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Introduction: Na+-K+-2Cl− cotransporter isoform 1 (NKCC1) is important in regulating 
intracellular K+ and Cl− homeostasis and cell volume. In this study, we investigated a role 
of NKCC1 in regulating glioma K+ influx and proliferation in response to apoptosis inducing 
chemotherapeutic drug temozolomide (TMZ). The efficacy of a new bumetanide 
(BMT)-derivative NKCC1 inhibitor STS66 [3-(butylamino)-2-phenoxy-5-[(2, 2, 
2-trifluoroethylamino) methyl] benzenesulfonamide] in blocking NKCC1 activity was 
compared with well-established NKCC1 inhibitor BMT.

Methods: NKCC1 activity in cultured mouse GL26 and SB28-GFP glioma cells was 
measured by Rb+ (K+) influx. The WNK1-SPAK/OSR1-NKCC1 signaling and AKT/ERK-mTOR 
signaling protein expression and activation were assessed by immunoblotting. Cell growth 
was determined by bromodeoxyuridine (BrdU) incorporation assay, MTT proliferation 
assay, and cell cycle analysis. Impact of STS66 and BMT on cell Rb+ influx and growth 
was measured in glioma cells treated with or without TMZ.

Results: Rb+ influx assay showed that 10 μM BMT markedly decreased the total Rb+ 
influx and no additional inhibition detected at >10 μM BMT. In contrast, the maximum 
effects of STS66 on Rb+ influx inhibition were at 40–60 μM. Both BMT and STS66 reduced 
TMZ-mediated NKCC1 activation and protein upregulation. Glioma cell growth can 
be reduced by STS66. The most robust inhibition of glioma growth, cell cycle, and 
AKT/ERK signaling was achieved by the TMZ + STS66 treatment.

Conclusion: The new BMT-derivative NKCC1 inhibitor STS66 is more effective than BMT 
in reducing glioma cell growth in part by inhibiting NKCC1-mediated K+ influx. TMZ + STS66 
combination treatment reduces glioma cell growth via inhibiting cell cycle and 
AKT-ERK signaling.
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INTRODUCTION

Ion homeostasis and cell volume regulation play an important 
role in many cellular functions, including intracellular 
metabolism, transepithelial transport, cell migration, cell growth, 
and cell death (Wehner et  al., 2003; Delpire and Gagnon, 
2018). Intracellular K+ concentration in most cells is 
~140–150 mM, which is established by Na/K ATPase-mediated 
K+ influx and K+ channels-mediated K+ influx or efflux to 
maintain optimal physiological function and cell volume (Thier, 
1986; Skou and Esmann, 1992). At physiological concentrations, 
intracellular K+ ion homeostasis is an important regulator of 
caspase and apoptotic nuclease function (Hughes and Cidlowski, 
1999). One of the first events at the onset of apoptosis is cell 
shrinkage [apoptotic volume decrease (AVD)], resulting from 
loss of intracellular K+ and Cl− and cell volume (Okada and 
Maeno, 2001; Bortner and Cidlowski, 2007). A huge loss of 
cell K+ serve as a apoptosis signal allowing execution of the 
apoptosis program by cytochrome c release, caspase-3 activation, 
and endonuclease activation (Okada and Maeno, 2001; Yu, 
2003). Cell shrinkage is usually followed by activate cell volume 
regulatory ion transporters Na+/H+ exchanges (NHE), 
Na+-K+-2Cl− cotransporter (NKCC1), Cl−/HCO3

− anion exchanges 
(AE), and non-selective cation channels to regulatory volume 
increase (RVI; Maeno et  al., 2006; Hoffmann et  al., 2009), 
which counteracts AVD and thereby apoptosis (Hoffmann and 
Lambert, 2014). In addition, early studies strongly suggest that 
K+ and Cl− ion channels and ion transporters are associated 
to chemoresistance (Poulsen et al., 2010; Algharabil et al., 2012) 
and present as new targets for anti-tumor therapy.

NKCC1 belongs to the SLC12A family of cation-chloride 
cotransporters (Gamba, 2005) and plays an important role in 
intracellular K+, Cl− accumulation and RVI in response to osmotic 
stress or AVD (Hoffmann et  al., 2009; Algharabil et  al., 2012; 
Delpire and Gagnon, 2018). NKCC1 protein expression was higher 
in human glioma cells than in normal control cortex and localized 
at the leading edge of human glioma cells (Aronica et  al., 2007; 
Haas and Sontheimer, 2010; Garzon-Muvdi et al., 2012; Schiapparelli 
et  al., 2017). Moreover, NKCC1 protein expression has been 
shown to associate with glioma cell migration (Zhu et  al., 2014) 
via regulation of focal adhesion dynamics, cell contractility, and 
cell volume (Haas et al., 2011; Garzon-Muvdi et al., 2012). We have 
reported recently that temozolomide (TMZ) monotherapy 
significantly upregulated NKCC1 protein expression and activity 
(NKCC1-mediated Rb+ influx; Luo et  al., 2020) to replenish 
intracellular K+ in response to TMZ induced-apoptosis. NKCC1 
inhibitor bumetanide (BMT) in combination with TMZ accelerated 
apoptosis, reduced tumor volume, and potentiated the cytotoxic 
effects of TMZ in the GL26 and SB28-GFP intracranial mouse 
syngeneic glioma model (Luo et  al., 2020).

In this study, using two different glioma cell lines (GL26 
and SB28-GFP), we  further investigated the efficacy of a new 
BMT-derivative NKCC1 inhibitor STS66 along with 
well-established NKCC1 inhibitor BMT on regulating glioma 
NKCC1 activity, K+ influx, and cell growth in response to 
TMZ. STS66 significantly reduced TMZ-induced NKCC1 
activation and glioma cell growth compared to BMT.

MATERIALS AND METHODS

Materials
BMT (#B3023), TMZ (#T2577), propidium iodide (PI, #P4864), 
and MTT (#M2128) were purchased from Sigma-Aldrich 
(St. Louis, MO). Dulbecco’s Modified Eagle Medium (DMEM/
HEPES, Cat# 12430-054) and Penicillin/streptavidin (Cat# 
15240062) were from Gibco (Carlsbad, CA). Fetal bovine 
serum (FBS) was obtained from invitrogen (Carlsbad, CA). 
Anti-phospho-NKCC1(pThr206) antibody, anti-phospho-SPAK/
OSR1 (pSer383 SPAK/pSer325 OSR1) antibody, and anti-total-
SPAK/OSR1 (tSPAK/tOSR1) antibody were developed by Dr. 
Yang (Taiwan National University) and validated in previous 
studies (Moriguchi et al., 2005; Yang et al., 2010). Monoclonal 
anti-total NKCC was from the Developmental Studies 
Hybridoma Bank (T4, Iowa City, IA). Antibody against 
α-tubulin (Cat #2125), rabbit anti-phospho AKT (Ser473; 
Cat# 9271), rabbit anti-AKT (Cat# 4691), rabbit anti-phospho 
ERK (Thr202/Tyr204; Cat# 4370), rabbit anti-ERK (Cat# 
4695), and rabbit anti-phospho p70 S6k (T389; Cat# 9234) 
were from cell signaling (Beverly, MA). Mouse anti-p70 S6K 
(Cat# sc-8418) was purchased from Santa Cruz Biotechnology 
(Dallas, TX). BCA Protein Assay Kit (Cat #23227) was from 
Thermo Scientific (Rockford, IL). STS66 was synthesized by 
Töllner et  al. (2014) as described previously.

Cell Cultures and Authentication
Immunogenic mouse glioma GL26 and non-immunogenic mouse 
SB28-GFP glioma cells were used as previously described 
(Kohanbash et  al., 2017). GL26 glioma cell line was obtained 
from Prof. Vadlamudi of University of Texas Health, San Antonio 
(Sareddy et al., 2016). Glioma cells were maintained in DMEM/
HEPES containing 10% heat-inactivated FBS, 2 mM L-glutamine, 
1x penicillin/streptavidin, and 1 mM sodium pyruvate. Cultures 
were passaged approximately every 4  days with fresh medium 
at a density of 106  cells/75  cm2 in a culture flask. Passage 
8–30 of glioma cells were used in the study. All cell lines 
were authenticated by short tandem repeat (STR) DNA finger 
printing (by IDEXX BioResearch, Columbia, MO). In addition, 
PCR analysis was performed to confirm the absence of 
mycoplasma infection in all cell cultures.

NKCC1-Mediated Rubidium (Rb+) Influx 
Assay
GL26 or SB28-GFP cells seeded in 24-well plates were exposed 
to either isotonic (310  mOsm) or hypertonic (400  mOsm) 
solutions containing different concentrations of BMT (0, 10, 
20, 40, and 60  μM) or STS66 (0, 10, 20, 40, and 60  μM). 
Rb+ influx into cells under above conditions was assayed. Briefly, 
to measure Rb+ uptake in glioma cells, the culture medium 
was removed and cells were rinsed with an isotonic wash 
buffer (310  mOsm, containing 134  mM NaCl, 2  mM CaCl2, 
0.8 mM NaH2PO4, 5 mM glucose, 25 mM HEPES, and 1.66 mM 
MgSO4). Cells were exposed to the isotonic buffer containing 
5.36  mM Rb+ in the absence or presence of BMT or STS66 
(0–60  μM) for 10  min at 37°C. To measure Rb+ influx in 
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glioma cells in response to hypertonic stress, cells were exposed 
to the hypertonic solution (400  mOsm adjusted with 7.7  mM 
sucrose, 5.36  mM Rb+) for 5  min at 37°C. To terminate Rb+ 
influx, cells were washed with the isotonic or hypertonic washing 
solutions (Rb+ free) and lysed with 0.15% SDS (200  μl/well) 
to release intracellular Rb+. The intracellular Rb+ concentration 
in cell lysates was measured using an automated atomic absorption 
spectrophotometer (Ion Channel Reader, ICR-8000; Aurora 
Biomed, Vancouver, Canada). Total protein of cell lysates was 
measured by BCA assay. NKCC1-mediated Rb+ influx was 
determined by subtracting Rb+ influx value in the presence 
of BMT or STS66 from one in the absence of the drug. Rb+ 
influx rate was calculated and presented as μg Rb+/mg 
protein/min. For the chronic drug treatment cultures, GL26 
and SB28-GFP cells seeded in 24-well plates (60% confluent) 
were incubated with vehicle (Veh, 0.1% DMSO in PBS), TMZ 
(100  μM), BMT (10  μM), STS66 (60  μM), TMZ+ BMT or 
TMZ  +  STS66  in the culture medium for 48  h. Rb+ influx in 
these cells was determined as described above.

Immunoblotting
GL26 and SB28-GFP cells were washed with ice-cold PBS and 
incubated in RIPA buffer containing one pill of phosSTOP 
and 2  mM protease inhibitors as described before (Algharabil 
et  al., 2012). Cells were lysed by sonication at 4°C. Protein 
content of the cellular lysate was determined with BCA assay. 
Samples in the sample buffer (Thermo Scientific, Rockford, 
IL, USA) were boiled at 95°C for 5  min. The samples were 
then electrophoretically separated on 4–15% SDS gels. After 
transferring to polyvinylidene difluoride (PVDF) membranes, 
the blots were blocked in 10% nonfat dry milk in Tris-buffered 
saline-T (TBS-T, 0.05% Tween-20) for 1 h at room temperature 
and then incubated with appropriate primary antibodies 
(p-NKCC1, 1:300; t-NKCC1, 1:2000; p-WNK1, 1:1000; t-WNK, 
1:500; p-SPAK/pOSR1, 1:500; t-SPAK/OSR1, 1:500; p-AKT, 
1:500; t-AKT, 1:1000; p-ERK, 1:1000; t-ERK, 1:1000; p-p70 
S6K, 1:1000; p70 S6K, 1:1000) at 4°C overnight. After rinsing 
with TBS-T, the blots were incubated with horseradish peroxidase-
conjugated secondary IgG (1:2000) for 1  h at RT. Bound 
antibody was visualized with an enhanced chemiluminescence 
assay. Protein band signal intensities were analyzed using ImageJ 
and normalized to α-tubulin expression.

BrdU Incorporation Assay
Cell proliferation of GL26 and SB28-GFP cells was measured 
by quantifying bromodeoxyuridine (BrdU) incorporation. Cells 
were treated with DMSO vehicle (Con-Veh), TMZ (T, 100 μM), 
BMT (B, 10  μM), STS66 (S, 10  μM or 60  μM), or T  +  B, 
T  +  S for 24 or 48  h. BrdU was added in the last 4  h period 
of 24 or 48 h incubation. The incorporation of BrdU into newly 
synthesized DNA of proliferating cells was detected by using 
a peroxidase-conjugated antibody, which reacts with the thymidine 
analogue BrdU. Bound anti-BrdU-peroxidase conjugated antibody 
was measured by a substrate reaction, and then quantified 
calorimetrically by a microplate reader (Molecular Devices, 
Sunnyvale, CA) at dual wavelength of 450/550  nm.

MTT Proliferation Assay
Cells were treated with Con-Veh, TMZ (T, 100  μM), BMT 
(B, 10  μM), STS66 (S, 10  μM or 60  μM), or T  +  B, T  +  S 
for 48  h. The media of each well of a 96-well plate were 
replaced with 100  μl of fresh media containing 0.5  mg/mL 
MTT (Thiazolyl Blue Tetrazolium Bromide) solution. After 4 h 
incubation, the dark blue water insoluble MTT-formazan crystals 
were dissolved in 100  μl DMSO and the absorbance of each 
well was determined at 570  nm with a microplate reader 
(Molecular Devices, Sunnyvale, CA).

Cell Cycle Analysis
Cell cycle analysis was performed as previously described 
(Algharabil et  al., 2012). After staining the DNA with PI, data 
were acquired in a BD LSRII instrument. Cell cycle distribution 
was calculated with Flow Jo (Tree Star) software.

Statistical Analysis
The results were expressed as the mean  ±  standard error of 
the mean (SEM). N values represent the number of independent 
experiments. Statistical significance was determined using 
one-way analysis of variance by GraphPad Prism 8 (GraphPad 
Software, Inc.). One-way and two-way ANOVA were conducted 
for multiple comparisons. Data are significant when a value 
of p was p  <  0.05.

RESULTS

NKCC1-Mediated Rb+ Influx in Cultured 
Glioma Cells and in Response to BMT or 
STS66
We first assessed total K+ (Rb+) influx in GL26 and SB28-GFP 
glioma cells under isotonic conditions or hypertonic osmotic 
stress when NKCC1 activity is stimulated with ICR8000 
(Figure  1A). BMT- or STS66-inhibited Rb+ uptake was 
determined as an index for NKCC1 activity. As shown in 
Figure  1B, exposure of GL26 glioma cells to 10–60  μM BMT 
decreased the total Rb+ uptake by ~54.3% (p  <  0.0001) in 
isotonic conditions (310  mOsm). No additional inhibition was 
observed with BMT at >10  μM (p  >  0.05, Figure  1B), which 
is consistent with report showing that BMT (IC50 of 0.1  μM) 
with concentrations from 1 to 10  μM completely blocked 
NKCC1 activity (Brandt et al., 2018). In response to hypertonic 
osmotic stress (400  mOsm), GL26 glioma cells elevated the 
total Rb+ uptake by ~81.0% (p  <  0.0001, Figure  1B). About 
10–60 μM BMT blocked the hypertonic osmotic stress-induced 
Rb+ uptake by ~55.8% (p < 0.0001, Figure 1B), and the residual 
Rb+ influx remains higher than the level in isotonic conditions. 
Similar patterns in changes of total Rb+ influx were detected 
in SB28-GFP glioma cells with BMT. In the case of STS66, 
the total Rb+ influx either in GL26 or SB28-GFP glioma cells 
was not significantly decreased with 10 or 20  μM STS66 
(p  >  0.05, Figure  1B). However, 40  μM STS66 significantly 
inhibited the total Rb+ influx (p  <  0.05) and no additional 
inhibition was detected when STS66 concentration increased 
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to 60  μM (p  >  0.05, Figure  1B). STS66 (at 40–60  μM) shows 
similar efficacy in inhibiting the total Rb+ influx under hypertonic 
osmotic stress conditions (Figure  1B). Analysis of BMT- or 
STS66-inhibited Rb+ influx (reflecting NKCC1 activity) was 
shown in Figure  1C. BMT (10–60  μM) showed similar Rb+ 
influx inhibition under either isotonic or osmotic shrinkage 
conditions. STS66-mediated inhibition of NKCC1 activity in 
GL26 and SB28-GFP cells more effective at 40–60  μM. These 
findings concluded that NKCC1 activity plays an important 
role in K+ influx in glioma cells, which are sensitive to both 
BMT- and STS66-mediated inhibition.

STS66 Reduces Glioma K+ (Rb+) Influx in 
Response to Chemoreagent 
Temozolomide
In response to chemo reagent TMZ-mediated AVD, glioma 
cells upregulate NKCC1 protein to counteract against loss of 

intracellular K+ and Cl− and AVD (Algharabil et  al., 2012; Zhu 
et  al., 2014). Exposure of GL26 or SB28-GFP cells to TMZ 
for 48 h stimulated the total Rb+ uptake under isotonic conditions 
(~15.9 or 24.3%, respectively, p  <  0.01, Figures  2A,B,D). The 
NKCC1-mediated Rb+ influx (determined in the presence of 
10  μM BMT during Rb+ assay) was significantly increased in 
GL26 or SB28-GFP cells by TMZ (p  <  0.05, Figures  2C,E). 
We further assessed whether chronic blockade of NKCC1 activity 
with BMT or STS66 alone or in combination with TMZ could 
alter glioma Rb+ influx, as an anti-tumor mechanism. 
Figures 2B,C show that among all treatment regimens, chronic 
exposure of glioma cells to STS66 is most effective in decreasing 
the total Rb+ as well as NKCC1-mediated Rb+ influx (~44.4 
and 50.6%, respectively) under isotonic conditions (p < 0.0001) 
or under hypertonic conditions in GL26 cells (by ~53.5 and 
41.7%; p  <  0.0001). Moreover, the TMZ  +  STS66 combinatory 
treatment significantly reduced the NKCC1-mediated Rb+ uptake 
by ~60.0% in isotonic conditions (p  <  0.0001) and by ~44.8% 

A

B

C

FIGURE 1 | STS66 reduces NKCC1-mediated Rb+ influx in cultured glioma cells in a dose-dependent manner. (A) Experimental protocol. (B) Total Rb+ influx. GL26 
or SB28-GFP cells were exposed to either isotonic (310 mOsm) or hypertonic (400 mOsm) solutions containing different concentrations of bumetanide (BMT; 0, 10, 
20, 40, and 60 μM) or STS66 (0, 10, 20, 40, and 60 μM). Rb+ influx into cells under above conditions was assayed and determined using ICR 8000. (C) BMT- or 
STS66-inhibited Rb+ influx (NKCC1 activity). Data are means ± SEM (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

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


Luo et al. Bumetanide-Derivative STS66 Reduces Glioma Growth

Frontiers in Physiology | www.frontiersin.org 5 July 2020 | Volume 11 | Article 911

in hypertonic conditions in GL26 cells (p < 0.0001, Figure 2C). 
However, they are not significantly different from the STS66 
monotreatment group. In comparison, the TMZ + BMT displayed 
reduced NKCC1-mediated Rb+ uptake under isotonic condition 
or hypertonic conditions (p < 0.0001, Figure 2C) but the effect 
is smaller than the STS66 monotreatment or the TMZ + STS66 
combinatory treatment. SB28-GFP cells exhibited similar changes 
in Rb+ uptake under above conditions (Figures  2D,E). Taken 
together, these findings clearly demonstrate that STS66 is more 
effective than BMT in reducing NKCC1-mediated Rb+ influx 
in response to TMZ stimulation.

STS66 Reduces Glioma Cell Proliferation 
and Induces G0/G1 Arrests in Combination 
With Chemoreagent Temozolomide
We subsequently investigated role of NKCC1  in glioma cell 
proliferation and cell cycle in response to chronic inhibition 
of NKCC1 with BMT, STS66, or in combination with TMZ 
(Figure  3A). Figures  3B,C show that TMZ treatment for 48  h 
displayed inhibited BrdU incorporation by in GL26 cells (p < 0.01) 
but not in SB28-GFP cells. Chronic exposure of glioma cells 
to BMT or STS66 (10  μM) alone or in combination treatment 

for 48  h did not inhibit GL26 or SB28-GFP cell proliferation. 
However, BrdU incorporation in GL26 and SB28-GFP cells was 
significantly inhibited after STS66 (60 μM) alone or in combination 
with TMZ. There were no significant differences between the 
two groups, STS66 alone and the T  +  S combination 
(Figures  3B,C). The similar pattern was found in GL26 and 
SB28-GFP cells with STS66 treated for 24  h (Supplementary 
Figure S1). These findings were further confirmed by MTT 
proliferation assay. Single-agent treatment for 48  h with TMZ, 
BMT, or STS66 (10  μM) did not change the proliferation of 
either GL26 or SB28 cell lines. In contrast, STS66 (60  μM) 
significantly reduced the proliferation of both GL26 and SB28 
cells (p < 0.001, Figures 3D,E). The maximum inhibition effects 
were obtained with TMZ  +  STS66 (60  μM) combination 
(p < 0.001, Figures 3D,E). We next performed cell cycle analysis 
of GL26 and SB28-GFP cells treated with the above regimens 
for 48  h. In SB28-GFP cells, exposure of glioma cells to BMT 
or STS66 (10  μM) alone did not change the fraction of cells 
in any cell cycle state. In both GL26 and SB28 glioma cells, 
STS66 (60  μM) significantly increased the fraction of cells in 
G0/G1 phase and reduced in the S-phase of the cell cycle 
(p  <  0.05, Figures  3F,G). TMZ  +  STS66 (60  μM) combination 

A

B C

D E

FIGURE 2 | STS66 reduces glioma K+ (Rb+) influx in combination of chemoreagent temozolomide. (A) Experimental protocol. (B–E) Total Rb+ influx (B,D) and 
NKCC1-mediated Rb+ influx (C,E). GL26 cells were exposed to DMSO (Veh), temozolomide (TMZ, 100 μM), BMT (10 μM), STS66 (60 μM), T + B, or T + S 
combined for 48 h. Rb+ influx into cells under either isotonic (310 mOsm) or hypertonic (400 mOsm) solutions was assayed for 5–10 min and determined using ICR 
8000. Data are means ± SEM (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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increased the G0/G1 fraction with a corresponding decrease 
of those in S-phase of the cell cycle (p  <  0.01, Figures  3F,G). 
In summary, STS66 alone or in combination with TMZ reduced 
glioma cell proliferation and caused G0/G1 phase arrest.

TMZ-Mediated Activation of WNK1-SPAK/
OSR1-NKCC1 Signaling in Cultured Glioma 
Cells
We previously found that TMZ stimulated NKCC1 protein 
upregulation and activation in human primary glioma cells 
(GC#99 and GC#22) through With-No-K (lysine) kinase 1 (WNK1) 

and oxidative stress-responsive kinase 1 (OSR1) signaling 
pathway (Zhu et al., 2014). In this study, we further examined 
effects of chronic inhibition of NKCC1 activation via BMT 
or STS66 on WNK1-SPAK/OSR1-NKCC1 signaling pathway 
in glioma cells in response to TMZ. As shown in Figures 4A,B, 
exposing GL26 to TMZ for 48  h triggered an increase of 
total (t)-WNK1 expression by ~17.8% of control (p < 0.0001) 
and phosphorylated (p)-WNK1 expression by ~34.5% of 
control (p  <  0.0001). Either p- or t-SPAK/OSR1  in GL26 
were not significantly altered by TMZ (Figures  4A,B). 
Moreover, the combined treatment of TMZ  +  BMT or 

A

B C

D E

F G

FIGURE 3 | STS66 reduces glioma proliferation and cell cycle in combination of chemoreagent temozolomide. (A) Experimental protocol. GL26 or SB28-GFP cells 
were exposed to DMSO (Veh), TMZ (100 μM), BMT (10 μM), STS66 (10 and 60 μM), T + B, or T + S combined for 48 h and proliferation was determined by BrdU 
incorporation assay and MTT assay. Cell cycle distribution was analyzed by flow cytometry. (B,C) Relative cell proliferation determined by BrdU incorporation assay. 
Data are means ± SEM (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D,E) Relative cell proliferation determined by MTT assay. Data are means ± SEM 
(n = 4), *p < 0.05, **p < 0.01, ***p < 0.001. (F,G) Cell cycle distribution was analyzed by flow cytometry after DNA staining with propidium iodide (PI). Data are 
means ± SEM (n = 4), *p < 0.05, **p < 0.01, ***p < 0.001.
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TMZ  +  STS66 significantly downregulated WNK1 protein 
(p  <  0.0001). Incubation of GL26 glioma cells with TMZ 
for 48  h also triggered an increase of p-NKCC1 protein 
expression by ~28.3% and t-NKCC1 protein by ~32.0%, 
compared to Veh controls (Figures 4A,B). In contrast, exposing 
GL26 cultures to NKCC1 inhibitor BMT or STS66  in 
combination with TMZ significantly decreased TMZ-triggered 
upregulation of t-NKCC1 (p < 0.01) or p-NKCC1 (p < 0.0001; 
Figures  4A,B). The same pattern was also identified 
in SB28-GFP cells (Figures  4C,D). The ratios of  
p-/t-WNK1, p-/t-SPAK/OSR1, and p-/t-NKCC1 were presented 

in Supplementary Figure S2. The results show that BMT 
significantly reduced the ratio of p-/t-WNK1  in GL26 cells 
(Supplementary Figure S2A), mainly due to inhibition of 
p-WNK1 protein expression. No differences in the ratio of 
p-/t-SPAK/OSR1 or p-/t-NKCC1 were detected in different 
treatments (Supplementary Figures S2B–F) because that both 
phosphorylated and non-phosphorylated proteins were 
concurrently elevated or decreased. Taken together, these data 
suggest that blocking NKCC1 activity has impact on 
TMZ-induced activation of the WNK1-SPAK/OSR1-NKCC1 
signaling pathway in both GL26 and SB28 glioma cells.

A C

B D

FIGURE 4 | STS66 reduced activation of WNK1-SPAK/OSR1-NKCC1 cascade in cultured glioma cells in response to TMZ. (A) Representative immunoblotting 
images of total (t-) or phosphorylated (p-) WNK1, SPAK/OSR1, and NKCC1. GL26 cells were exposed to DMSO (Veh), TMZ (100 μM), BMT (10 μM), STS66 (10 μM), 
T + B, or T + S combined for 48 h. Cell lysates were harvested for immunoblotting. (B) Summary. Data are means ± SEM (n = 4, 5), *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. (C) Representative immunoblotting images of total (t-) or phosphorylated (p-) WNK1, SPAK/OSR1, and NKCC1. SB28-GFP cells were 
exposed to DMSO (Veh), TMZ (100 μM), BMT (10 μM), STS66 (10 μM), T + B, or T + S combined for 48 h. (D) Summary. Data are means ± SEM (n = 4, 5), 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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STS66 Reduced Activation of AKT/ERK 
Signaling Pathway in Cultured Glioma 
Cells in Response to TMZ
AKT is involved in various cellular processes, including cell 
proliferation, survival, growth, and metabolism. AKT kinase 
activity can be  activated in response to clinically relevant 
concentrations of TMZ. We  subsequently probed changes of 
ERK/AKT activations and mTOR complex 1 (mTORC1) in 
the same sets of immunoblots of Figure  4. As shown in 
Figures  5A,B, exposing GL26 to TMZ for 48  h triggered an 
increase of t-AKT and p-AKT expression, but which did not 

reach statistical significance. TMZ caused ~44.2% higher p-ERK 
protein expression than Veh controls (p < 0.01, Figures 5A,B). 
However, no significant changes of mTORC1 expression, either 
non-phosphorylated (p70) or phosphorylated mTORC1 (p-p70), 
were detected in GL26 cells treated with TMZ (Figures 5A,B). 
Exposing GL26 to STS66 alone, but not NKCC1 inhibitor BMT, 
significantly downregulated t-AKT (p  <  0.05) and inhibited 
ERK activation (p  <  0.05). TMZ  +  STS66 treatment in GL26 
cells also significantly inhibited TMZ-triggered AKT (p-AKT, 
p < 0.05) and ERK activation (p-ERK, p < 0.001; Figures 5A,B). 
Similar results were observed in SB28-GFP cells (Figures 5C,D). 

A C

B D

FIGURE 5 | STS66 reduced activation of AKT and ERK but not mTOR protein in cultured glioma cells in response to TMZ. (A) Representative immunoblotting 
images of phosphorylated (p-) or total (t-) AKT, ERK, and p70 of the same cohorts of immunoblots in Figure 4. (B) Summary. Data are means ± SEM (n = 3, 4), 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Representative immunoblotting images of phosphorylated (p-) or total (t-) AKT, Erk and p70 of the same 
cohorts of immunoblots in Figure 4. (D) Summary. Data are means ± SEM (n = 3, 4), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All blots were re-stripped 
and re-probed from the same blots of Figure 4 and the original tubulin blots were used for normalization analysis.
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The ratios of p-/t-AKT, p-/t-ERK, and p-/t-p70 were presented 
in Supplementary Figure S3. It has shown that TMZ stimulates 
AKT and ERK pathways in human glioma cells (Sun et  al., 
2012; Bi et  al., 2018) but formation of NKCC1 protein and Leu 
transporter LAT1 complex inhibits AKT/ERK-mTOR1 activation 
in epithelial cells in response to amino acid-mediated stimulation 
(Demian et  al., 2019). Our data demonstrate that inhibition of 
NKCC1 protein in glioma cells with BMT or STS66 suppresses 
AKT and ERK signaling pathways in response to TMZ stress 
but has no effects on mTORC1 signaling. The discrepancy could 
be  due to different cellular responses to different stimuli.

DISCUSSION

Significant Role of NKCC1 Protein in 
Glioma Ionic Regulation
NKCC1 protein is a Na+-dependent Cl− transporter that 
maintaining intracellular K+ and Cl− concentration and cell 
volume homeostasis by regulating the movement of Na+, K+, 
and Cl− across the plasma membrane (Cong et  al., 2015). A 
growing body of evidence indicates that expression of NKCC1 
protein is closely related to tumor progression, such as lung 
adenocarcinoma (Sun et al., 2016), prostate cancer cells (Hiraoka 
et al., 2010), and esophageal squamous carcinoma cells (Shiozaki 
et al., 2014). Luo et al. showed that NKCC1 protein and messenger 
RNA (mRNA) are abundantly expressed in all grade of gliomas 
(Luo et  al., 2020). Unlike other cancers that spread through 
the vasculature, gliomas actively invade surrounding brain solely 
along extracellular routes (Watkins and Sontheimer, 2011). Invasion 
of glioma cells starts at narrow extracellular space through the 
activities of the ion channels to carry out the cell shape and 
volume changes (McFerrin and Sontheimer, 2006). Therefore, 
glioma cells need to establish an appropriate ion gradient to 
facilitate cell migration, and NKCC1 protein which carries Na+, 
K+, and 2Cl− into cells contributes to establishing the ion gradient 
for intracellular K+ and Cl− efflux (Cuddapah and Sontheimer, 
2011). In our study, we  reported here that NKCC1 protein 
activity constitutes an important K+ (Rb+) influx mechanism in 
mouse glioma GL26 cells (~60% of total Rb+ influx) and SB28-GFP 
cells (~20% of total Rb+ influx) either under basal homeostatic 
conditions or in response to osmotic stress-induced cell shrinkage. 
Both the well-established NKCC1 inhibitor BMT and the new 
BMT-derivative STS66 are able to block NKCC1 activity and 
Rb+ influx. Our findings show that STS66 is more effective 
than BMT in inhibiting the activation of NKCC1 protein and 
reduced NKCC1-mediated Rb+ influx, which hindered the 
establishment of intracellular ion gradient in cultured glioma cells.

NKCC1 Protein Activation in Glioma K+ 
(Rb+) Influx and Proliferation in Response 
to TMZ-Induced Apoptosis
Among the earliest events that occur after mitogenic stimulation 
in the early G0/G1-phase of the cell cycle is an increase of K+ 
influx (Panet et al., 2000) and cell volume increase of proliferating 
cells before they enter the S-phase (Habela et  al., 2009). 

The asymmetrical distribution of Na+ and K+ is characteristic 
of many animal cells and the high intracellular concentration 
of K+ is necessary for the transition of quiescence to proliferating 
state of human peripheral blood cells (Marakhova et al., 2019). 
NKCC1 activity was shown to be essential to enter the S-phase 
of cell cycle in Balb/c 3T3 fibroblast cells (Panet et  al., 2000). 
Additionally, high intracellular Cl− level serves as an osmolyte 
and energetic driving force for volume changes and is important 
for cellular proliferation. High intracellular Cl− level (~100 mM) 
is maintained in glioma cells through the activity of NKCC1 
(Turner and Sontheimer, 2014). Previously, we  have shown 
that glioma NKCC1 plays an important role in intracellular 
K+, Cl− accumulation, and RVI in response to osmotic stress 
or AVD (Algharabil et  al., 2012). In this study, 48  h exposure 
of TMZ increased NKCC1 activity (increased K+ influx) in 
GL26 and SB28-GFP glioma cells. In contrast, glioma cells 
treated with STS66 alone or in combination with TMZ reduced 
the NKCC1 activity. TMZ causes methylation of DNA resulting 
in DNA fragmentation and disruption of replication known 
to induce cell cycle arrest in G2/M phase leading to apoptosis 
(Lee, 2016). In the current study, at 24 h post TMZ treatment, 
the proliferation of GL26 and SB28-GFP glioma cells was 
not significantly reduced in the presence or absence of BMT, 
which is consistent with previous findings (Algharabil et  al., 
2012). However, 48  h of TMZ exposure reduced GL26 cell 
proliferation. It requires high dose of TMZ or longer exposure 
to affect cellular proliferation. The IC50 value of TMZ at 
24  h exposure was 5  mM in SH-SY5Y neuroblastoma cells 
(Çıtışlı et  al., 2015) and at concentration of 25–50  μM, it 
took 72  h to significantly reduce the proliferation of LN229 
and U87 glioma cells (Aasland et  al., 2019). Our results are 
in line with these reports that TMZ works in a time-dependent 
manner to affect cellular proliferation. In contrast, treatment 
of glioma cells with STS66 (60 μM) alone or TMZ plus STS66 
for 24 or 48  h significantly reduced glioma cells proliferation 
and induced G0/G1 arrest, which appears to correlate with 
NKCC1-mediated reduced K+ influx. Consistently, a recent 
report showed that proliferating cells had increased number 
of cells in G0/G1 phase (Demian et  al., 2019). In summary, 
in this study, blocking NKCC1 activity with STS66 significantly 
reduced glioma cells proliferation, which is likely due to 
reduced intracellular K+ and Cl− concentration and prevents 
cell volume increase during G1 to S-phase of the cell cycle 
and reduces proliferation.

Differences Between BMT and STS66
According to our Rb+ influx assay, STS66 requires a higher 
concentration (60  μM) than BMT (10  μM) to block the 
NKCC1-mediated Rb+ influx, which indicates that STS66 has 
a higher IC50 value than BMT probably due to the structural 
differences. In STS66, the carboxylic group of BMT was exchanged 
with a trifluoroethylaminomethyl group, vastly increasing its 
lipophilicity (Huang et  al., 2019; Auer et  al., 2020b). On the 
other hand, this structural difference may improve blood-brain 
barrier (BBB) penetration by increasing the molecule’s 
lipophilicity caused by the exchange for the amine partial 
structure. Our recent study showed that under the same molar 
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concentration of drugs, STS66 (12  mg/kg mouse weight/day) 
is more effective than BMT (10  mg/kg mouse weight/day) in 
reducing infarction and improving mouse outcomes after ischemic 
stroke (Huang et  al., 2019). In this current study, we  found 
that STS66 as mono-treatment or combined with 
chemotherapeutic drug TMZ, reduces glioma cell proliferation. 
Further studies are needed to investigate efficacy of STS66  in 
anti-tumor in vivo experiments. Considering the diuretic actions 
of BMT (Younus and Reddy, 2018) and its hearing impairment 
at high dose (Allegaert et  al., 2016), the new BMT-derivative 
drugs such as STS66 may be  more effective in blocking brain 
NKCC1 protein activity with less side effects.

A new study in which part of the authors were involved 
showed improved efficacy of compounds similar to STS66  in 
treating epilepsy compared to BMT itself (Auer et  al., 2020a). 
No diuretic effects were observed at any dose of these derivatives. 
This shows therapeutic potentials for the improved BMT 
derivatives in many applications and makes this particular area 
especially interesting for further research.

Impact of NKCC1 Blockade on K+ Flux, 
WNK1-SPAK-NKCC1 Complex, and  
AKT/ERK Signaling in Glioma Cells
In addition to inhibition of K+ influx, STS66 (60 μM) significantly 
reduced the proliferation of both GL26 and SB28 cells. The 
maximum inhibition effects were obtained with TMZ  +  STS66 
(60  μM) combination. The same trend was also found by cell 
cycle analysis. These likely are direct impact of blocking NKCC1 
protein activity on cell proliferation and cell cycle. However, 
we  cannot rule out that blocking NKCC1 protein activity may 
indirectly affect other proteins. In Figure  4, BMT, STS66 
(10  μM) and the combined treatment of TMZ  +  BMT or 
TMZ  +  STS66 downregulated WNK1 protein expression. In 
Figure 5, STS66 (10 μM) in combination with TMZ significantly 
inhibited AKT or ERK activation but not mTOR signaling. 
The mechanisms underlying these changes are not clear. It 
may indirectly mediate through changes of cell volume or 
other signaling pathways, such as ERK/AKT. AKT is involved 
in various cellular processes, including cell proliferation, survival, 
growth, and metabolism. AKT kinase activity can be  activated 
in response to clinically relevant concentrations of TMZ. These 
findings suggest that blockade of NKCC1 protein activity may 
indirectly affect protein expression via changing cell volume 
or ERK/AKT pathways. The detailed underlying mechanisms 
require further investigation in the future.
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