml basic fibroblast growth factor (bFGF,

PeproTech, Rocky Hill, NJ, USA), 20 ng/ml epidermal growth
factor (EGF, PeproTech, Rocky Hill, NJ, USA), B27 supplement
(0.5×; Invitrogen, Carlsbad, CA, USA), and 10 ng/ml leukemia
inhibitory factor (LIF). Differentiated GBM cells were obtained
by culturing the GSCs in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 100 mg/ml
penicillin, and 100 mg/ml streptomycin in a 5% CO2 incubator
for at least 7 days. For neurosphere culture of GSCs, uncoated
plastic dishes were used. For adherent culture of GSCs, the
plates were precoated with laminin (Invitrogen, 5µg/ml) and
polylysine (Sigma, 5µg/ml), as previously described (19).

RNA Extraction and Real-Time
Quantitative PCR
Total RNA was extracted from cells using TRIzol (TakaRa,
Dalian, China), following the manufacturer’s instructions. The
RNA was reverse-transcribed into cDNA using a PrimeScriptTM

RT reagent kit (TaKaRa). qPCR was conducted using a
SYBR Green RT-PCR kit (TaKaRa). All reactions were run in
triplicate and experiments were repeated at least twice. Relative
mRNA levels were calculated using the 2−11CT method and
LightCycler 480 SW1.5 software (Roche). The primers for
ATP1A1 were 5′- GGCAGTGTTTCAGGCTAACCAG−3′

(forward) and 5′- TCTCCTTCACGGAACCACAGCA−3′

(reverse); and primers for GAPDH were 5′- TGACTTCAACAG
CGACACCCA−3′ (forward) and 5′- CACCCTGTTGCTGT
AGCCAAA−3′ (reverse).

Western Blotting
Detailed procedures and the antibodies used are described in the
Supplementary Information. Briefly, cells and tissue samples
were lysed in lysis buffer and the proteins were quantified.
Equal amounts of protein were electrophoresed and transferred
to membranes. After blocking of the membranes, they were
incubated with primary and secondary antibodies. Protein bands
were visualized. GAPDH was used as a normalization control.

Immunocytochemistry
Cells were plated on glass coverslips precoated with laminin
and polylysine, fixed, permeabilized, blocked, and stained with
antibodies as described in the Supplementary Information.

Lentiviral Vector Production and Cell
Infection
Short hairpin RNAs (shRNAs) of human ATP1A1 and Src in
lentivirus gene transfer vector encoding green fluorescent protein
(GFP) were purchased from Origene (Rockville, MD, USA). The
most effective shRNA sequences were selected (sh-ATP1A1 and
sh-SRC). Lentivirus-GFP without shRNA served as a negative
control (sh-NC). Cells (5 × 106) were transfected using a 2-ml
mixture composed of 1 × 108 to 1 × 109 viral particles, 8µg/ml
polybrene, and enhanced infection solution. Twenty-four hours
after infection, the medium was replaced with fresh medium. To
obtain steady knockdown cells, infected cells were selected in
medium containing puromycin (6µg/ml) for 4–7 days and then
were propagated in medium containing puromycin (3 µg/ml).
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Transfection of Cells With the Full-Length
ATP1A1 Gene and Inhibitor Treatment
We used the Ras inhibitor farnesylthiosalicylic acid (FTS) at
12.5 µmol/l, and the Src inhibitor 4-amino-5-(4-chlorophenyl)-
7-(tbutyl) pyrazolo[3,4-d]pyrimidine (PP2) at 20 µmol/l. sh-
ATP1A1 GSCs were transfected with the pCMV6-ATP1A1
or pCMV6-control vector (Origene) using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s protocol. Briefly, cells were seeded in six-well
plates. When cultured to 80–90% confluence, the cells were
transfected with 2 µg of pCMV6-ATP1A1 or pCMV6-control
vector. After 48 h of incubation, the medium was replaced
with medium containing FTS or PP2. After culture for an
additional 48 h, the cells were harvested for assays. To obtain
stable transfectants, after 48 h of incubation, the transfected cells
were selected in SFM containing G418 (Sigma-Aldrich, St. Louis,
MO, USA; 400µg/ml for GBM GSCs1 and 800µg/ml for GBM
GSCs2) for 2 weeks.

BrdU Incorporation and CCK-8 Assays
Cell proliferation and viability were assayed by BrdU
incorporation and CCK-8 assays, respectively, as described
in the Supplementary Information.

Flow-Cytometric Analysis of Cell Cycle and
Apoptosis
Cell cycle and apoptosis were analyzed by flow cytometry. Details
are provided in the Supplementary Information.

GSC Tumorigenicity Assays in Athymic
Nude Mice
Six to eight-week-old, female, athymic nude mice were obtained
from the Chongqing Medical University and were housed in
a specific pathogen-free environment at Chongqing Medical
University. GSCs were injected subcutaneously into the flank of
athymic nude mice (2 × 106 cells/mouse and n = 5 mice/group)
and imaged weekly.

Immunohistochemical Tissue Microarray
Analysis
Tissue microarrays containing cancerous and matched normal
tissues were purchased from US Biomax (Rockville, MD
USA). Tissue samples were provided as microarrays (catalog
Nos. GL722 and GL807). Immunohistochemistry procedures
are described in the Supplementary Information. ATP1A1
expression was quantified by counting the glioma cells that
positively reacted with anti-ATP1A1.

Coimmunoprecipitation
Cells were lysed in a buffer containing 1% Nonidet P40,
0.25% sodium deoxycholate, 1mM EDTA, 150mM NaCl, 1mM
phenylmethylsulfonyl fluoride, 1mM sodium orthovanadate,
1mM NaF, 10µg/ml aprotinin, 10µg/ml leupeptin, and 50mM
Tris-HCl (pH 7.4). Cell debris was removed by centrifugation
at 20,000 × g at 4◦C for 18min, and the supernatants were
immunoprecipitated with anti-ATP1A1, anti-SRC, or anti-IgG

antibody. The complexes were pulled down with protein G
agarose and analyzed by western blotting.

Statistical Analysis
All statistical analyses were conducted using GraphPad Prism
software (La Jolla, CA, USA). Means of two groups were
compared using Student’s t-test, for multiple comparisons, we
used ANOVA. P < 0.05 was considered statistically significant.
Error bars in figures represent the standard deviation (SD).

RESULTS

ATP1A1 Expression Is Upregulated in GBM
and GSCs
To validate our previous findings that ATP1A1 is abnormally
overexpressed in U251GSCs compared to differentiated cells
(7), we firstly determined ATP1A1 expression levels in GBM
tissues of different grades. Both western blotting (Figure 1A)
and immunohistochemical data suggested that ATP1A1 was
significantly upregulated in high-grade gliomas (WHO grade
III astrocytomas and GBMs) when compared with low-grade
gliomas (grade I and, II astrocytomas) and normal human brain.
Next, we immunohistochemically stained paraffin-embedded
gliomas, including 15 GBM tissue arrays (Figure 1Be), 20
grade III astrocytoma tissue arrays (Figure 1Bd), 10 grade
II astrocytoma tissue arrays (Figure 1Bc), five samples of
grade I astrocytoma (Figure 1Bb), and eight samples of
normal brain (Figure 1Ba). The percentage of cells positively
reacting with ATP1A1 antibody increased with the grade of
GBM (Figure 1Bf and Table 1). We further evaluated ATP1A1
protein expression in GSCs and differentiated GBM cells
from seven GBM tumors. We observed increased ATP1A1
expression in five of the seven GSC lines, and expression
was not different from the differentiated GBM cells in two

of the seven GSC lines (Figure 2A). We selected two patient-
matched GSC lines (GBM GSCs1 and GBM GSCs2) for further
research. Both GSC lines expressed the stemness markers
nestin and SOX2 (Figure 2B) and GBM cells expressed the
differentiation marker GFAP (Figure 2C). GSCs strongly reacted
with ATP1A1 antibody (Figure 2D). Taken together, these results
indicated that ATP1A1 is overexpressed in high-grade GBM
and is generally upregulated in GSCs when compared with
differentiated GBM cells.

Knockdown of ATP1A1 Suppresses
Proliferation and Survival in GSCs
To investigate the function of ATP1A1 in GSC growth
further, we knocked down ATP1A1 expression in GBM GSCs1
and GBM GSCs2 by using shRNA. qPCR (Figure S1A) and
western blot (Figure S1B) analyses showed that ATP1A1
expression was markedly decreased in cells transfected with
sh-ATP1A1-1 or sh-ATP1A1-2 vector when compared with
cells transfected with sh-NC vector and non-transfected cells
(GBM GSCs1-N and GBM GSCs2-N). Compared to sh-
ATP1A1-2, sh-ATP1A1-1 had higher knockdown efficiency.
At 48 h and 72 h after transfection, proliferation and survival
were significantly lower in sh-ATP1A1-transfected than in
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FIGURE 1 | ATP1A1 is overexpressed in high-grade glioma tissues. (A) ATP1A1 expression was analyzed by immunoblotting in three GBM samples, three WHO

grade III astrocytomas, three WHO grade II gliomas, three WHO grade I gliomas, and normal human brain tissue. (B) ATP1A1 expression was analyzed by

immunohistochemical staining in gliomas of different grades in tissue arrays. ATP1A1 was slightly stained in normal brain tissue (a), WHO grade I astrocytomas (b), and

WHO grade II astrocytomas (c). In contrast, moderate ATP1A1 staining was observed in WHO grade III astrocytomas (d) and GBM WHO grade IV samples (e).

Hematoxylin counterstaining was used to visualize nuclei. Scale bar, 100µm. (f) Bars represent the numbers of tumor samples that fall into each staining category for

each tumor grade.

sh-NC-transfected cells (Figures 3A,B), with sh-ATP1A1-1
having the strongest effect. The tumor regrowth capacity of
ATP1A1-knockdown GSCs was evaluated in xenograft model
mice. The results showed that sh-ATP1A1 xenografts had
significantly lower tumor volumes than sh-NC xenografts

(Figure 3C). In addition, tumor weight was significantly lower

in both sh-ATP1A1 groups than in the sh-NC group (GBM
GSCs1: 0.62 and 0.264, respectively; GBM GSCs2: 0.08 vs.

0.024 g, respectively, P < 0.05 by Student’s t-test). Thus,
knockdown of ATP1A1 potentially suppresses the tumorigenicity
of GSCs.

ATP1A1 Knockdown Induces Cell Cycle
Arrest and Enhances Apoptosis in GSCs
To explore the mechanism by which ATP1A1 downregulation
inhibits GSC proliferation, we analyzed specific phases of the
cell cycle and tested key proteins in the G1, S, and G2–M
cell-cycle phases (cyclin D1, cyclin E, and cyclin A, respectively)
in sh-ATP1A1- and sh-NC-transfected cells by western blotting.
sh-ATP1A1 knockdown resulted in an increase in cells in
G1 phase and a concomitant decrease in cells in S phase,
when compared with control cells (Figure 4A). Cyclin D1
and cyclin E were significantly decreased in sh-ATP1A1
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GSCs, whereas cyclin A remained unchanged when compared
with control cells (Figure 4B). These results indicated that
ATP1A1 regulates G1/S phase transition. To evaluate the
effect of ATP1A1 downregulation on GSC survival further,
cell death was compared between control and ATP1A1
knockdown cells by flow-cytometric analysis. The fraction
of apoptotic cells was larger in sh-ATP1A1-transfected
than in sh-NC-transfected cells, and the total apoptotic

TABLE 1 | ATP1A1 expression in normal brain and glioma tissues of different

grades.

ATP1A1 Positivity

Tumor grade + ++ +++

Normal brain 1 0 0

Grade I 1 0 0

Grade II 8 2 0

Grade III 4 11 5

GBM 2 3 10

ATP1A1 positivity was defined by the percentage of cells that positively reacted with

ATP1A1 antibody and was scored as follows: “+” 0–25%, “++” 26–75%, and “+ +

+” 76–100%.

rate was six times higher in ATP1A1-knockdown than
in control cells (Figure 4C). We analyzed key apoptotic
proteins to explore the underlying mechanisms. In ATP1A1-
knockdown cells, Bax protein expression was significantly
increased, whereas Bcl2 and Bcl-xL were remarkably
reduced, and caspase 9 was activated. Two bands at 47 kDa
(procaspase 9) and 35 kDa (cleaved caspase 9) could be
observed, and cleaved caspase 9 abundance was increased
in ATP1A1-knockdown cells (Figure 4D). Taken together,
these results suggested ATP1A1 suppressed GSC proliferation
and growth by inducing cell-cycle arrest and activating
apoptosis signaling.

Src May Be a Hub Regulating
ATP1A1-Activated PI3K and MAPK
Signaling
Our study indicated that ATP1A1 promotes survival and
proliferation in GSCs. As the JNK, ERK, p38, and PI3K/AKT
pathways are crucial in cell apoptosis, survival, and proliferation,
we evaluated the roles of ATP1A1 in MAPK and PI3K/AKT
pathway activation. ATP1A1 knockdown remarkably decreased
ERK1/2 and AKT protein phosphorylation, without affecting

FIGURE 2 | ATP1A1 is overexpressed in primary GSCs, which express stemness markers nestin and SOX2. (A) ATP1A1 protein expression was assessed by

immunoblotting for seven pairs of patient-matched GSCs and differentiated glioma cells. (B) Representative images of immunocytochemical staining for nestin (red)

and SOX2 (green) in GSCs, for GFAP (green) in differentiated GBM cells (C), and for ATP1A1 (red) in GSCs and differentiated GBM cells (D). Nuclei were

counterstained with 4′,6′-diamidino-2-phenylindole (blue). Scale bars, 200µm. Error bars represent the SD, *P < 0.05, **P < 0.01 (B).

Frontiers in Oncology | www.frontiersin.org 5 April 2019 | Volume 9 | Article 320

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Yu et al. Role of ATP1A1 in GSCs

FIGURE 3 | ATP1A1 knockdown decreases viability in GSC and tumor growth and proliferation. (A) CCK-8 and (B) BrdU incorporation assays were used to detect

cell viability and proliferation in sh-NC- and sh-ATP1A1-transfected compared to non-transfected GSCs1 and GSCs2 cells. BrdU incorporation into DNA was

measured by a colorimetric assay and absorbance was measured at 450 nm. (C) sh-ATP1A1- and sh-NC-transfected cells were injected subcutaneously into the

flank of athymic nude mice (n = 5 mice/group). Tumor volume was monitored at the indicated times to plot tumor growth curves. The experiment was stopped at day

25, and the xenograft tumors were weighed. Data represent the mean ± SD, *P < 0.05, **P < 0.01.

total ERK1/2 and AKT levels. However, ATP1A1 knockdown did
not affect the phosphorylation status of JNK or p38 (Figure 5A).
Therefore, we speculated that ATP1A1 is upstream of AKT and
ERK activation. Furthermore, we explored upstream events of
ATP1A1 signal transduction to identify a hub for PI3K and
MAPK pathway regulation. PI3K and MAPK pathways are
important pathways downstream of Ras, and dysregulation of
the Ras/MEK/ERK and Ras/PI3K/Akt pathways contributes to
the proliferation of cancer-initiating cells and malignant cell
growth (20). Thus, we first focused on Ras. Introduction of
ATP1A1 cDNA into ATP1A1-knockdown cells (referred to as
GSCS/pCMV-ATP1A1) resulted in the recovery of AKT and
ERK signaling activation (Figure 5B), proliferation, and survival
(Figure S2). FTS is an effective Ras inhibitor without toxicity
that destabilizes the interaction of Ras with the cell membrane
and inhibits the activation of Ras-dependent signaling. As
expected, in the FTS treatment group, ERK phosphorylation
was suppressed in GBM GSCs1/pCMV-ATP1A1 and GBM

GSCS2/pCMV-ATP1A1; however, AKT phosphorylation was
not affected (Figure 5C). These results indicated that ATP1A1
regulated AKT activation via another pathway and Ras is
not a hub in MAPK/ERK and PI3K pathway activation
by ATP1A1.

SFKs interact with the α-subunit of Na+/K+-ATPase to
initiate signaling. There are nine members in the family, four
of which (Src, FYN, YES, and LYN) are expressed in human
gliomas (21). Activation of Src-MAPK/AKT signaling helps
cancer cells to survive and proliferate (17). Therefore, we
next focused on Src, using the Src inhibitor PP2. In the PP2
treatment group, ERK and AKT phosphorylation was almost
completely abolished in GBM GSCs1/pCMV-ATP1A1 and GBM
GSCS2/pCMV-ATP1A1 (Figure 5D). These results indicated
that in our GSC model, the re-introduction of ATP1A1 failed
to recover ERK and AKT phosphorylation in PP2-treated cells,
and we speculated Src maybe a hub for PI3K andMAPK pathway

activation by ATP1A1. Next, we clarified whether Src interacts
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FIGURE 4 | ATP1A1 knockdown in GSCs induces cell-cycle arrest and increases apoptosis. (A) The cellular DNA content was analyzed by flow cytometry. The

histogram shows the percentage of cells in each phase of the cell cycle (right panel). The data represent means of five experiments. (B) Immunoblot analysis of key

proteins in the G1, S, and G2–M cell-cycle phases in sh-ATP1A1- and sh-NC-transfected GSCs. (C) FACS analysis of cell apoptosis in sh-ATP1A1- and

sh-NC-transfected GSCs. The cells were double stained with Annexin V and PI. Early apoptotic cells are in the lower right quadrant, late apoptotic cells are in the

upper right quadrant. The histogram in the right panel shows average percentages of apoptotic cells which contain the early apoptotic cells and late apoptotic cells.

(D) Immunoblot analysis of apoptosis-related proteins in sh-ATP1A1- and sh-NC-transfected cells. Experiments were repeated independently at least three times

(A–D). *P < 0.05, **P < 0.01.
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FIGURE 5 | ATP1A1 enhances PI3K and MAPK/ERK signaling potentially via interacting with Src. (A) Effects of ATP1A1 on the phosphorylation status of ERK, JNK,

p38, and AKT in GBM GSCs. (B) ATP1A1 cDNA was re-introduced into ATP1A1-knockdown cells and effectively restored signaling activation. (C) Effects of FTS on

the phosphorylation status of ERK and AKT in GBM GSCs/pCMV-ATP1A1. (D) Effects of PP2 on the phosphorylation status of ERK and AKT in GBM

GSCs/pCMV-ATP1A1. (E) ATP1A1/Src interaction was assayed by immunoprecipitation in GBM GSCs. (F) Changes in SRC expression in ATP1A1-silenced cells

compared with control cells by immunoprecipitation with an anti-ATP1A1 antibody and IgG. To confirm that equal amounts of each cell extract were used for

immunoprecipitation, whole-cell extracts were immunoblotted with anti-ATP1A1 and IgG (input). (G) Effects of ATP1A1 on the phosphorylation status of Src in sh-NC-

and sh-ATP1A1-transfected GBM GSCs.

with ATP1A1 in our GSC models. We immunoprecipitated

cell lysates with an anti-ATP1A1 or anti-Src antibody and
found that endogenous ATP1A1 immunoprecipitated with Src
(Figure 5E). The amount of Src protein co-immunoprecipitated

with anti-ATP1A1 antibody in ATP1A1-knockdown cells was
dramatically less than that in control cells (Figure 5F). In

addition, we validated the activation of Src in our sh-ATP1A1

GSC models by measuring its specific phosphorylation at Y416.
The data showed that knockdown of ATP1A1 suppressed Src

protein (pY416) phosphorylation, without affecting the total Src
protein amount (Figure 5G). These data suggested that ATP1A1
may interact with Src to activate tyrosine phosphorylation
of Src.

ATP1A1 Enhances Proliferation and
Survival Likely via an Src-Dependent
Mechanism
To further clarify whether knockdown of ATP1A1 resulted
in suppression of GSC proliferation and growth via Src, we
suppressed Src expression in sh-Src GSCs/pCMV6-ATP1A1
models and then determined the cell proliferation and survival
capacities. The knockdown efficiency was confirmed by
western blotting (Figure 6A). Like sh-ATP1A1 cells, sh-Src
GSCs/pCMV6-ATP1A1 showed significantly suppressed
proliferation (Figure 6B) and survival (Figure 6C), and
increased apoptosis (Figure 6D). These data demonstrated that
knockdown of Src inhibited cell proliferation and survival,
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FIGURE 6 | ATP1A1 promotes GSC proliferation and survival in a Src-dependent manner. (A) Src knockdown efficiency in GBM GSCs/pCMV6-ATP1A1 was

confirmed by western blotting. (B) Cell growth curves of BrdU incorporation assays and (C) CCK-8 assays in GBM GSCs/pCMV6-ATP1A1 cells with Src knockdown.

Data were collected at 24, 48, and 72 h. (D) Flow-cytometric analysis of GBM GSCs/pCMV6-ATP1A1 cells after Src knockdown. The cells were double stained with

Annexin V and PI. Early apoptotic cells are in the lower right quadrant, late apoptotic cells are in the upper right quadrant. The histogram in the right panel shows

average percentages of apoptotic cells which contain the early apoptotic cells and late apoptotic cells. Error bars represent the SD, *P < 0.05, **P < 0.01.

which were restored by rescuing the level of ATP1A1, in
our GSC models. Taken together, our data suggested that
ATP1A1 promotes Src phosphorylation to activate MAPK/ERK
and PI3K/AKT signaling pathways by interacting directly or
indirectly with Src, thereby promoting growth and survival
in GSCs.

DISCUSSION

Glioblastomas are one of the most lethal tumors, and GSCs pose
a new challenge in the treatment of glioblastomas (22). GSCs
are a source of gliomas that maintain the growth of tumors and
are contribute to glioma recurrence (23). Compared to non-
stem tumor cells, GSCs express specific markers which play
an important role in maintaining the biological characteristics

of GSCs (24). To screen for specific molecules expressed in
GSCs, we previously performed a proteomics assay comparing
GSCs and differentiated glioma cells, and we found that
ATP1A1 is overexpressed in GSCs (7). Motivated by this
finding, we determined the role of ATP1A1 in the malignant
phenotype and pathogenesis of GSCs. The results indicated that
ATP1A1 is preferentially expressed in high-grade GBM and
GSCs, and knockdown of ATP1A1 effectively inhibited GSC
proliferation and growth by suppressed Src-mediated activating

phosphorylation of PI3K andMAPK. In this study, we confirmed

that ATP1A1 is involved in regulating progression of GSCs

development, and our findings may offer a novel candidate for
developing targeted therapeutic strategies for GSCs.

Aberrant expression and activity of Na+/K+-ATPases have
been thought to contribute to the development and progression
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of different types of cancer (25). ATP1A1 reportedly is
overexpressed in non-small cell lung cancer, melanomas, and
glioblastomas (20, 26). In our study, ATP1A1 was generally
overexpressed in GSCs, and the expression level of ATP1A1
positively correlated with the pathological grade of human
glioma, while the higher grade glioma is closely related to the
worse prognosis of patients. Na+/K+-ATPase has been reported
to promote cancer initiation, development, and proliferation
by regulating various cell-cycle and apoptosis pathways (27,
28). In this study, knockdown of ATP1A1 effectively inhibited
cell proliferation and growth, and decreased AKT and ERK1/2
phosphorylation in our GSC models, while re-introduction of
ATP1A1 restored cell function. Thus, we suggest that ATP1A1
is involved in the biological progression of GSCs and activates
downstreamAKT and ERK key survival pathways to improve cell
growth and proliferation.

The three classic Ras pathways are theMAPK, PI3K/AKT, and
Ral-GDS/Ral pathways, which control cell proliferation, survival,
and motility and cytoskeletal arrangements, respectively (29–31).
Ras is continuously activated in human malignant astrocytomas
(32), and activated Ras promotes PI3K/AKT and ERK signaling
activation to regulate proliferation, survival, and cell migration in
lung cancer and oral carcinoma (33, 34). Accordingly, activated
Ras/Raf/MEK/ERK and Ras/PI3K/AKT signaling may be critical
for proliferation and survival in glioma (35). Our results showed
that the PI3K pathway was activated by ATP1A1 when Ras-
mediated AKT and ERK signaling transduction were inhibited
by FTS, which indicated that Ras is not solely involved in
ATP1A1-depended activation of the PI3K pathway in our GSC
models. Src is a membrane-associated non-receptor tyrosine
kinase. Studies have shown that treatment of glioma cells with
a specific Src inhibitor (PP2 or dasatinib) suppresses migration
and proliferation (36–38). Elevated Src kinase activity affects
tumor progression by activatingMAPK and PI3K/AKT pathways
(39, 40). Src has two main phosphorylation sites; tyrosine 416,
phosphorylation of which results in Src activation, and tyrosine
527, phosphorylation of which results in inhibition of Src
activity (39–41). Similarly, in our study, ATP1A1 might improve
cell proliferation and growth through activating Src-mediated
MAPK and PI3K signaling pathways, and we confirmed that
knockdown of ATP1A1 decreased Src phosphorylation at Y416.
Interestingly, there is currently controversy about the direct
interaction between ATP1A1 and Src. Src reportedly can bind
to intracellular domains of the Na+/K+-ATPase α-subunit and
thus regulate downstream proteins and cell functions (42). In
contrast, it has been also reported that ATP1A1 inhibits Src
activation by binding to Src (43), which seems at odds with
our result. However, Tian et al. (20) and Ye et al. (18) showed

that α1 interacts directly with Src, and that Src is activated by
binding of its SH2 domain to the second cytosolic domain of
α1 and is inactivated by binding of its kinase domain to the
nucleotide-binding domain of α1. Therefore, in our study, we
speculate that ATP1A1 might affect the normal conformation
transition to regulate Src kinase activation. In future, the exact
mechanism of and direct evidence for ATP1A1-Src interaction in
our GSC models should be investigated, and our findings should
be validated in more GSCs.

In conclusion, our study demonstrated for the first time that
ATP1A1 supports proliferation and survival in primary human
GSCs and revealed that Src may be a key molecule involved in
ATP1A1-dependent PI3K and MAPK pathway activation. Our
findings will aid in further basic research and may provide a
novel approach to sabotaging GSCs and glioma therapies based
on stemness-related targets.
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