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Abstract

Microglia play important roles in extracellular matrix remodeling, tumor invasion, angiogenesis, and suppression of 
adaptive immunity in glioma. Na+/H+ exchanger isoform 1 (NHE1) regulates microglial activation and migration. However, 
little is known about the roles of NHE1 in intratumoral microglial activation and microglia–glioma interactions. Our study 
revealed up-regulation of NHE1 protein expression in both glioma cells and tumor-associated Iba1+ microglia in glioma 
xenografts and glioblastoma multiforme microarrays. Moreover, we observed positive correlation of NHE1 expression with 
Iba1 intensity in microglia/macrophages. Glioma cells, via conditioned medium or non-contact glioma-microglia  
co-cultures, concurrently upregulated microglial expression of NHE1 protein and other microglial activation markers (iNOS, 
arginase-1, TGF-β, IL-6, IL-10 and the matrix metalloproteinases MT1-MMP and MMP9). Interestingly, glioma-stimulated 
microglia reciprocally enhanced glioma proliferation and migration. Most importantly, inhibition of microglial NHE1 
activity via small interfering RNA (siRNA) knockdown or the potent NHE1-specific inhibitor HOE642 significantly attenuated 
microglial activation and abolished microglia-stimulated glioma migration and proliferation. Taken together, our findings 
provide the first evidence that NHE1 function plays an important role in glioma–microglia interactions, enhancing glioma 
proliferation and invasion by stimulating microglial release of soluble factors. NHE1 upregulation is a novel marker of the 
glioma-associated microglial activation phenotype. Inhibition of NHE1 represents a novel glioma therapeutic strategy by 
targeting tumor-induced microglial activation.

Introduction
Malignant gliomas are highly aggressive brain cancers with 
poor prognosis. Patients with the most aggressive glioblasto-
mas have a median survival of only 14–18 months due to rapid 
tumor growth and therapeutic resistance to current treatments 
(1–4). Accumulating evidence indicates that malignant gliomas 
are heterogeneous masses comprised of tumor cells intermixed 
with parenchymal cells. This unique tumor microenvironment 
plays a vital role in glioma progression (5). Most importantly, 

microglia and infiltrating macrophages account for up to 30% 
of the glioma mass, and represent important components of 
the glioma microenvironment (6). Glioma cell survival, growth 
and metastasis are facilitated by tumor-associated microglia 
and macrophages (7,8). For example, tumor cells synthesize and 
release colony stimulating factor 1 (CSF-1), triggering migra-
tion of microglia and macrophages to the tumor sites and pro-
moting subsequent microglia/monocyte release of epidermal 
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growth factor and vascular endothelial growth factor (9). Then, 
the secreted factors activate their respective tumor-expressed 
receptors and lead to increased tumor cell proliferation, inva-
sion and angiogenesis (9). Bidirectional communication between 
glioma cells and glioma-associated microglia/macrophages 
(GAMs) induces GAMs to adopt both the pro-inflammatory and 
alternative resolving phenotypes, with identification of a spe-
cific glioma-associated activation phenotype in GAMs (10–14).

Na+/H+ exchanger isoform 1 (NHE1) protein is over-expressed 
in gliomas and other cancer cells to maintain alkaline intracellu-
lar pH (pHi) by extruding H+ (15,16). We recently reported that NHE1 
co-localizes with ezrin at lamellipodia of glioma. Upregulation of 
NHE1 protein expression in glioma plays a vital role in glioma 
migration and survival (16). Increased NHE1 also enhances glioma 
cell resistance to TMZ-mediated apoptosis via activation of extra-
cellular signal-regulated kinase (ERK) signaling pathways (16). 
Furthermore, microglia and macrophages exhibited increased 
NHE1 expression during microglia activation and migration in 
response to lipopolysaccharide (LPS) and the chemotactic hor-
mone, bradykinin (17,18). However, it remains unknown whether 
NHE1 regulates intratumoral GAM activation and promotes a 
favorable microenvironment for glioma survival and migration.

In this study, we investigated the role of NHE1 in microglial 
activation and the interactions between microglia and glioma 
cells. Glioma induces NHE1 protein upregulation in microglia. 
NHE1 is required for glioma-induced microglia activation. These 
functions are probably mediated by enhanced microglial secre-
tion of matrix-metalloproteinase 9 (MMP9) and inflammatory 
cytokines. Most importantly, inhibition of microglial NHE1 activ-
ity with HOE642 or small interfering RNA (siRNA)-mediated pro-
tein knockdown significantly attenuated microglial activation 
as well as glioma migration and proliferation. Taken together, 
these new findings demonstrate that NHE1 activity plays an 
important role in intratumoral microglia–glioma communica-
tion, and identify NHE1 as a novel therapeutic target to modu-
late the tumor microenvironment.

Methods

Cell culture
All studies involving human tissues were performed with approval 
from the University of Wisconsin-Madison and University of Pittsburgh 
Institutional Review Board with informed consent obtained from patients.

Primary glioma stem cells (GSC22 and GSC99) were acquired from Dr 
John Kuo in August 2011 and were passaged in serum containing medium 
no longer than 6  months to yield GC22 and GC99 glioma cells (19,20). 
Initial validation of cell lines was assessed by formation of spheres, abil-
ity to differentiate into both neuron and astrocyte lineages, and by tumor 
formation after intracranial injection and serial engraftment. GSC22 was 
last validated for tumor initiation in January 2014 and GSC99 in May 2011. 
GC22 cells were last validated by intracranial implantation in May 2013 
(21). GC99 cells have not been inject intracranially, but grow in serum-con-
taining media to a high passage numbers (>40). The human astrocyte cell 
line was a kind gift from Dr Clive Svendsen (Cedars-Sinai). These glioma 
and astrocyte cell lines were grown in adherent cultures and maintained in 
Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% 
fetal bovine serum (FBS, Atlanta Biologicals, cat #S11150H). Immortalized 
human microglia cell line SV40 was purchased from Applied Biological 
Materials, Inc. and maintained in DMEM/F12 (Gibco) supplemented with 
10% FBS in collagen coated vessels. To coat vessels, collagen 1 (Gibco, cat# 
A10483-01) was diluted in PBS to a final concentration of 0.1 mg/ml and 
incubated on the vessels at 37°C for 1 h, followed by two rinses with PBS. 
Cultures were passaged approximately every 4 days with fresh medium 
at a density of 106 cells/75 cm2 in a culture flask. Passage 20–40 of glioma 
cells, passage 10–25 of human astrocytes, and passage 2–15 of microglia 
cells were used in the study.

Cell conditioned medium collection
For the preparation of astrocyte-conditioned medium (ACM) or glioma-
conditioned medium (GCM) treated microglia cultures, on day 1, 2 × 106 
astrocytes or glioma cells were seeded in 100 mm dishes in 10 ml DMEM + 
10% FBS media overnight. On day 2, cells were washed twice with serum-
free DMEM/F12 medium and then incubated with 10 ml fresh DMEM/
F12 + 10% FBS at 37°C for 24 h. Also, 2 × 106 microglia cells were seeded 
in collagen coated 100 mm dishes in DMEM/F12 + 10% FBS overnight. On 
day 3, the medium from astrocyte or glioma cultures (80–90% confluent) 
was collected and centrifuged at 2000g at 4°C for 10 min. The supernatant 
was collected as ACM or GCM. Fresh conditioned media was prepared for 
each set of cultures. Microglia cultures were washed twice with serum-
free DMEM/F12 medium followed by incubation with 10 ml of ACM or GCM 
plus or minus 1  µM HOE642 (Sanofi-Aventis, Germany), 0.5  µM MK2206 
(Selleck Chemical), or 100 ng/ml lipopolysaccharide (Sigma) for 24 h. On 
day 4, the medium was then collected from the microglia cultures (70–80% 
confluent) and centrifuged at 2000 × g at 4°C for 10 min. The supernatant 
was collected and defined as A/MCM or G/MCM. The microglial cells were 
rinsed twice in PBS, removed with a cell scraper, and collected for further 
biochemical experiments.

For the noncontact glioma–microglia co-cultures, 2 × 105 glioma cells 
were seeded on the surface of 0.4 μm inserts (Millicell) in DMEM/F12 with 
10% FBS. 2 × 105 human microglia/well were seeded on the bottom of a six-
well plate in DMEM/F12 with 10% FBS. After 24 h, the inserts were placed 
into the six-well plate containing microglia cultures and cells were simul-
taneously cocultured for 24 h.

Transwell chemotaxis and matrigel matrix 
invasion assay
Transwell membrane cell culture inserts (8.0  μm pore size, Becton 
Dickinson) were coated with 0.5  μg/ml poly-d-lysine as described pre-
viously (22). Dissociated glioma cells (4 × 104 cells) in 100  μl MCM were 
seeded on top of the membrane insert while the lower wells contained 
700 µl serum-free DMEM. The plates were incubated for 5 h at 37°C and 
migrated cells were determined according to published methods (22).

The invasion assay was modified from a previously published protocol 
(23). Inserts (8 µm pore size, Becton Dickinson) were coated with 1 mg/ml 
BD Matrigel Matrix (BD Biosciences, San Diego, CA). Each insert was coated 
with 100 μl Matrigel Matrix, dried in sterile conditions (37°C) for 3 h, and 
then reconstituted in 200 μl of culture medium for 30 min. Glioma cells 
were subsequently seeded at a density of 4 × 104 per insert. To establish 
co-cultures, either scr- or NHE1 siRNA-treated microglia were seeded in 
the lower compartment 48 h prior to the addition of glioma cells. After 16 h 
of co-culturing at 37°C, the Matrigel Matrix was carefully removed using 
cotton tips. Cells that had migrated through the filters were fixed with 4% 
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formaldehyde and stained with Cresyl Violet (Sigma). Three fields of cells 
were counted under a 20× phase microscopy as described (22).

RNA interference knockdown of NHE1 in microglia
The scrambled siRNA (Silencer® Negative Control No. 1 siRNA, Cat. No. 
AM4635) and siRNAs targeting human NHE1 (ID: s13023) were purchased 
from Invitrogen. A final concentration of 15 nM siRNA was used for inhib-
iting NHE1 protein expression. Dissociated microglia were seeded in six-
well plates (105 cells/well/2 ml) in DMEM/F12 with 10% FBS at 24 h prior 
to transfection. Lipofectamine RNAiMAX/siRNA complexes were prepared 
by adding the siRNA and 5  μl of Lipofectamine RNAiMAX (Invitrogen, 
Carlsbad, CA) in 500  μl serum-free Opti-MEM (Gibco). Complexes were 
allowed to form at room temperature (RT) for 10 min and added to each 
well. The cells were incubated at 37°C and subjected to experiments 48 h 
after transfection.

Cell viability assays
For the PrestoBlue viability assay, 2 × 104 glioma cells in serum-free culture 
medium (180 µl) were cultured in 96-well plates for 24 h. Then, glioma cul-
tures were treated with C/MCM, A/MCM or G/GCM plus or minus HOE642 
(1 μM) for 24–48 h. PrestoBlue dye (20 µl/well) was added and the cultures 
were incubated for 30 min at 37°C. Subsequently, absorbance at 564 nm 
was recorded according to the manufacturer’s protocol (Invitrogen). Cell 
viability was expressed as a percentage relative to the cells treated with 
C/MCM+Veh.

For assessing glioma proliferation, the BrdU assay (Millipore) was 
performed per the manufacturer’s instructions. 1 × 104 glioma cells were 
seeded in 96-well plates for 24 h and cells were cultured for 48 h in a 
serum-free DMEM/F12 media in the presence or the absence of 1  µM 
HOE642 or 0.5 µM MK2206. Proliferation rate was assayed with 4 h of BrdU 
incorporation. Thereafter, a dual absorbance of 450/550 nm was read and 
recorded. Relative changes of cell proliferation were calculated using nor-
malized values in the untreated cells.

Immunofluorescence staining
Immunofluorescence staining on xenografts of NOD-SCID mouse brains 
implanted with glioma was performed as described (22). Briefly, tissue 
sections were deparaffinized and rehydrated in water, and microwaved in 
antigen unmasking solutions (Vector laboratories) for 20 min to retrieve 
epitopes. Sections were then blocked with 5% normal goat serum for 
1 h at RT, followed by overnight incubation in mouse anti-NHE1 anti-
body (Santa Cruz #136239, 1:100) and rabbit anti-Iba1 antibody (Wako 
#019-19741, 1:100) at 4°C. Fluorescence-labeled secondary antibodies 
(Invitrogen, 1:200) were applied for 1 h at RT. For immunofluorescence 
staining on cultured cells, cells were fixed then blocked with 5% normal 
goat serum as described (22). Primary antibodies included mouse anti-
NHE1 (Santa Cruz, 1:100), rabbit anti-Iba1 (Wako, 1:100), rabbit anti-iNOS 
(Abcam #15323, 1:100) and mouse anti-Arg1 (Sigma #AV45672, 1:100). 
Fluorescence images were captured with a Leica DMIRE2 confocal micro-
scope (×40) and Leica confocal software (Leica Microsystems, Mannheim, 
Germany).

A tissue microarray (TMA) from glioblastoma multiforme (GBM) 
patients diagnosed between 1999 and 2009 was created from the University 
of Wisconsin Department of Pathology and Laboratory Medicine archives 
as described (20). Diagnosis and tissue punch location were defined by 
neuropathology prior to incorporation into the microarray. Mouse anti-
NHE1 antibody and rabbit anti-Iba1 antibody were used to label the 
TMA. Fluorescence images were captured with a Leica DMIRE2 confocal 
microscope (×40) and Leica confocal software. Two to three images were 
obtained from each punch. After background subtraction with the Leica 
confocal software, ImageJ was utilized to quantify the integrated intensity 
of NHE1. Iba1+ cells were manually counted in each image.

Gelatinase zymography
Gelatinase zymography was performed on 10% pre-cast zymogram gels 
(Bio-Rad) under nonreducing conditions. Culture media (20 µl) was mixed 
with 2× sample buffer and loaded on the gel in tris glycine SDS buffer, as 
suggested by the manufacturer (Bio-Rad). Following electrophoresis, pro-
teins were renatured by placing the gels in renaturing solution (Bio-Rad) 

for 30 min at RT. Then gels were developed at 37°C overnight, followed by 
staining with Coomassie Brilliant Blue R-250 staining solution (Bio-Rad) 
for 1 h at RT. Destaining was accomplished by washing gels in 100 ml of 
destain solution (Bio-Rad) for 60 min with gentle rocking. Gels were digi-
tally imaged and analyzed densitometrically with ImageJ.

Immunoblotting assay
Samples (25 µg total protein) were denatured and electrophoretically sep-
arated on 4–15% SDS gels (Bio-Rad). Blots were blocked (with 5% nonfat 
milk) and incubated with a primary antibody at 4°C. Primary antibodies 
included mouse anti-NHE1 (Santa Cruz, 1:500), rabbit-anti-Iba1 (Wako, 
1:500), rabbit anti-p-Akt (Cell Signaling #S473, 1:1000), or rabbit anti-t-Akt 
(Cell Signaling #C67E7, 1:1000). After rinsing, the blots were incubated with 
horseradish peroxidase-conjugated secondary immunoglobin G (1:2000, 
Vector) for 1 h at RT. Bound antibody was visualized with an enhanced 
chemiluminescence assay (Amersham, Piscataway, NJ). Signal intensi-
ties were analyzed using ImageJ and were normalized to beta-actin or 
alpha-tubulin loading controls. Full size blot scans are available in the 
Supplementary Figure 7, available at Carcinogenesis Online.

Real-time PCR
Total RNA was isolated from microglial cultures using RNeasy kit (Qiagen) 
and served as a template to synthesize cDNA by extension of oligo(dT)15 
primers (2.5 mmol/L) with 200 U of M-MLV reverse transcriptase (Sigma–
Aldrich). Real-time PCR amplifications were performed in duplicates in 
a 20-μl reaction volume containing 2x Taqman PCR MasterMix (Applied 
Biosystems) and a set of probes (listed in Supplementary Table 1, available 
at Carcinogenesis Online). The amount of target mRNA was first normal-
ized to the expression level of the GAPDH rRNA amplified from the same 
sample and then to untreated controls. Data were analyzed by the Relative 
Quantification (ΔΔCt) method using 7300 System SDS software (Applied 
Biosystems).

Cytokine enzyme-linked immuno assay
Cell culture medium from the glioma-stimulated microglia cultures was 
collected and centrifuged at 2000 × g at 4°C for 10 min. Medium concentra-
tions of IL-6, IL-10 and TGF-β were measured with commercial enzyme-
linked immuno assay (ELISA) quantification kits (R&D Systems), according 
to the manufacturer’s instructions.

Statistical analysis
The results are expressed as the mean ± standard error of the mean (SEM). 
Comparisons between groups were made by Student’s t-test or one-way 
analysis of variance using the Bonferroni post hoc test in the case of mul-
tiple comparisons (SigmaStat, Systat Software, Point Richmond, CA). 
A significance level of P < 0.05 was considered statistically significant in 
all tests and the n values represent the number of independent cultures 
or tissue samples. Pearson correlation coefficient was calculated using 
online statistics software (24).

Results

NHE1 protein is abundantly expressed in 
intratumoral microglia/macrophages

We first characterized GAM activation and NHE1 protein expres-
sion in xenograft tissues in SCID mouse brains derived from 
human GC22 as established before (20). Only a few cells stained 
positively for either Iba1 or NHE1 proteins in the nontumor 
region (Figure 1A and B, arrowheads). In contrast, the number 
of Iba+ cells (microglia/microphages) was markedly increased 
within the glioma xenograft (arrow). They expressed strong 
NHE1 signals and displayed the ‘amoeboid’ activated morphol-
ogy. In accordance with our previous findings (16), glioma cells 
(Iba1− cells, double-arrow heads in Figure  1B) also exhibited 
abundant NHE1 protein expression.

We further investigated NHE1 protein expression using a 
human GBM TMA. A sparse number of Iba1+ cells with low NHE1 
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protein expression were detected in normal neocotical region 
(Figure 1C). In contrast, the number of Iba1+ cells and NHE1 pro-
tein expression were concurrently increased with astrocytomas 
(Figure  1C and D). NHE1 protein was particularly abundant in 

both Iba1+ GAMs (arrows) and Iba1− glioma cells in grade III and 
IV astrocytomas. In addition, a moderate correlation was found 
between NHE1 protein expression and Iba1 intensity in GAMs 
(Pearson’s coefficiency r  =  0.6352, P  <  0.01). Therefore, NHE1 

Figure 1.  Intra-tumor microglia express abundant NHE1 protein. (A) Representative SCID mouse xenograft brain tumor tissue section derived from glioma stem cell 

GC22. Black boxes: locations for data collection. (B) Representative immunofluorescence images illustrate increased expression of NHE1 protein in Iba1+ microglia and 

Iba1− glioma cells in xenograft tumor tissues. White boxes: magnified areas. Arrowhead: low expression of NHE1 or Iba1. Arrow: increased NHE1 or Iba 1 expression. Scale 

bars: 20 μm. (C) Concurrent increase in expression of NHE1 protein and Iba1+ cell density in a tissue microarray from glioma patients with different tumor grades. Arrows: 

increased NHE1 protein expression in Iba1+ cells. Scale bars: 25 μm. (D) Upregulation of NHE1 and Iba1 expression in glioma tissues. Histograms illustrate intensity of 

NHE1 protein expression, numbers of Iba1+ cells, and Iba1 intensity in GAM in normal or glioma tissues, normal neocotex (n = 9), grade II (n = 10), grade III (n = 9) and 

grade IV (n = 20). *P < 0.05 versus normal neocotex. Pearson’s coeffeciency was calculate between NHE1 protein expression and Iba1 intensity in GAM, r = 0.6352, P < 0.01.
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protein expression is up-regulated in both glioma cells and Iba1+ 
GAMs.

Glioma stimulates concurrent upregulation of Iba1 
and NHE1 protein expression in microglia

We hypothesized that the concomitant upregulation of NHE1 
in both microglia and glioma cells may play a role in the pro-
tumoral interactions between these cell types. An experimental 
protocol was established to study glioma–microglia interactions 
by glioma–microglia co-culture system (Figure  2A). Microglia 
cultured in fresh culture medium (Con) or co-cultured with 
human astrocytes were used as controls. After 24 h incubation, 
co-culture of microglia with glioma cells (either GC22 or GC99) 
up-regulated microglial NHE1 and Iba1 protein expression, 
but co-culturing with human astrocytes failed to trigger this 
response (Figure 2B). To fully rule out the possibility of any con-
tact-dependent signals, we conducted additional experiments 
by exposing the microglia to glioma-conditioned media (GCM) 
(Figure 2C). Microglial exposure to fresh culture medium (Con) or 
human ACM were used as controls. After 24 h treatment, neither 
control condition had an effect on Iba1 or NHE1 expression in 
microglial cells (Figure 2D, arrowheads). In contrast, GCM from 
two primary glioma lines (GC22, GC99) led to concurrent upregu-
lation of Iba1 and NHE1 protein expression in microglia (arrows, 
Figure 2D). These findings were further validated by immuno-
blotting assays. Low expression of Iba1 and NHE1 protein was 

detected in microglial cells treated with either Con or ACM. 
Upon stimulation, NHE1 protein level increased by 3.3 ± 0.4 fold 
in the GCM (GC22)-treated microglia and 3.9 ± 0.3 folds in the 
GCM (GC99)-treated cells. In the same samples, Iba1 protein lev-
els were also elevated by 2.1 ± 0.5 fold in the GCM (GC22)-treated 
and 1.8 ± 0.4 fold in the GCM (GC99)-treated groups (Figure 2E). 
These findings indicate that soluble factors secreted by glioma 
cells encourage microglial activation and increase NHE1 protein 
levels, further supporting our hypothesis that NHE1 activation 
in microglia is involved in glioma-mediated microglia activation.

NHE1 activation is required for the glioma-induced 
microglial polarization

To determine if NHE1 plays a direct role in the induction of the 
activated microglial phenotype we characterized the function 
of microglial NHE1 in microglia activation in response to glioma 
stimulation (Figure  3A). GCM was harvested from glioma cul-
tures (GC22 or GC99) and then added to microglia cultures for 
24 h either in the presence or absence of NHE1 inhibitor HOE642 
(1  μM). Low expression levels of iNOS and Arg1 proteins were 
detected in unstimulated microglia (Con, arrowheads, Figure 3B 
and C). GCM stimulation triggered transformation of microglia 
from ‘ramified’ into ‘amoeboid’ cellular morphology (arrows, 
Figure 3C). Interestingly, GCM exposure up-regulated the expres-
sions of both iNOS and Arg1 in microglia, which are generally 
considered as markers of anti-tumorigenic and pro-tumorigenic, 

Figure 2.  Glioma stimulates concurrent upregulation of Iba1 and NHE1 protein in microglia. (A) Illustration of the transwell co-culture system allowing noncontact 

interactions between glioma and microglia cells through diffusible factors. Microglia were placed in the bottom compartment in medium alone (Con), or co-cultured 

with human astrocyte (HA), GC22 or GC99 in the upper compartment for 24 h. (B) Changes in NHE1 or Iba1 proteins in microglia are shown. Data represent mean ± 

SEM. n = 4, *P < 0.05 versus Con. (C) GCM was harvested from glioma cultures (GC22 or GC99) and applied to microglia cultures for 24 h before immunofluorescence 

or immunoblotting assays. Fresh culture media (Con) and astrocyte-conditioned media (ACM) were used as controls. (D) Representative immunofluorescent images 

of GCM-treated microglia cultures exhibiting upregulation of Iba1 (red) and NHE1 expression (green). Arrowheads: low expression of Iba1 or NHE1. Arrows: increased 

NHE1 or Iba 1 expression. Scale bar: 15 μm. (E) Representative immunoblots of Iba1 and NHE1 protein in microglia. Data are mean ± SEM. n = 4, *P < 0.05 versus Con.
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respectively (arrows, Figure 3B and C). However, blocking micro-
glial NHE1 with its inhibitor HOE642 during the GCM exposure 
period nearly abolished the GCM-induced upregulation of iNOS 
and Arg1 in microglia (double-arrowheads, Figure  3C), as well 
as amoeboid-like changes in microglia morphology (double-
arrowheads, Figure  3B). Of note, ACM exposure appeared to 
stimulate expressions of iNOS and Arg1 in microglia as well, 
but these changes did not reach statistical significance within 
four sets of experiments (P = 0.66 for iNOS and P = 0.60 for Arg1, 
Supplementary Figure  1 is available at Carcinogenesis Online). 
These findings indicate that microglia stimulation in response to 
glioma-secreted factors depends on NHE1 activity in microglia.

We further evaluated microglial cytokine expression in this 
glioma-mediated activation. Quantitative PCR assay revealed 
that the mRNA levels of interleukin-6 (IL-6), IL-10 and TGF-β 
in microglia were increased after either GC22-GCM or GC99-
GCM stimulation (Figure 3D). These changes are glioma-spe-
cific. Most importantly, inhibition of microglial NHE1 activity 
by HOE642 significantly suppressed all three mRNA upregu-
lations (Figure 3D) and nearly abolished the release of these 
factors in the microglia-conditioned media (MCM) (Figure 3E). 
Taken together, these findings strongly suggest that micro-
glial NHE1 function is involved in glioma-mediated microglial 
activation.

Figure 3.  Glioma concurrently stimulates NHE1 activation and the glioma-associated activation phenotype in microglia. (A) GCM was harvested from glioma cultures 

(GC22 or GC99) and then added to microglia cultures for 24 h either in the presence or absence of NHE1 inhibitor HOE642 (1 μM). Microglia or MCM were collected for 

immunofluorescence staining (IF), qPCR assays and ELISA. (B) Summary in changes of iNOS and Arg1 IF intensity under different conditions as listed in C. Data are 

mean ± SEM. n = 4, *P < 0.05 versus Con. (C) Representative immunofluorescence images showing expression of inducible nitric oxide synthase (iNOS, red) and arginase1 

(ARG1, green) in microglia cultures under different conditions (Con ± HOE or GCM ± HOE). Scale bar: 10 μm. (D). Changes in mRNA expression of microglial activation 

markers under different conditions (Con ± HOE, ACM ± HOE or GCM ± HOE). Data are mean ± SEM. n = 4, *P < 0.05 versus Con. (E) Changes of released factors in MCM 

under different conditions evaluated by ELISA as listed in D. Data are mean ± SEM. n = 4, *P < 0.05 versus Con.

http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgw068/-/DC1
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To determine whether the cytokines measured in G/MCM 
were truly secreted by microglia and not residual factors pre-
sent in GCM, we compared TGF-β and IL-6 contents in GCM 
(GC99 GCM), MCM or glioma-stimulated microglial conditioned 
medium (G/MCM). As shown in Supplementary Figure  2A and 
B, available at Carcinogenesis Online, TGF-β levels were 2-fold 
higher in G/MCM than GCM (3294.9 ± 184.2 versus 1655.5 ± 272.1 
pg/ml, P < 0.05), indicating the majority of TGF-β measured in 
MCM came from microglia. IL-6 was not detected in GCM, dem-
onstrating that the IL-6 measured in G/MCM was released by 
microglia (Supplementary Figure 2C is available at Carcinogenesis 
Online).

Furthermore, we tested the role of glioma NHE1 in the pro-
duction of cytokines that stimulate microglial cytokine release. 
GC99 released similar amounts of TGF-β in the absence or pres-
ence of the NHE1 inhibitor HOE642 (1 µM, 24 h, Supplementary 
Figure 2A and B, available at Carcinogenesis Online). Blocking of 
glioma NHE1 activity in GC99 cells with HOE642 prior to the 
GCM-mediated microglial stimulation decreased the microglial 
TGF-β release in G/MCM by ~30% (although it did not reach sta-
tistical significance). In contrast, inhibiting glioma NHE1 had no 
effects on IL-6 release in G/MCM (Supplementary Figure  2C is 
available at Carcinogenesis Online). These findings suggest that 
glioma cells release soluble factors that stimulate microglial 
TGF-β production in a manner partially depending on glioma 
NHE1 activity, whereas microglial IL-6 expression is independ-
ent of glioma NHE1 function. Of note, blocking NHE1 in glioma 
cells decreases baseline proliferation as determined by BrdU 
assay, which may also influence the composition of secreted 
cytokines in this model (Supplementary Figure 2D is available 
at Carcinogenesis Online). Together, our data indicate that NHE1 
activity in glioma is involved in distinct signaling pathways in 
regulating microglial activation.

Microglial NHE1 activity promotes expression and 
activation of matrix metalloproteinases

Matrix metalloproteinases (MMPs) are involved in the expansion 
of malignant gliomas by facilitating their penetration of ana-
tomical barriers and migration within the neuropil. We further 
investigated roles of microglial NHE1 activity in modulation of 
expression and activation of different MMPs. First, we observed 
that GC22 xenograft tissues exhibited abundant expression of 
membrane type 1 metalloprotease (MT1-MMP), MMP2 and MMP9 
(Figure 4A). Type 1 metalloprotease (MT1-MMP), MMP2 and MMP9 
are abundantly expressed in GC22 xenograft tissues. MT1-MMP 
appears more abundant in Iba1+ cells, which is consistent with 
previous reports, while MMP2 and MMP9 are present in both 
Iba1− (arrowheads) and Iba1+ cells (arrows) (13). Next, we applied 
GCM to microglia which resulted in increased expression of 
MT1-MMP and MMP9 proteins, but not MMP2 (Figure 4B–E and 
Supplementary Figure 1C–F, available at Carcinogenesis Online). 
Furthermore, the enzymatic activity of MMP9 was increased in 
the stimulated microglial cells by zymography. Interestingly, this 
increased MT1-MMP and MMP9 expression and MMP9 enzy-
matic activity were abolished after microglial incubation with 
HOE642, indicating NHE1 activity is required for these changes.

Microglial NHE1 activity plays a role in  
microglia-induced glioma proliferation

We then investigated whether blocking NHE1 activity in micro-
glia would affect glioma cell function. Microglia were incu-
bated in either GCM, ACM or unconditioned medium for 24 h. 

Conditioned medium was collected from glioma-stimulated 
microglia (G/MCM), astrocyte-stimulated microglia (A/MCM), 
or control medium-stimulated microglia (C/MCM) and subse-
quently applied to glioma cells. NHE1 inhibitor HOE642 was 
added into microglia cultures of each condition to specifically 
inhibit microglial NHE1 activity during inoculation of MCM, 
prior to exposure to glioma cells (Figure 5A). After exposing gli-
oma cells to MCM for 24 h, expression of total Akt (t-Akt) and 
phosphorylated Akt (p-Akt), a marker of proliferation, were eval-
uated. The levels of total Akt protein remained unchanged in 
all experimental groups whereas G/MCM significantly increased 
p-Akt protein expression in both glioma cell lines (2.08 ± 0.27 
fold in GC22 and 2.21 ± 0.34 fold in GC99) (Figure  5B). Neither 
C/MCM nor A/MCM affected p-Akt levels. Notably, inhibition 
of microglial NHE1 activity with HOE642 significantly reduced 
glioma cell’s p-Akt protein expression (2.00 ± 0.56 fold change in 
GC22 and 2.81 ± 0.12 fold change in GC99), showing that micro-
glial-derived factors stimulate Akt-signaling cascades in glioma 
cells (Figure 5B).

Akt may be involved in the regulation of glioma and micro-
glial cytokine release in light of its binding and phosphorylation 
of NHE1’s c-terminus (25). To explore this, we used the specific 
Akt inhibitor MK2206 at 0.5 µM, a concentration with no toxic-
ity or inhibition of cell survival (26). Supplemental Figure 3A–C, 
available at Carcinogenesis Online, shows that treatment of GC99 
with MK2206 elevated TGF-β release in GCM by 71% but did 
not affect IL-6 release. Moreover, MK2206 failed to block GCM-
induced TGF-β or IL-6 release from microglia. The opposite 
effects of blockade of glioma NHE1 and Akt on release of TGF-
β from glioma suggest that function of glioma NHE1 in stimu-
lating TGF-β release is not regulated by Akt. However, we did 
observe that blocking glioma Akt with MK2206 abolished glioma 
proliferation and also decreased glioma-stimulated microglia-
induced glioma proliferation (Supplementary Figure  3D, avail-
able at Carcinogenesis Online). This suggests that glioma Akt is 
involved in glioma–microglia communication, although it is not 
dependent on TGF-β.

We next conducted a PrestoBlue cell viability assay. There 
was a modest increase in proliferation of GC22 and GC99 cells 
(~20%, P > 0.05) after exposure to the G/MCM for 24 h as com-
pared with cells exposed to C/MCM (data not shown). Increasing 
the exposure to 48 h stimulated cell viability by 1.8-fold in GC22 
and 2.1-fold in GC99 (Figure 5C). In contrast, inhibition of NHE1 
activity with HOE642 significantly reduced the G/MCM-mediated 
glioma viability (Figure 5C). These findings indicate that micro-
glial NHE1 activity in microglia stimulated by GCM is required 
for the production of soluble factors that in turn enhance glioma 
viability.

We also examined LPS-mediated stimulation of microglia, 
a classically M1 type microglial activation, and its subsequent 
impact on glioma proliferation. Supplementary Figure 4A and 
B, available at Carcinogenesis Online, shows that exposure of 
GC99 cultures to basal MCM significantly stimulated glioma 
proliferation. However, LPS-activated microglia (evidenced by 
~4000 pg/ml increased release of IL-6, data not shown) did not 
trigger additional stimulation of glioma proliferation. Blocking 
LPS-stimulated microglial NHE1 with HOE642 had no effects 
on GC99 proliferation. These data suggest that LPS-stimulated 
microglia do not affect glioma proliferation and the glioma-
stimulated microglial phenotype is distinct from classical 
polarization types. This view is supported by a similar report 
that LPS-stimulated microglia failed to increase C6 glioma pro-
liferation (27).
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Activation of microglial NHE1 enhances glioma 
migration and invasion

Lastly, we examined the role of microglial NHE1 activity on 
glioma cell migration and invasion (Figure 6A). Consistent with 
our previous finding (22), in the transwell chemotaxis assay, 
GC22 exhibited a lower basal cell migration level (13.3 ± 0.8 cells/
field) compared with GC99 (29.1 ± 2.1 cells/field). In response to 
G/MCM stimulation, migratory ability of GC22 cells increased 
~120% from a control of 13.3 ± 0.8 cells/field to 29.3 ± 4.3 cells/
field (Figure  6B). Despite the higher basal migratory ability of 

GC99 cells, G/MCM exposure further stimulates their migration 
by ~40% (Figure 6C). Blocking NHE1 activity with HOE642 in the 
microglia cultures abolished their ability to stimulate either 
GC22 or GC99 migration (Figure 6B and C). To rule out the pos-
sibility of any off-target HOE642 effects, endogenous microglial 
NHE1 was silenced by siRNA, which reduced NHE1 expression 
by ~70% prior to the microglia–glioma co-culture. Glioma cell 
invasion through Matrigel (a matrix extract of non-crosslinked 
ECM macromolecules) was evaluated (Figure 6D). Under control 
conditions (no cells in the lower compartment), both GC22 and 

Figure 4.  Microglial NHE1 activity links to upregulation and activation of microglial MMPs. (A) Expression of different MMPs (MT1-MMP, MMP2 and MMP9) as charac-

terized by immunofluorescences stainings in GC22 xenograft tissues. Representative immunofluorescence images show expression of microglia marker Ibal (red) and 

different MMPs (green). White boxes: areas were magnified in the right panels. White dash lines: tumor boarders. Arrow: expression of MMPs in Iba1+ cells. Arrowheads: 

expression of MMPs in Iba1− cells. Scale bar: 10 μm. (B) Protocol. GCM was harvested from glioma cultures (GC22 or GC99) and added to microglia cultures for 24 h either 

in the presence or absence of NHE1 inhibitor HOE642 (1 μM). Microglia were subjected to qPCR assays and immunoblotting. MCM was harvested for gelatin zymogra-

phy assays. (C) Representative immunoblots showing MMP expression in microglia under different conditions. Data represent mean ± SEM. n = 6, *P < 0.05 versus C/

MCM + Veh; #P < 0.05 versus G/MCM + HOE. (D) Representative zymography showing activity of MMP9 in MCM in the presence or absence of HOE642. Data are mean ± 

SEM. n = 4, *P < 0.05 versus C/MCM + Veh; #P < 0.05 versus G/MCM + HOE. (E) Changes in mRNA expression of MMP9. Data are mean ± SEM. n = 4, *P < 0.05 versus Con.
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GC99 cells displayed the ability to invade through the Matrigel 
in 16 h, but in the presence of microglia stimulation, the num-
bers of invading glioma cells (GC22 and GC99) were significantly 
increased (~110% increase in GC22 and ~70% in GC99) (Figure 6D). 
Knockdown of microglial NHE1 expression significantly reduced 
glioma cell invasion by ~40% in GC22 and ~55% in GC99 (P < 0.05, 
Figure  6D). Taken together, these findings clearly demonstrate 
that NHE1 activity is required for microglia-stimulated glioma 
migration and invasion.

We also investigated whether glioma NHE1 is required in 
response to microglia-mediated stimulation of glioma inva-
sion. Invasion of glioma cells plated on Matrigel coated inserts 
was measured after exposure to either fresh media or G/MCM 
with or without HOE642 (Supplementary Figure 5A, available at 
Carcinogenesis Online). G/MCM treatment significantly increased 
glioma cell invasion by ~160% (P  <  0.05, Supplementary 

Figure  5B, available at Carcinogenesis Online). Treatment with 
HOE642 reduced glioma cell invasion by ~35%, although this 
effect did not reach statistical significance. These data suggest 
that NHE1 in both microglia and glioma cells is involved in the 
tumor supportive bi-directional communication within the 
tumor microenvironment.

Discussion

Glioma-associated microglial activation 
requires NHE1

In malignant glioma, both the resident microglia and infiltrat-
ing macrophages derived from circulating monocytes are major 
participants in glioma progression (5,8). Classically activated 
microglia/macrophages assume an M1 phenotype capable of 

Figure 5.  Microglial NHE1 activation stimulates glioma proliferation. (A) Protocol. GCM were harvested from glioma cultured in a FBS-free medium for 24 h (GC#22 or 

GC#99). Microglia cultures were then exposed to GCM for 24 h either in the presence or absence of NHE1 inhibitor HOE642 (1 μM). G/MCM were subsequently harvested 

and added to glioma cultures for 24 h. Regular microglia culture media (C/MCM) and astrocyte-conditioned media (A/MCM) were used as controls. (B) Representative 

immunoblots showing increased expression of p-Akt in glioma cells in response to G/MCM. Data are mean ± SEM. n = 4, *P < 0.05 versus C/MCM+Veh; #P < 0.05 versus 

G/MCM + HOE. (C) Histograms summarizing glioma cell viability after 48 h of MCM stimulations. Data are mean ± SEM. n = 4, *P < 0.05 versus C/MCM + Veh; #P < 0.05 

versus G/MCM + HOE.
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antigen presentation and phagocytosis and thus impair tumor 
progression (28,29). Microglia of the alternatively activated path-
way, M2, prevent production of cytokines required to support 
various T-cells and have been described as tumor supportive 

(28–30). Although M1 cells are characterized by the expression 
of the signal transducer and activator of transcription 1 (STAT-1)  
and the production of iNOS, M2 cells express a different set 
of marker proteins including CD206, signal transducer and 

Figure 6.  Glioma-mediated activation of microglia subsequently promotes glioma cell migration and invasion. (A) Protocol. GCM was harvested from glioma cultures 

(GC22 or GC99). Microglia cultures were exposed to GCM for 24 h either in the presence or absence of NHE1 inhibitor HOE642 (1 μM). G/MCM was subsequently harvested 

from the microglia cultures to stimulate glioma migration for 5 h. (B, C) Chemotaxis of GC22 or GC99 determined under six different treatment conditions: C/MCM + Veh, 

C/MCM + HOE642, A/MCM + Veh, A/MCM + HOE642, G/MCM + Veh and G/MCM + HOE642. Left panel: representative images of glioma cells that have migrated through 

an 8 µm transwell barrier after 5 h. Scale bar: 40 μm. Right panel: summary data of migrated cells in the different treatment groups. Data are mean ± SEM. n = 5, *P < 0.05 

versus C/MCM + Veh; #P < 0.05 versus G/MCM + Veh. (D) Glioma cells plated on a matrigel-coated Boyden chamber were cultured for 16 h in the presence of microglia. 

Microglia were previously treated with either scr or NHE1 siRNA for 48 h prior to the co-culture. Left panel: immunoblots show NHE1 protein was effectively reduced 

after NHE1 siRNA treatment. Right panel: knockdown expression of microglial NHE1 with siRNA significantly reduced the glioma cell invasion through matrigel-coated 

Boyden chamber in the co-culture system. Scale bar: 80 μm. Histograms summarize number of invading glioma cells under the different treatment groups. Data are 

mean ± SEM. n = 5, * P < 0.05.
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activator of transcription 3 and Arg1 (8,31,32). In our study, we 
found that microglia upregulate expression of the M1 marker 
iNOS and the M2 marker Arg1. This is congruent with emerg-
ing data from other groups that GAMs cannot clearly be catego-
rized as polarized towards either classical activation profile, but 
rather they adopt a specific glioma-associated activation phe-
notype consisting of protein expression characteristic of various 
microglial activation subclassifications (10,11,14).

Robust NHE1 protein expression was observed in GAMs of 
the glioma xenografts and human GBM TMAs, and positively 
correlated with Iba1 levels in GAMs. Our observed upregulations 
of iNOS and Arg1 in microglia were abolished when NHE1 activ-
ity was attenuated either by inhibition with HOE642 or by siRNA 
knockdown, together indicating an important role of NHE1 in 
glioma-mediated microglia activation. This is consistent with 
our previous findings of NHE1 activation in stimulated microglia. 
We recently reported that NHE1 activity is a vital H+ extrusion 
mechanism during NADPH oxidase-mediated ‘residuary burst’ 
when microglia are challenged with oxygen and glucose depri-
vation as well as LPS stimulation (17,33). The activity and expres-
sion of NHE1 is also extensively involved in microglia activation 
and subsequent neuroinflammation after cerebral ischemia (33). 
This denotes an important role for NHE1-mediated microglial 
activation in a wide variety of neurological insults.

Microglial NHE1 is involved in microglia-stimulated 
glioma growth

Release of the soluble factors from microglia promotes glioma 
progression (34,35). Among them, microglia-derived TGF-β 
promotes upregulation of its cognate receptors TβRI and TβRII 
on glioma cells and activates signaling cascades that lead to 
tumor growth and invasion (8,36,37). Our study also detected 
increased transcriptional expression and release of TGF-β1 by 
glioma-stimulated microglia, which was inhibited by HOE642. 
Furthermore, misfolding or mislocalization of NHE1 protein 
can lead to reduction of active TGF-β release from fibroblasts 
(38). This suggests that microglial NHE1 may promote glioma 
cell proliferation through the production and release of TGF-β. 
IL-6 is another microglia-derived factor correlated with glioma 
growth and invasiveness (8). GBMs display a significantly higher 
level of IL-6 expression than normal brain tissue (39). Targeting 
the IL-6 pathway in glioma stem cells reduces their growth and 
survival (40). It has been hypothesized that activated microglia 
synthesize IL-6 following NF-κB activation, which in turn may 
stimulate transcription factors signal transducer and activator 
of transcription 3 and NF-κB in glioma cells that initiate path-
ways of glioma progression such as angiogenesis, migration and 
apoptosis inhibition (39,41).

In the current study, we detected the release of IL-6 and TGF-β  
from microglia in response to glioma-mediated stimulation. 
However, only TGF-β release depends on glioma NHE1 activity. 
Considering the respective roles of IL-6 and TGF-β in microglial 
classically pro-inflammatory and alternatively activated polari-
zation, our data suggest that glioma NHE1 activity may promote 
M2 type protumorigenic polarization in microglia via increasing 
release of TGF-β. The current study is limited and more exten-
sive cytokine profile analysis of glioma and microglia secretomes 
in relation to their NHE1 function should be conducted in the 
future studies. In addition, the possible soluble factors secreted 
by glioma that regulate microglial NHE1 expression and/or its 
activation remain unknown. There are two possible candidates, 
glioblastoma-derived macrophage colony stimulating factor 
and monocyte chemoattractant protein-1 (MCP1). Macrophage 

colony stimulating factor plays an important role in regulating 
the formation and release of microglial secretome substrates 
(42). Activation of CSF1-R by Macrophage colony stimulating fac-
tor promotes microglia survival and proliferation by stimulat-
ing ERK1/2 phosphorylation (43), whereas MCP1-CCR2 activation 
leads to phosphorylation of Ezrin/Radixin/Moesin (ERM) pro-
teins during microglia migration (44). The speculation of these 
two factors are supported by well-defined binding sites for ERK 
and ERM on the c-terminus of NHE1 (25), as well our previous 
findings on their associations to NHE1 activation in neurons and 
microglia (18,45).

Microglial NHE1 function promotes glioma cell 
migration and invasion

Degradation of extracellular matrix by membrane-bound and 
secreted metalloproteases facilitates glioma invasion (46). In 
particular, efficient digestion of extracellular matrix proteins by 
membrane-bound metalloproteases like MT1-MMP are pivotal 
for tumor invasion. They also activate secreted metalloproteases 
like MMP-2 and MMP-9, which are major proteases involved in 
glioma invasion in mouse models and probably also in humans 
(47). MT1-MMP in mouse and human gliomas is expressed pre-
dominantly in microglia closely associated with the tumors (13).

We hypothesized that NHE1 is involved in GAM MT1-MMP 
expression. We detected an upregulation of microglial MT1-MMP 
after GCM treatment or in microglia-glioma co-culture (Figure 4A 
and Supplementary Figure 1F, available at Carcinogenesis Online), 
which was abolished when NHE1 activity was inhibited by 
HOE642. In breast cancer cells, NHE1 activity increases expres-
sion of MT1-MMP via ERK1/2 and p38 mitogen-activated protein 
kinase (MAPK) signaling pathways (48). We previously reported 
that inhibition of NHE1 activity with HOE642 reduces expression 
of p-ERK in glioma cells (16). We therefore speculate that NHE1 
inhibition in microglia promotes glioma migration and invasion 
by downregulation of MT1-MMP expression which may also be 
regulated by ERK1/2 related signaling. NHE1/p38 MAPK signaling 
to control MT1-MMP expression is also a possibility. p38 MAPK 
pathway activation has been shown to be NHE1-independent 
under certain conditions and will thus require further investiga-
tion (13,49,50).

We and others have observed increased expression of MT1-
MMP and MMP9 in microglia in response to glioma-derived fac-
tors (13,51). However, it has also been reported that exposure of 
microglia to glioma-derived factors increased microglia MMP2 
activity, which we did not observe (30). Moreover, we found 
that NHE1 inhibition decreased MT1-MMP and MMP9 activity, 
whereas MMP2 remained unchanged in GC22 and GC99 cells. 
This contrasts with results obtained in breast tumor cells where 
NHE1 inhibition decreased expression of MT1-MMP, MMP9 and 
MMP2 (52). This discrepancy probably results from the use of 
different tumor types and/or different glioma cell lines (GL261 
used by (13) versus GC22 and GC99 used here). These findings 
suggest that although the variation in molecular mechanisms 
underlying tumor-associated matrix degradation in different 
cell types may pose a clinical treatment challenges, it also offers 
the opportunity for more targeted and personalized therapies 
for specific molecular tumor subtypes.

Regulation of signaling cascades by the NHE1 
protein scaffolding function

In addition to being an ion transporter, NHE1 also functions as 
a cytoskeletal scaffold. NHE1 binds to the cytoskeletal protein 
ezrin and is localized to lamellopodia, and regulates cell motility 
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(16). Furthermore, its intracellular C-terminal domain also serves 
as a scaffold to recruit and position components of various sign-
aling cascades (53). Notably, binding of heat-shock protein 70 to 
NHE1 in microglia mediates the production of iNOS in response 
to LPS treatment via the NFΚB signaling pathway (54). In addi-
tion, a recent study revealed that the NHE1 C-terminal contains 
two D-domains, which directly interact with ERK. Mutating 
these D-domains abolished epidermal growth factor-dependent 
ERK activation, which suggests NHE1–ERK interaction may be 
required for full ERK activity (55).

The protein scaffolding functions of NHE1 are at least par-
tially independent of its ion transport function as mutated 
forms without functional ionic translocation still properly 
localize to lamellopodia membrane (56). However, regulation of 
local intracellular pH by NHE1 may still be important for down-
stream signaling as intracellular pH changes can alter binding 
affinities of signaling molecules (53). Therefore, the effects of 
pharmacological NHE1 inhibition observed in our study could 
also be mediated through the NFKB pathway or other signal-
ing mechanisms. Additional studies are needed to investigate 
proteins that interact with NHE1 protein, and how they regulate 
microglial activation and microglia–glioma interactions in the 
tumor environment.

Conclusion
In summary (Supplementary Figure 6, available at Carcinogenesis 
Online), we report that NHE1 protein is highly expressed in 
glioma-associated microglia and macrophages. NHE1 activ-
ity is involved in inducing microglia to adopt a glioma-associ-
ated activation phenotype. Moreover, microglial NHE1 activity 
modulates glioma cell expansion and viability via regulation 
of microglia-derived factors such as MT1-MMP, MMP-9, TGF-β 
and IL-6. NHE1 inhibition suppresses glioma cell migration and 
proliferation. Our data suggest NHE1 promotes tumorigenesis, 
and therefore supports NHE1 inhibition as a novel strategy to 
attenuate microglia-mediated glioma progression.

Supplementary material
Supplementary Figures 1–7 and Table 1 can be found at http://
carcin.oxfordjournals.org/
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