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Abstract: Glioblastoma (GBM) is the most frequent brain cancer with poor prognosis and few therapies and urgently 
requires effective treatments. Na+/K+-ATPase is considered as a target for GBM therapy and development of anti-
cancer drugs. Cardiac glycosides bind the Na+/K+-ATPase α subunit to inhibit enzymatic activity and are promising 
candidates for anticancer drug development including GBM. However, the comparatively higher doses required for 
effective anticancer actions cause severe cardiotoxicity. Selectively targeting the ATPase Na+/K+ transporting sub-
unit beta 2 (ATP1B2) that is not expressed in the heart might avoid the cardiotoxicity. However, the effect of targeting 
ATP1B2 in GBM remains unknown. In this study, we found that high ATP1B2 expression is significantly associated 
with poor prognosis of patients with GBM. ATP1B2 silencing in GBM cells resulted in remarkably cell cycle arrest at 
the G2/M phase and apoptosis with concomitant increase in intracellular Ca2+ and activation of p38 kinase, similar 
to Na+/K+-ATPase inhibition by the classic cardiac glycoside digoxin. ATP1B2 is expressed higher in glioblastoma 
stem-like cells (GSCs) than in GBM cells and its downregulation induces apoptosis of GSCs. Furthermore, inducible 
ATP1B2 knockdown significantly inhibit tumor growth in vivo. Our data suggest ATP1B2 has potential as a therapeu-
tic target for GBM. 
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Introduction

Na+/K+-ATPase is a ubiquitously expressed me- 
mbrane protein complex that maintains the 
ionic homeostasis or electrochemical gradient 
of cells [1]. In addition to its actions as an ion 
pump, Na+/K+-ATPase also functions as a sig-
naling scaffold, participating in cell signaling 
events involving cell-cell interactions, prolifera-
tion, and apoptosis [2, 3]. Studies have clarified 
the involvement of aberrant expression and 
activity of Na+/K+-ATPase in tumorigenesis and 
tumor progression. Changes in Na+/K+-ATPase 
subunit expression have been characterized in 
various cancers [4, 5], including glioblastoma 

(GBM) [6, 7]. Na+/K+-ATPase has emerged as a 
powerful therapeutic target for glioblastoma 
therapy. GBM is ranked as the most common 
and aggressive type of brain cancer with medi-
an survival of < 15 months [8], and further elu-
cidation of its mechanisms and drug develop-
ment is a priority.

Na+/K+-ATPases are composed of distinct iso-
forms of α and β subunits [9], some of which 
contain additional γ subunits [10]. Cardiac gly-
cosides, which have emerged as a promising 
therapeutic candidates for cancer [11], are 
known to be specific inhibitors of Na+/K+- 
ATPase [12] where they bind to the alpha sub-
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unit to inhibit enzymatic activity [13]. Some car-
diac glycosides or derivatives have been test- 
ed in phase I and II clinical trials to treat can-
cers [14-16]. Currently, 16 clinical trials of the 
classic cardiac glycoside digoxin are listed on 
the website of National Institutes of Health 
(NIH, https://clinicaltrials.gov/ct2/results?cond
=cancer&term=digoxin). Several preclinical re- 
search studies have reported the anti-GBM 
activity of cardiac glycoside [17, 18]. By binding 
to Na+/K+-ATPase, cardiac glycosides activate a 
series of downstream signaling cascades to 
induce GBM cell apoptosis [7]. These facts fur-
ther strongly suggest that the Na+/K+-ATPase 
enzyme could be an important target for GBM 
therapy and Na+/K+-ATPase inhibitors could be 
developed to combat GBM [19]. 

Although cardiac glycosides have been clinical-
ly approved for heart failure for over 200 years, 
the comparatively higher effective anticancer 
doses cause arrhythmias [20-22]. Some genes 
encoding Na+/K+-ATPase subunits are selec-
tively expressed in various tissues [10], provid-
ing opportunities to target tissue specific Na+/
K+-ATPase without disturbing heart function. 
The ATPase Na+/K+ transporting subunit beta 2 
(ATP1B2) that encodes the Na+/K+-ATPase 
β2-subunit is selectively expressed in the brain 
and rarely in the heart muscle and other tis-
sues [9, 23]. The β2-subunit (ATP1B2) was ini-
tially identified as the adhesion molecule on 
glial cells (AMOG), which mediates astrocyte 
adhesion and migration [24] and ATP1B2 loss 
promotes invasion of GBM [25].

The β-subunit is a glycoprotein involved in the 
structural and functional maturation of Na+/
K+-ATPase, and it regulates the enzyme stabili-
ty, alpha subunit activity, and cell adhesion pro-
cesses [26]. We hypothesized that targeting 
ATP1B2 might induce cytotoxicity on GBM cells 
similar to that induced by cardiac glycosides. In 
this study, we found that ATP1B2 silencing 
induced cellular apoptosis and inhibited tumor 
growth. Furthermore, the expression of ATP1B2 
is reversely correlated to disease prognosis.

Materials and methods

Cell culture

U87 and T98G GBM cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum 
(FBS, Millipore, USA), 100 U/mL penicillin and 
100 mg/mL streptomycin (Life Technologies, 
USA). U87 and T98G cell lines were authenti-
cated using Short Tandem Repeat (STR) 
profiling.

U87 and T98G GBM stem-like cells (GSCs) were 
enriched as previously reported [27]. Briefly, 
U87 and T98G cell lines stably expressing dox-
ycycline-inducible shATP1B2-1# were seeded in 
six-well plates containing GBM stem-like cell 
medium, DMEM F12 (Gibco, USA) with 1 × B27 
(Life Technologies, USA), 50 ng/mL epidermal 
growth factor (EGF, Peprotech, USA) and basic 
fibroblast growth factor (bFGF) (Peprotech, 
USA). After suspended tumor spheres were vis-
ible using microscopy, they were passaged and 
cultured in DMEMF12 to enrich the GSCs. The 
cells collected after six passages were used for 
experiments. The GSCs marker Nestin and 
SOX2 were detected using real-time quantita-
tive polymerase chain reaction (qPCR) and flow 
cytometry.

RNA extraction and real-time qPCR

Total RNA was extracted using the PureLinkTM 
RNA mini kit (Life Technologies, USA) accord- 
ing to the manufacturer’s protocol. DNA was 
removed using a DNA-freeTM kit (Invitrogen, 
USA). Total RNA was reversed transcribed using 
random primers with a cDNA synthesis kit 
(Thermo Scientific, USA). The qPCR was per-
formed using the SYBR Green method (Life 
Technologies, USA) and normalized to the level 
of 18S rRNA. Primers are shown in Supple- 
mentary Table 1.

Cell proliferation assay

5-Bromo-2’-deoxyuridine (BrdU) or 5-ethynyl-
2’-deoxyuridine (EdU, 10 μM each) was added 
to the cell medium and incubated for 1 h. For 
BrdU staining, cells were fixed with 4% para- 
formaldehyde, permeabilized with 0.3% Triton- 
100, treated with 2 M hydrochloric acid (HCl) 
for 30 min, and blocked with 10% goat serum 
for 1 h. The cells were incubated with the pri-
mary anti-BrdU antibody (Abcam, UK) for 1 h, 
followed by the CY3-labeled secondary anti-
body (Life Technologies, USA). EdU staining was 
performed according to the manufacturer’s 
protocol (Invitrogen, USA). 
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Soft agar colony formation assay

Cells were suspended in medium with 0.4% 
agarose (Sigma-Aldrich, USA) and then plated 
into six-well plates containing bottom gel (0.8% 
agarose). On the second day, doxycycline (dox) 
was added to medium at a final concentration 
of 1 µg/mL to knockdown ATP1B2, and the 
medium was refreshed every 3 days. At the end 
of the experiments, 4% formaldehyde contain-
ing 0.005% crystal violet was added to fix and 
stain the colonies, the images were acquired 
using a digital camera, and then the colonies 
were counted.

Western blot analysis

Cells were washed with cold phosphate-buff-
ered saline (PBS) and lysed with radioimmuno-
precipitation assay (RIPA) lysis buffer (50 mM 
Tris-HCl, 150 mM sodium chloride, 1% IGEPAL 
CA-630 [Sigma-Aldrich, USA], 0.1% sodium do- 
decyl sulfate [SDS]), 0.5% sodium deoxycho-
late, and 0.1 mg/mL phenylmethylsulfonyl fluo-
ride [PMSF, Sigma-Aldrich, USA] plus 1 × phos-
phatase and protease inhibitor [Roche, Switz- 
erland] on ice. The protein concentration was 
determined using a standard BCA assay kit 
(Beyotime, China). Equal amounts of total pro-
tein were separated using standard SDS-
polyacrylamide gel electrophoresis (PAGE).  
The membranes were then incubated 4°C over-
night with anti-p38, anti-phospho-p38 (both 
Cell Signaling Technology, USA), and anti-β-
actin (ProteinTech, USA) antibodies diluted in 
5% bovine serum albumin (BSA). The bands 
were detected using horseradish peroxidase 
(HRP)-conjugated secondary antibodies and 
the enhanced chemiluminescence (ECL) re- 
agent according to the manufacturer’s protocol 
(Millipore, USA).

Histological analysis and immunohistochem-
istry

Formalin-fixed, paraffin-embedded samples 
were detected using conventional hematoxylin 
and eosin (H&E) staining according to a stan-
dard manufacturer’s protocol. For immunohis-
tochemical staining, 5-μm-thick sections were 
deparaffinized, processed for antigen retrieval, 
blocked with 10% goat serum, and incubated 
with primary antibodies against anti-ATP1B2 
(Novus Biologicals, USA), antiKi-67 (Vector 
Laboratories, USA), and anti-cleaved caspase-3 
(Cell Signaling Technology, USA) at 4°C over-

night. This was followed by incubation with Cy3, 
DyLight 488-labeled or HRP-conjugated sec-
ondary antibodies to label the primary antibod-
ies. The tissue microarray was bought from 
Shanghai chengke biotechnology Co., Ltd. 

Immunofluorescence staining

Cells cultured on coverslips were fixed with 4% 
paraformaldehyde, permeabilized with 0.3% 
Triton-100, and blocked with 10% goat serum 
for 1 h. Then, the cells were incubated with  
the primary antibodies (anti-α-tubulin [Sigma-
Aldrich, USA]) followed by CY3- or DyLight 
488-labeled secondary antibody. DNA was 
stained with 4,6-diamidino-2-phenylinodole 
(DAPI). 

Lentiviral preparation and infection

The validated target sequences (Supplementary 
Table 2) of ATP1B2 short hairpin RNA (shRNA) 
were from Sigma-Aldrich (https://www.sigmaal-
drich.com/catalog/genes/ATP1B2?lang=zh& 
region=CN#shRNA%20Products) and were cl- 
oned into a pLKO.1-stuffer or Tet-pLKO-puro 
vector (Addgene) according to the manufactur-
er’s protocol. The cDNA encoding human 
ATP1B2 were amplified from the cDNA of U87 
and were mutated to not targeted for degrada-
tion by sh-1# and cloned into a HA-tagged plas-
mid. HEK293T cells were co-transfected with 
the lentiviral plasmids, packaging plasmids 
pCMVΔ8.9 and pMD2.G at a ratio of 10:5:2. The 
cultured supernatant containing the lentiviral 
particle was separated by ultracentrifugation. 
The lentivirus was resuspended in PBS with 
0.1% BSA and stored at -80°C. The lentiviral 
particles were titrated by qPCR and the GBM 
cell lines were infected at a multiplicity of infec-
tion (MOI) of 100. 

Xenograft mouse models

Six-week-old BALB/c nude mice were purchas- 
ed from Vital River Laboratory Animal Techno- 
logy Co., Ltd. (Beijing, China). For subcutane- 
ous xenograft models, 1 × 106 U87 cells stably 
infected with a doxycycline-inducible ATP1B2 
shRNA-1# were mixed with 30% Matrigel (BD 
Biosciences, USA) and injected subcutaneously 
into each nude mouse. The mice were divided 
into two groups on day 7, which were treated as 
follows: the control group received 5% sucrose 
while experimental group was administered 2 
mg/mL doxycycline plus 5% sucrose. Appro- 
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ximately 4 weeks later, the mice were eutha-
nized, the tumors were excised, fixed in forma-
lin, and embedded in paraffin. The animal 
experiment was approved by the animal ethics 
committee of the Kunming Institute of Zoology, 
Chinese Academy of Sciences.

Apoptosis, cell cycle, intracellular Ca2+ ([Ca2+]
i) levels, mitochondrial membrane potential 
(MMP) and ATP levels detection

To detect apoptosis, cells were trypsinized, re- 
suspended in 200 μL buffer, incubated with 5 
μL Annexin V-fluorescein isothiocyanate (FITC) 
for 10 min, and then 10 μL propidium iodide (PI, 
eBioscience, USA). The cells were analyzed 
using flow cytometry (BD, USA). For cell cycle 
evaluation, cells were trypsinized, fixed in 70% 
ethanol at 4°C overnight, washed twice in PBS, 
and then incubated with a solution containing 
PI and RNase (each 0.02 mg/mL, Sigma-
Aldrich, USA) at 37°C for 30 min in the dark. 
The cell cycle was analyzed using flow cytome-
try. To detect intracellular Ca2+ ([Ca2+]i) levels, 
cells were incubated with 1 μM Fluo-3-AM 
(Beyotime, China), a [Ca2+]i indicator, for 1 h at 
37°C in a cell incubator. Cells were then tryp-
sinized, resuspended in 200 μL PBS, and ana-
lyzed using flow cytometry. MMP were detected 
by using 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraeth-
yl-imidacarbocyanine iodide (JC-1) assay kit 
(Beyotime, China) according to the manufac-
turer’s protocol. ATP levels were determined 
according to the manufacture’s instruction (ATP 
Assay Kit, S2006B, Beyotime, China).

Survival curve

The survival curves were analyzed using the 
Kaplan-Meier survival method and log-rank 
tests, using the data of 153 patients with GBM 
who were divided into two groups, with the 
higher quartile expression of the ATP1B2 as the 
cut-off level. All the overall survival data and 
ATP1B2 RNA sequencing (RNA-seq) expression 
data were obtained from The Cancer Genome 
Atlas network.

Results

High ATP1B2 expression is associated with 
poor prognosis in patients with GBM

Protein and RNA expression data from the 
Human Protein Atlas (HPA) database shows 
that ATP1B2 subunit is selectively expressed in 
the brain (Figure 1A and Supplementary Figure 

1A), with very low expression in heart muscle 
and other tissues (https://www.proteinatlas.
org/ENSG00000129244-ATP1B2/tissue). We 
also confirmed that ATP1B2 mRNA levels in  
the mouse brain are much higher than those  
in the heart using qPCR (Supplementary Figure 
1B). Among various types of cancers, ATP1B2  
is expressed exclusively in GBM (Supple- 
mentary Figure 1C, https://www.proteinatlas.
org/ENSG00000129244-ATP1B2/pathology). 
To determine the expression of ATP1B2 in 
patients with GBM, we applied immunohisto-
chemistry on a tissue microarray containing 17 
pairs of GBM and adjacent non-tumor tissues. 
ATP1B2 expression was elevated significantly 
in eight of 17 pairs GBM tissues compared to 
adjacent non-tumor tissues (Figure 1B).

We then investigated the clinical relevance of 
the relationship between ATP1B2 expression 
and survival of patients with GBM. The records 
of the 153 patients with GBM with both data on 
RNA-seq of ATP1B2 expression and survival 
were from The Cancer Genome Atlas (TCGA). 
The Kaplan-Meier survival curve showed that 
the quartile patients with high ATP1B2 expres-
sion had worse overall survival (Figure 1C, P = 
0.0074). These results demonstrated that 
ATP1B2 is a predictor of survival of patients 
with GBM, which implies that ATP1B2 may play 
important roles in GBM development and 
progression.

ATP1B2 knockdown inhibits GBM cells prolif-
eration and induces cell cycle arrest similar to 
digoxin

To explore the role of ATP1B2 in GBM, U87  
and T98G cells were infected with ATP1B2 shR-
NAs or negative control (shCtr) lentivirus. 
ATP1B2 expression was downregulated effi-
ciently by shRNA-1# and shRNA-2# (Supple- 
mentary Figure 2A and 2B). Approximately 4 
days after infection, there were less cells in the 
ATP1B2 silenced group than there were in the 
control group. The BrdU and EdU proliferation 
assays revealed that ATP1B2 knockdown sig-
nificantly decreased the proliferation of both 
cell lines (Figure 2A and 2C) compared to that 
of the negative control, and the Na+/K+-ATPase 
inhibitor digoxin also inhibited GBM cell prolif-
eration (Figure 2B and 2D).

We examined whether ATP1B2 silencing im- 
pairs the cell cycle, and its downregulation ele-
vated the G2/M cell population of U87 and 
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T98G cells accompanied by the decrease of 
cell population at the G1 phase (Figure 2E and 
2G). This observation suggested that the cell 
cycle was arrested at the G2/M phase. We also 
verified that pharmacological inhibition of Na+/
K+-ATPase using digoxin resulted in similar 
effects on U87 and T98G cells (Figure 2F and 
2H). Taken together, these data indicated that 
inhibition by ATP1B2 and digoxin induced simi-
lar cell-cycle arrest.

ATP1B2 downregulation induces apoptosis 
and inhibits GBM colony formation in vitro

The phenotype of ATP1B2 knockdown in U87 
and T98G cells was observed for a longer ti- 

me, downregulation of ATP1B2 leads to swell-
ing of U87 and T98G cells, formation of vacu-
ole, shrinkage of pseudopod and progressive- 
ly destroyed (Supplementary Figure 3), since 
ATP1B2 is known as an adhesion molecule, 
previous studies indicated repletion of the β 
subunit resulted in abundant stress fibers  
[28] and inhibition of Na+/K+-ATPase prevented 
the formation of bundled stress fibers [29]. 
Immunofluorescence staining of β-actin and 
α-tubulin indicated stress fibers were less evi-
dent and the cell cytoskeleton were destroy- 
ed after ATP1B2 knockdown (Figure 3A). Final- 
ly, cells exhibited apoptotic characteristics: 
rounding and shrinking, Annexin V-FITC/PI dou-
ble-staining using flow cytometry was used 

Figure 1. High ATP1B2 expression is associated with poor prognosis in patients with glioblastoma (GBM). A. ATP1B2 
protein expression levels of human tissues from Human Protein Atlas (HPA). B. Immunohistochemical staining for 
ATP1B2 in GBM tissues (T) and in adjacent non-tumor tissues (N). The GBM tissues with significantly elevated 
ATP1B2 expression are labeled by asterisks. C. Kaplan-Meier survival analysis of overall survival in TCGA of patients 
with GBM with ATP1B2 high or low levels, *, P < 0.05.
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identify apoptosis. Compared with the control 
groups, both shATP1B2-1# and 2# induced a 
significantly higher percentage of apoptotic 
cells. Additionally, digoxin also induced apopto-
sis of the GBM cell lines (Figure 3B). 

Long-term soft agar colony assays were used to 
assess the colony-forming capacity of GBM 
cells following ATP1B2 knockdown. U87 and 
T98G cells were engineered to express induc-
ible shATP1B2-1# to downregulate ATP1B2 
expression following doxycycline induction. Th- 
is doxycycline-inducible shRNA significantly re- 
duced ATP1B2 mRNA levels in U87 and T98G 
cells (Supplementary Figure 2C). Compared to 
the control, doxycycline-induced ATP1B2 knock-
down substantially reduced the colony num-
bers and size (Figure 3C and 3E). Furthermore, 
digoxin also similarly inhibited the U87 and 
T98G cell lines (Figure 3D and 3F). 

ATP1B2 is highly-expressed in GSCs and its 
downregulation induces apoptosis of GSCs

When exposed to doxycycline, U87 and T98G 
cell lines that stably expressed shATP1B2-1# 
were also induced to apoptosis (Figure 4A and 
4B). A previous study reported that ATP1B2 is 
highly expressed in GSCs [25]. We enriched 
GSCs derived from U87 and T98G cell lines that 
stably expressed shATP1B2-1# following doxy-
cycline induction. The success of GSCs enrich-
ment was confirmed by the expression Nestin 
and SOX2, GSC markers. Compared with U87 
and T98G cells, immunofluorescence staining 
using flow cytometry showed upregulation of 
ATP1B2 and the GSC marker Nestin in U87- 
GSC and T98G-GSC (Figure 4C and 4D). The 
qPCR also confirmed that ATP1B2 as well as 
Nestin and SOX2 were upregulated in the en- 
riched GSCs (Supplementary Figure 4A and 
4B). Furthermore, doxycycline-induced ATP1B2 
silencing (Supplementary Figure 4C and 4D) 
also induced GSC death. Annexin V-FITC/PI 
double-staining indicated that ATP1B2 down-
regulation induced significant U87-GSC and 
T98G-GSC apoptosis (Figure 4E and 4F). These 

results confirmed that ATP1B2 suppression 
induced apoptosis of both GBM cells and GSCs. 

ATP1B2 downregulation increases [Ca2+]
i levels and activates p38 mitogen-activated 
protein kinase (MAPK) pathway

The proapoptotic effects of cardiac glycosides 
have been connected sustained elevation of 
[Ca2+]i [30]. To gain insight into the mechanisms 
by which ATP1B2 knockdown induces apopto-
sis, we investigated whether its repression 
influenced [Ca2+]i levels. The cytosolic calcium 
levels were examined using flow cytometry with 
the [Ca2+]i indicator, Fluo-3-AM probe. The fluo-
rescence intensity significantly increased after 
ATP1B2 suppression in U87 and T98G cells. 
Similarly, U87 and T98G cells treated with 
digoxin showed a marked increase in [Ca2+]i lev-
els (Figure 5A).

Elevated [Ca2+]i levels are known to be an 
important factor leading to the activation of 
mitogen-activated protein kinase (MAPK) path-
ways in human cancers [31], therefore, we 
determined if p38 MAPK activation was 
induced by ATP1B2 knockdown. Western blot 
analysis showed that phosphorylated p38 
(p-p38) was significantly increased while little 
change in total p38 protein was observed 
(Figure 5B). U87 and T98G cells treated with 
digoxin at the indicated time periods also exhib-
ited robust phosphorylation of p38 (Figure 5B). 
The results suggest that ATP1B2 repression 
and digoxin activated p38 MAPK. To further 
supporting the effect of ATP1B2 knockdown on 
p38 activation, U87 and T98G cells were infect-
ed with control vector or a HA-tagged ATP1B2 
vector that was mutated to not targeted for 
degradation by sh-1#, the restoring ATP1B2 
expression downregulated the activation of 
p38 in U87 and T98G (Supplementary Figure 
5A). Previous study indicated that inhibition of 
Na+/K+-ATPase decreased intracellular ATP in 
glioma cells [32], our results showed that AT- 
P1B2 downregulation and digoxin reduced cel-
lular ATP level in U87 and T98G cells (Figure 

Figure 2. ATP1B2 knockdown inhibits GBM cells proliferation and cell cycle arrest similar to digoxin. (A-D) 5-Bro-
mo-2’-deoxyuridine (BrdU) or 5-ethynyl-2’-deoxyuridine (EdU) incorporation assay was used to evaluate proliferation 
rates of ATP1B2 downregulation and digoxin treatment of (A, B) U87 and (C, D) T98G. Quantifications are shown at 
the right. Data are means ± SD, *, P < 0.05 and ***, P < 0.001. (E-H) Cell cycle analysis of ATP1B2 downregula-
tion and digoxin treatment of (E, F) U87 and (G, H) T98G cells stained with propidium iodide (PI) and DNA content 
measured using flow cytometry. Quantifications are shown at the right. Data are means ± SD, *, P < 0.05 and ***, 
P < 0.001. 
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Figure 3. ATP1B2 downregulation induces apoptosis and inhibits GBM cells colony formation in vitro. (A) Immunofluorescence staining of β-actin and α-tubulin after 
ATP1B2 downregulation in U87 and T98G cells, triangles indicate stress fibers were less evident. (B) Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide 
(PI) double-staining assays for ATP1B2 downregulation and digoxin treatment on apoptosis using flow cytometry of U87 and T98G. (C-F) Soft agar colony formation 
assay of ATP1B2 downregulation upon doxycycline (DOX) induction and digoxin treatment of (C, D) U87 and (E, F) T98G cells and colonies were stained with crystal 
violet, photographed, and counted. Quantifications of colonies are shown at the right. Data are means ± SD, *, P < 0.05 and ***, P < 0.001.
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5C). The fluorescent probe JC-1, which is a 
mitochondrial membrane potential (MMP) indi-
cator, showed a loss of JC-1 aggregates after 
downregulation of ATP1B2 and digoxin treat-
ment (Figure 5D and 5E). Thus, the data indi-
cated that the MMP was disturbed during 
ATP1B2 suppression induced apoptosis. Fur- 
thermore, caspase-3 activation is an integral 

step in most apoptotic processes, there was a 
marked increase in activated caspase-3 (Figure 
5F-I)-positive cells using immunofluorescence 
with a cleaved caspase-3 specific antibody. 
Na+/K+-ATPase β subunit is obligatory for func-
tion of enzymes, which protects α subunit from 
cellular degradation [33] and plays a role in the 
transport of α subunit to the cell surface [26]. 

Figure 4. ATP1B2 is highly-expressed in glioblastoma stem-like cells (GSCs) and its downregulation induces apop-
tosis of GSCs. (A, B) Annexin V-fluorescein isothiocyanate (FITC)/PI double-staining assays for dox-induced ATP1B2 
downregulation on apoptosis using flow cytometry in (A) U87 and (B) T98G. (C, D) Immunofluorescence staining of 
ATP1B2 and Nestin expression levels in GSCs enriched from (C) U87 and (D) T98G cells and detected using flow 
cytometry. The percentage of positive cells are shown in the histogram. (E, F) Annexin V-fluorescein isothiocyanate 
(FITC)/PI double-staining assays for dox-induced ATP1B2 downregulation on apoptosis using flow cytometry in (E) 
U87-GSC and (F) T98G-GSC.
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Na+/K+-ATPase α1 subunit is also required for 
export of β2 subunit from the endoplasmic 
reticulum [34]. Upon ATP1B2 knockdown, the 
qPCR showed that α1 subunit encoded by 
ATP1A1 was not significantly reduced at mRNA 
level, but the protein level of ATP1A1 was 
decreased (Supplementary Figure 5B and 5C). 
These further support ATP1B2 as an important 
therapeutic target of Na+/K+-ATPase for GBM. 

ATP1B2 repression inhibits GBM growth in vivo

We explored whether ATP1B2 expression is 
required for in vivo tumor growth in mice xeno-
grafted with the highly tumorigenic U87 GBM 
cell line stably expressing doxycycline-inducible 
shATP1B2-1#. One week later, the mice were 
separated into two groups, doxycycline was 
administered to one of the groups (Figure 6A). 
The xenograft growth rates were significantly 
inhibited in mice administered doxycycline, 
whereas the control group showed rapid tumor 
growth (Figure 6B). On day 45, the mice were 
euthanized and tumor volume measurement 
strikingly revealed that tumor growth in the dox-
ycycline-treated groups was slight. This result 
indicates that doxycycline-induced ATP1B2 
silencing suppressed the tumor volume by 
10-fold versus that of the control mice (Figure 
6C and 6D), and clearly inhibited tumor growth 
in vivo. 

Explanted tumors were also evaluated and 
repression of ATP1B2 in vivo was confirmed 
using immunohistochemical analysis (Figure 
6E). Tumors of doxycycline-treated mice sh- 
owed fewer neoplastic cells in the H&E staining 
(Figure 6F). The cellular proliferation marker 
Ki-67 was decreased robustly in ATP1B2-
suppressed tumors (Figure 6G). We also ob- 
served significantly more cleaved-caspase-
3-positive cells in ATP1B2-silenced tissues 

(Figure 6H). These observations are consistent 
with the phenotype of ATP1B2 knockdown in 
vitro. Taken together, these results indicate 
that ATP1B2 is strongly associated with GBM 
growth in vivo and confirm ATP1B2 as an impor-
tant potential therapeutic target for GBM.

Discussion

Na+/K+-ATPase is considered an important 
proof-of-concept target for GBM therapy and 
development of anticancer drugs [22]. Digoxin 
as clinically approved cardiac drug has been 
widely used for heart failure. It specifically 
binds Na+/K+-ATPase α-subunit to inhibit Na+/
K+-ATPase, which is now being explored in sev-
eral clinical trials for cancer treatment. How- 
ever, the inherent cardiotoxicity limits its impli-
cation in cancer therapy. Na+/K+-ATPase is 
mainly consisting of α subunits and β subunits. 
Selectively targeting the Na+/K+-ATPase sub-
units that are not expressed in the heart might 
avoid the cardiotoxicity [22]. The β-subunit is 
also an important part of Na+/K+-ATPase and 
while current studies have primarily focused on 
the α subunits, few have investigated the β sub-
units. A previous study indicated that the β3 
subunit (ATP1B3) is overexpressed in gastric 
cancer, and its downregulation induced signifi-
cant cancer cell apoptosis [35]. Therefore, the 
ATP1B3 of Na+/K+-ATPase participates in the 
tumorigenesis of gastric cancer. 

ATP1B2 is recognized as a membrane glycopro-
tein mediating neuron-astrocyte adhesion and 
neuronal migration [24]. Later it was identified 
to form a functional ion pump with α subunit of 
Na+/K+-ATPase [36]. The previous study identi-
fied the involvement of ATP1B2 in glioma inva-
sion and migration [25]. The role of ATP1B2 in 
GBM remains unclear. In our study, the cell pro-
liferation assay showed that ATP1B2 shRNA-1# 

Figure 5. ATP1B2 downregulation increases intracellular calcium ([Ca2+]) levels and activates p38 mitogen-activated 
protein kinase (MAPK) pathway. (A) [Ca2+]i concentration was quantified using the calcium indicator Fluo-3AM using 
flow cytometry. U87 and T98G cells were infected with short-hairpin control (shCtr) or shATP1B2-1# and 2# and 
treated with digoxin. Quantifications are shown at the right. Data are means ± SD, *, P < 0.05 and ***, P < 0.001. 
(B) Phosphorylated-p38 (p-p38) kinase and total p38kinase were detected using western blotting using specific an-
tibodies. β-actin was the loading control. U87 and T98G cells were infected with shCtr or shATP1B2-1# and 2# and 
treated with digoxin at indicated times. (C) Cellular ATP levels in U87 and T98G cells after ATP1B2 downregulation 
and digoxin treatment. Values represent relative mean ATP levels ± SD (*, P < 0.05, ***, P < 0.001). (D, E) Mito-
chondrial membrane potential (MMP) was quantified by JC-1 using flow cytometry (D). (E) Quantifications are shown 
at upper panel. Data are means ± SD, *, P < 0.05 and ***, P < 0.001. (F-I) Activation of caspase-3 was detected 
using specific antibody for cleaved-caspase3 using immunofluorescence after ATP1B2 downregulation and digoxin 
treatment of (F, G) U87 and (H, I) T98G cells. Quantifications are shown at the right. Data are means ± SD, *, P < 
0.05 and ***, P < 0.001.
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and shRNA-2# effectively inhibited the cell pro-
liferation rate of both U87 and T98G cell lines. 
Similar to digoxin treatment, ATP1B2 knock-
down also resulted in G2/M phase arrest and 
increased apoptosis. Furthermore, downregula-
tion of ATP1B2 inhibited colony formation simi-
lar to digoxin. These results suggest that 
ATP1B2 might be a potential target for GBM 
treatment, based on its similar anticancer 
effect to that of digoxin in vitro. The concept of 
ATP1B2 as a potential therapeutic target in 

GBM was further supported by the in vivo evi-
dence that tumor growth was remarkably inhib-
ited by ATP1B2 downregulation.

The immunohistochemical evaluation indicated 
ATP1B2 expression was elevated in eight of 17 
pairs GBM tissues compared to adjacent non-
tumor tissues. We then investigated the clinical 
survival correlation of ATP1B2 expression in 
patients with GBM in TCGA. We observed a sig-
nificant association between high ATP1B2 

Figure 6. ATP1B2 knockdown inhibits GBM growth in vivo. (A) Diagram of BALB/c nude mice were injected with U87 
cells stably expressing doxycycline-inducible shATP1B2-1#. DOX- group: mice were administered 5% sugar in water. 
DOX+ group: mice were treated with 5% sugar plus 2 mg/mL doxycycline. (B) Tumor sizes were measured and shown 
at right. Results are mean volumes ± SD. (C, D) Tumors from nude mice (C) and tumor volumes are shown at right 
(D). Each dot represents tumor volume of each mouse. Results are mean volumes ± SD in group, ***, P < 0.001. 
(E-H) Hematoxylin and eosin (H&E) staining of DOX- and DOX+ group (F). Tumor histology of (E) ATP1B2, (G) Ki67, 
and (H) cleaved caspase-3 immunohistochemical staining of tumors from DOX- and DOX+ group mice.
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expression and a dramatic decrease in clinical 
survival. Patients with higher quartile expres-
sion of the ATP1B2 showed shorter overall sur-
vival time. These results suggest that ATP1B2 
may be a predictor of survival of patients with 
GBM in clinical research. A previous study iden-
tified higher ATP1B2 expression in GSCs than in 
GBM cells [25]. GSC is a major factor of relapse 
and therapeutic resistance with poor progno-
sis, and it is not completely removed by surgery. 
In our study, the enriched GSCs of both U87 
and T98G cell lines showed an increase in 
ATP1B2. In addition to apoptosis induction of 
the U87 and T98G cell lines, ATP1B2 silencing 
induced GSC apoptosis, which indicates that 
ATP1B2 also plays important roles in GSCs. 
Theoretically, targeting both cancer cells and 
GSCs is a more promising and durable treat-
ment to combating cancer [37]. 

Previous studies proved that Na+/K+-ATPase 
inhibition promotes sodium-calcium exchange 
and consequently elevates [Ca2+]i [38]. The cal-
cium signal is an important second message, 
which has been implicated in a series of cellu-
lar events [39]. [Ca2+]i elevation plays an impor-
tant role in apoptotic signaling [40]. The pres-
ent study showed that downregulation of 
ATP1B2 increased the [Ca2+]i similar to digoxin 
treatment. Elevated Ca2+ levels have been 
reported following the activation of the MAPK 
pathway in certain cancer cells [41]. We dem-
onstrated that ATP1B2 knockdown induced 
p38 kinase signaling pathway activation. 
Digoxin-treated GBM cell lines also showed 
robust phosphorylation of p38 at different 
times. Moreover, both ATP1B2 downregulation 
and digoxin treatment induced MMP loss and 
subsequently activated caspase-3. In this 
study, we demonstrated that the anti-GBM 
effect of ATP1B2 silencing was similar to that of 
digoxin in vitro. ATP1B2 knockdown also ele-
vates [Ca2+]i similar to inhibition of Na+/
K+-ATPase by cardiac glycosides in cancer cells 
[30]. These data indicate that ATP1B2 silencing 
tended to disrupt the Na+/K+-ATPase, which is 
similar to the actions of cardiac glycosides. 

In conclusion, we examined the anticancer 
effects of ATP1B2 knockdown in GBM for the 
first time. Downregulation of ATP1B2 induced 
GBM cell apoptosis by increasing [Ca2+]i and 
activating p38 kinase. Furthermore, the low 
expression of ATP1B2 in heart muscles sug-
gests that it might be a therapeutic target spe-

cifically for GBM to avoid cardiotoxicity. These 
results might also provide proof-of-concept evi-
dence for the development of anticancer drugs 
targeting ATP1B2 in GBM therapies.
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Supplementary Table 1. qPCR primers used in the gene expres-
sion study
Gene Forward primer Reverse primer
ATP1B2 GAGGACGCACCAGTTTATGGG GGGGTATGGTCGGAGACAGT
Nestin GCAGCAGGAAATATGGGAAG TCTCATGGCTCTGGTTTTCC
SOX2 CAAGATGCACAACTCGGAGA GCTTAGCCTCGTCGATGAAC
ATP1A1 AAAGGTGTGGGCATCATCTC GCTTGCTTGGACACATCTGA
18S rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

Supplementary Table 2. The target sequences of  short hairpin 
RNA for ATP1B2
shRNA Target sequence
shATP1B2-1# GAATGTAGAATGTCGCATCAA
shATP1B2-2# GAACCTTGATGTCATTGTCAA

Supplementary Figure 1. ATP1B2 is expressed exclusively in human and mouse nervous system and GBM. A. 
ATP1B2 RNA expression levels from Human Protein Atlas (HPA). B. Quantitative polymerase chain reaction (qPCR) 
analysis of ATP1B2 expression levels in mouse tissues. ATP1B2 expression level was normalized to 18S rRNA. Data 
are means ± SD. C. RNA-seq data of ATP1B2 in 17 cancer types reported as median fragments per kilobase of exon 
per million reads (FPKM), generated by The Cancer Genome Atlas (TCGA).
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Supplementary Figure 2. Knockdown efficiency of ATP1B2 using short hairpin RNAs (shRNAs). (A, B) sh-1# and 
sh-2# knockdown efficiency in U87 and T98G cells using (A) qPCR and (B) immunofluorescence. (C) Doxycycline-
inducible sh-1# knockdown efficiency in U87 and T98G by qPCR.

Supplementary Figure 3. The morphology of U87 and T98G cells after ATP1B2 was down-regulated.
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Supplementary Figure 4. ATP1B2 and GSC markers are upregulated in GSCs and knockdown efficiency of ATP1B2 
in GSCs. (A, B) Quantitative polymerase chain reaction (qPCR) analysis of ATP1B2 and GSC marker expression levels 
in (A) U87-GSC and (B) T98G-GSC cells. The expression level was normalized to 18S rRNA. Data are means ± SD. (C, 
D) Doxycycline-inducible shATP1B2-1# knockdown efficiency in (C) U87-GSC and (D) T98G-GSC using qPCR. 

Supplementary Figure 5. ATP1B2 downregulation increases activates p38 mitogen-activated protein kinase (MAPK) 
pathway and decreases ATP1A1 expression. A. Downregulation of p38 activation in U87 and T98G cells with HA-
tagged mutated human ATP1B2, which is not targeted for degradation by sh-1#. B. Quantitative PCR analysis of 
ATP1A1 expression after ATP1B2 downregulation in U87 and T98G cells. C. ATP1A1 expression were detected by 
western blotting using specific antibodies in U87 and T98G cells. 


