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Monocarboxylate transporter 4 (MCT4, SLCI6A3) is elevated under hypoxic conditions in many malignant tumors including
gliomas. Moreover, MCT4 expression is associated with shorter overall survival. However, the functional consequences of MCT4
expression on the distinct hallmarks of cancer have not yet been explored at the cellular level. Here, we investigated the impact of
MCT4 overexpression on proliferation, survival, cell death, migration, invasion, and angiogenesis in F98 glioma cells. Stable F98
glioma cell lines with MCT4 overexpression, normal expression, and knockdown were generated. Distinct hallmarks of cancer
were examined using in silico analysis, various in vitro cell culture assays, and ex vivo organotypic rat brain slice culture model.
Consistent with its function as lactate and proton exporter, MCT4 expression levels correlated inversely with extracellular pH and
proportionally with extracellular lactate concentrations. Our results further indicate that MCT4 promotes proliferation and
survival by altered cell cycle regulation and cell death mechanisms. Moreover, MCT4 overexpression enhances cell migration and
invasiveness via reorganization of the actin cytoskeleton. Finally, MCT4 inhibition mitigates the induction of angiogenesis,
suggesting that MCT4 also plays a crucial role in tumor-related angiogenesis. In summary, our data highlight MCT4/SLCI6A3 as a

key gene for distinct hallmarks of tumor malignancy in glioma cells.

1. Introduction

Malignant gliomas are the most common primary malignant
brain tumors with an increasing incidence of up to nine per
100,000 habitants over the last years [1, 2]. This brain tumor
type is highly proliferative and shows an infiltrative growth
pattern, accounting for the high recurrence rates in patients.
Despite advances in surgical techniques and multimodal
treatment regimens with radio-, chemo-, and immuno-
therapy [3-5], the prognosis for malignant glioma patients is
very poor with a median survival time of approximately 15
months after diagnosis [6, 7].

The transmembrane protein MCT4, the respective gene
termed SLCI6A3, acts as an H/lactate exporter in highly
glycolytic tissues [8, 9]. Furthermore, MCT4 has been shown
to be overexpressed in diverse types of neoplasia, among

malignant gliomas [8-14]. Mechanistically, MCT4 is upre-
gulated under hypoxia via binding of HIF-1« to two hypoxic
response elements (HRE) within the SLCI6A3 promoter
[15]. This process enables tumor cells, including those within
the core of the heterogeneous tumor mass to survive, despite
being at a distance from blood vessels that supply their
metabolic needs [16, 17]. In the metabolic symbiosis model,
these cells have been proposed to overexpress MCT4 to
release high amounts of lactate produced during anaerobic
glycolysis into the tumor microenvironment.

In line with this observation, elevated extracellular
lactate concentrations up to 40 mM and corresponding low
extracellular pH (pH.) have been found in solid tumors
under hypoxic conditions [18-22]. Importantly, high lac-
tate production and low pH,. have been related to tumor
survival, progression, invasion, metastasis, chemoresistance,
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and recurrence [20, 23-28]. Furthermore, lactate has been
proposed to stimulate angiogenesis through HIF-1a-dependent
activation of the VEGF/VEGFR2 signaling pathway. In
addition, the TGFfB-mediated angiogenic pathway has been
found to be induced by lactate [29-31]. MCT4 is reported to
be coexpressed with VEGF family members in cervical
adenocarcinomas [32]. Besides, upregulated MCT4 has been
linked to altered tumor metabolism as well as to increased
growth and survival in breast and pancreatic cancer [33, 34].
However, there has only been one previous functional study
investigating MCT4 in glioblastoma (GBM) neurospheres,
mainly focusing on tumor growth and survival dependent
on the oxygen level [14].

In the present study, we examined the relationship be-
tween MCT4 expression, alterations in pH,, and extracel-
lular lactate concentrations. We investigated the impact on
tumor malignancy in F98 glioma cells using i silico analysis,
in vitro cell culture assays, and ex vivo vascular organotypic
glioma impact model (VOGIM) [35] by implanting F98 cells
into rat brain slices.

For this purpose, we designed an MCT4 overexpression
and knockdown/inhibition model to explore the functional
consequences of MCT4 expression on cancer cell meta-
bolism, survival, proliferation, migration, invasion potential,
and angiogenesis as well as on cell cycle profiles and cell
death mechanisms.

2. Materials and Methods

2.1. Cell Culture. Rat, human, and mouse glioma cell lines
F98, U87, U251, and GL261 were obtained from ATCC/
LGC-2397 (Wesel, Germany). All cell lines were cultured
under standard humified conditions (37°C, 5% CO,) with
DMEM (Biochrom, Berlin, Germany) supplemented with
10% FBS (Biochrom, Berlin, Germany), 1% penicillin/
streptomycin (Biochrom, Berlin, Germany), and 1% Glu-
taMAX (Gibco, Darmstadt, Germany). For detachment, cells
were treated with 0.05% trypsin (Biochrom, Berlin, Ger-
many). HUVEC were cultured under standard humified
conditions with Endothelial Cell Basal Medium with En-
dothelial Cell Growth Medium supplement mix (Promo
Cell, Heidelberg, Germany). For detachment, cells were
treated with StemPro® Accutase® (Gibco, Darmstadt,
Germany) according to the manufacturer’s instructions. All
cells were evaluated under an inverted phase/fluorescence
microscope (Olympus IX71, Hamburg, Germany) in the
transmitted light path. Image acquisition was achieved via
the CellF software (Olympus, Hamburg, Germany). To
induce hypoxia, cells were treated with 200 uM DFO
(Sigma Aldrich, Taufkirchen, Germany). For MCT4 in-
hibition, cells were treated with 100 uM pCMBS or 150 uM
phloretin (both from Sigma Aldrich, Taufkirchen, Germany).
Cells were counted using the Cell Counter Z2 (Beckman
Coulter, Brea, California, USA) according to the manufacturer’s
instructions.

2.2. Generation of Stable Cell Lines. For overexpression of the
MCT4/SLCI6A3 gene, MCT4 ¢cDNA (NM_001206950.1)
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was ligated into a peGFP-C1 vector (Clontech, Saint-
Germain-en-Laye, France). For knockdown of MCT4 expres-
sion, siRNA 5’- and 3'-oligonucleotides targeting the MCT4
mRNA (Metabion, Martinsried, Germany; Supplementary
Table S1) were ligated into a pSuper.neo+ GFP vector
(Oligoengine, Seattle, Washington, USA). For endogenous
MCT4 expression within cells, the only pSuper.neo + GFP
vector was used. DNA was augmented in the competent
E. coli strain DH5« (Invitrogen, Darmstadt, Germany) and
isolated with Nucleobond® gravity-flow columns according
to manufacturer’s instructions (Macherey-Nagel, Oensin-
gen, Switzerland). For lipotransfection of F98 cells, 1ug
DNA per sample was mixed with Opti-mem (Gibco,
Darmstadt, Germany) and Rotifect (Carl Roth, Karlsruhe,
Germany). For the selection of plasmid carrying cells, 1 mg/
ml geneticin sulfate (G418; Biochrom, Berlin, Germany)
within the culture medium was added immediately after
transfection and reduced to a concentration of 700 yug/ml,
when cells showed stable expression. GFP-positive cells were
turther selected by FACS (Beckman Coulter MoFlo Legacy,
Brea, California, USA).

2.3. pH, and Lactate Concentration Measurements.
Supernatants of cultured cells were collected for measure-
ments. pH, was determined via a pH meter (inoLab® WTW,
Weilheim, Germany). Extracellular lactate concentrations
were detected using Super GL (Hitado Diagnostic Systems,
Moehnesee-Delecke, Germany) according to the manufac-
turer’s instructions.

2.4. qRT-PCR. For RNA extraction from cells, the RNeasy®
Mini Kit (QIAGEN, Hilden, Germany) was used according
to the manufacturer’s instructions. For RNA extraction from
tissue, the MasterPure™ Complete DNA and RNA Purifi-
cation Kit (Epicenter, Madison, Wisconsin, USA) was used
according to the manufacturer’s instructions. The concen-
tration of purified RNA was determined via Nano Vue Plus
(GE Healthcare, Little Chalfont, UK). For cDNA synthesis,
the DyNAmo ¢cDNA Synthesis Kit for qRT-PCR (Thermo
Scientific, Schwerte, Germany) was used according to the
manufacturer’s instructions. For qRT-PCR, 1 ug cDNA was
applied and the ABsolute Blue QPCR SYBR Green
Mix + separate ROX vial (Thermo Scientific, Schwerte,
Germany) was used according to the manufacturer’s in-
structions. Primers were designed using Beacon Designer 7
(PREMIER Biosoft, San Francisco, California, USA) and
made by Metabion (Martinsried, Germany; Supplementary
Table S2). Efficiencies of all primers were about 2 as assessed
by calculated linear standard curves. GAPDH served as a
housekeeping gene. Reactions were run in a Light Cycler 480
(Roche, Basel, Switzerland). Quantification was performed
in Microsoft Excel (Microsoft, Redmond, Washington,
USA) by calculating threshold values and fold changes
relative to internal control (AACt method).

2.5. Immunofluorescence Staining. F98 cells were seeded
onto glass platelets with a diameter of 20 mm (Thermo
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Scientific, Schwerte, Germany). After 48 h of culture, cells
were fixed with 4% paraformaldehyde (PFA; Merck,
Darmstadt, Germany) in PBS, followed by permeabilization
and blocking with 0.2% TritonX-100 (Sigma Aldrich,
Taufkirchen, Germany) and 3% FCS (Biochrom, Berlin,
Germany) in PBS. All antibodies used in this study for
immunofluorescence staining with the respective dilutions
in blocking solution are listed in Supplementary Table S3.
Pictures were taken with a Zeiss Imager Al fluorescence
microscope (Zeiss, Jena, Germany) at 40x magnification and
an exposure time of 1s for the green and 500 ms for the red
channel for MCT4 staining and 300ms for phalloidin
staining, respectively. Image acquisition was achieved by
using the software AxioVision (Zeiss, Jena, Germany). Mean
fluorescence intensity was measured with the free software
Fiji (NTH, Bethesda, Maryland, USA).

2.6. Flow Cytometry Analysis. For all experiments, the BD
FACSCanto™ (BD Biosciences, Heidelberg, Germany) was
used. For MCT4 expression analysis, GFP-positive cells were
selected in the FITC 533/30 nm-A channel versus SSC. This
cell population was displayed as a histogram using the FITC
533/30nm-A parameter. Histograms of different samples
were overlaid to show vector expression shifts. For cell cycle
and cell death mechanisms’ analysis, F98 cells were stained
either with 7-AAD (see Supplementary Table S3) or with the
Pacific Blue™ Annexin V Apoptosis Detection Kit with
propidium iodide (PI) (Biolegend, London, UK) according
to manufacturer’s instructions. The FITC-A channel versus
SSC was set to show GFP-positive cells. For cell cycle
analysis, this cell population was then gated on PE-Cy5-W
versus PE-Cy5-A and displayed as a histogram using
PE-Cy5-A. When cell cycle profiles appeared, further gates
were set to determine the percentage of distinct cell cycle
phases. For cell death analysis, the GFP-positive population
was gated on Pacific Blue-A versus Per-CP-A. Data were
analyzed via the free Flowing software 2.5.1 (Cell imaging
core, Turku Center for Biotechnology, Finland).

2.7. MTT Assay. The MTT assay is widely used for assessing
cell viability as described previously [36]. Briefly, 5,000 and
3,000 F98 cells were seeded per 96-well (Greiner BioOne,
Frickenhausen, Germany) and cultured for 48h and 72h,
respectively. Then, 50ug 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolimbromide (MTT; Carl Roth, Karlsruhe,
Germany) was added to each well. After incubation for 4 h,
cells were lysed by shaking in isopropanol with 37% HCI.
Spectrophotometric measurement was performed via an
SLT Spectra II microplate reader (SLT Labinstruments,
Crailsheim, Germany). To assess ferroptosis as described
previously [37], cells were additionally treated with 10 uM
erastin and 1pM ferrostatin (both from Sigma Aldrich,
Taufkirchen, Germany) per well before culturing.

2.8. Scratch Assay. The scratch assay is widely used for
evaluating migration [38]. Briefly, 25,000 F98 cells were
seeded per 24-well (Becton Dickinson Labware) and

cultured up to confluence. The medium was replaced and a
scratch was drawn via a yellow pipette tip. At 0 h as well as
after 12h and 24 h, pictures were taken with an Olympus
IX71 microscope at 10x magnification in the transmitted
light path. Image acquisition was achieved via the CellF
software of the microscope (Olympus, Hamburg, Germany),
and scratch length measurement was performed with the
free software Fiji (NIH, Bethesda, Maryland, USA).

2.9. Colony Formation Assay. The colony formation assay
investigates invasion in a 3D cell culture model [39]. Briefly,
20,000 F98 cells were seeded per 6-well and cultured in a 3D
environment formed by a mixture of agarose and DMEM
with additives. After 7 d, pictures of forming colonies were
taken with an Olympus IX71 microscope at 10x magnifi-
cation in the transmitted light path. Image acquisition was
achieved via the CellF software of the microscope (Olympus,
Hamburg, Germany), and analysis was performed with the
free software Fiji (NIH, Bethesda, Maryland, USA).

2.10. Endothelial Cell Tube Formation Assay. The endothelial
cell tube formation assay [40] was performed with HUVEC.
Briefly, a mixture of 70% Matrigel (BD Biosciences) and 30%
DMEM without additives was added per 96-well and in-
cubated at 37°C and 5% CO, for 1h. After polymerization,
10 000 HUVEC were seeded per 96-well onto the gel bottom.
Cells were treated with conditioned media of F98 cells and
endothelial cell media in a ratio of 1: 1. As a positive control,
HUVEC were treated with 10 mM lactate in endothelial cell
media. After 12 h in 3D cell culture, pictures were taken with
an Olympus IX71 microscope at 10x magnification in the
transmitted light path. Image acquisition was achieved via
the CellF software of the microscope (Olympus, Hamburg,
Germany), and analysis was performed with the free soft-
ware Fiji (NIH, Bethesda, Maryland, USA).

2.11. VOGIM Slice Culture. VOGIM slice culture with P6 old
Wistar rats (Charles River Laboratories, Sulzfeld, Germany)
was performed as described previously [35]. For tumor
implantation, slices were randomly distributed over distinct
groups. Only slices of superior quality were used as deter-
mined via PI staining (see Supplementary Table S3). To
measure cell death, this procedure was repeated directly after
tumor implantation as well as after 48 h. Pictures were taken
at 4x magnification (Olympus IX71, Hamburg, Germany)
and an exposure time of 500 ms for the green and 50 ms for
the red channel. Image acquisition was achieved via the
CellF software of the microscope (Olympus, Hamburg,
Germany), and analysis was performed using the free
software Fiji (NIH, Bethesda, Maryland, USA). After 5d,
slices were fixed in PBS with 4% PFA and 1.2% picric acid,
pH =7.4 with NaOH (all reagents from Merck, Darmstadt,
Germany), and stained for laminin (see Supplementary
Table S3) to display blood vessels via the protocol described
above. Pictures of embedded slices were taken with a Zeiss
Imager Al fluorescence microscope (Jena, Germany) at 10x
magnification and an exposure time of 1.5 s for the green and



500 ms for the red channel. Image acquisition was achieved
with the software AxioVision of the microscope (Zeiss, Jena,
Germany), and analysis was performed using the free
software Fiji (NIH, Bethesda, Maryland, USA).

2.12. Data Analysis. For in silico analyses, the databases
GENT?2 [41], IVY Glioblastoma Atlas Project [42], and the
STRING database [43] were used. Statistical analyses were
performed with Microsoft Excel, the licensed software
MATLAB, and the licensed software GraphPad Prism 5 (La
Jolla, California, USA). Data are represented as mean-
+standard errors of the mean (SEM) and n gives the
number of independent experiments. Normality has been
tested using the Shapiro-Wilk normality test. Comparisons
were then evaluated statistically using Student’s ¢-test with or
without FDR correction and ANOVA in a one-way or two-
way model with Tukey’s or Bonferroni posttests. Significance
was assumed for p <0.05.

2.13. Schematic Illustrations. Schematic illustrations shown
in this manuscript were created with the free software
version of BioRender (Toronto, Canada).

3. Results

3.1. MCT4 Overexpression under Hypoxia Correlates with
Clinical Outcome in GBM Patients. MCT4 has been shown
to be overexpressed in diverse neoplasia, including malig-
nant gliomas [8-14]. Therefore, we first examined MCT4
expression via qRT-PCR in tumor tissue from our GBM
patient cohort. MCT4 mRNA was upregulated about 3-fold
in GBM compared to nonneoplastic control tissue (Figure 1(a)).
To further elucidate MCT4 expression in GBM, we per-
formed in silico analysis of MCT4 expression in brain tu-
mors of different histological glioma grades obtained from
the GENT2 database [41]. MCT4 showed enhanced expression
in WHO grade IV GBM compared to WHO grade II diffuse
and WHO grade III anaplastic astrocytoma (Figure 1(b)).
Interestingly, GBM from patients with high MCT4 expression
exhibited lower survival rates compared to those with low
MCT4 expression (Figure 1(c)).

MCT4 is upregulated under hypoxic conditions via
binding of HIF-1« to two HRE within the promotor of the
MCT4 gene SLCI6A3 (Figure 1(d)) [15]. Interestingly, in
silico analysis of MCT4/SLC16A3 and HIF-1a/HIFIA ex-
pression in microdissected GBM tumor compartments
obtained from the IVY Glioblastoma Atlas Project database
[42] revealed an expression gradient for both genes from the
leading edge towards the tumor center in most tumor
specimens (Figure 1(d)). Here, MCT4/SLC16A3 expression
was particularly high in perinecrotic zones and in the hy-
perplastic/microvascular proliferation areas, both histolog-
ical criteria that distinguish GBM from anaplastic
astrocytoma [44]. Overall, most differentially expressed
genes (DEGs) in the perinecrotic and hyperplastic/micro-
vascular proliferation zones were upregulated compared to
the leading edge (Supplementary Figure S1A). Network
analysis for the highest interactors with MCT4/SLCI6A3

Journal of Oncology

revealed HIF-1a/HIFIA as one of the nearest neighbors
(Figure 1(e)).

Since MCT4 overexpression in GBM under hypoxia
seemed to have substantial clinical relevance, we wanted to
study its functional consequences in an overexpression and
knockdown/inhibition glioma cell model. For genetic ma-
nipulation of glioma cells, we first examined via qRT-PCR
the endogenous MCT4 expression levels in distinct glioma
cell lines from different species (Supplementary Figure S1B).
We selected F98 glioma cells with the lowest endogenous
MCT4 mRNA expression for genetic manipulation so that
genetically induced MCT4 overexpression would not be
disturbed by already high endogenous MCT4 expression
levels. To further characterize the regulation of endogenous
MCT4 expression in these cells, we induced hypoxia by
deferoxamine (DFOQO) treatment and determined MCT4
mRNA expression via qRT-PCR. Of note, MCT4 mRNA
expression increased about 6-fold in F98 cells under hypoxia
compared to normoxia (Figure 1(f)). Therefore, MCT4
seems to be upregulated in GBM under hypoxic conditions
via HIF-1a, mainly in the perinecrotic and hyperplastic/
microvascular proliferation tumor zones. To study the
functional consequences of MCT4 expression, F98 cells
proved to be an appropriate cell line.

3.2. MCT4 Expression Correlates with Extracellular pH and
Lactate Concentration in F98 Glioma Cells. Stable cell lines
with endogenous MCT4 expression only (con), MCT4
overexpression (MCT4), and MCT4 knockdown (MCT4XP)
were generated as described in the Materials and Methods
section. All three tested siRNAs transiently knocked down
MCT4 mRNA expression by about 50% (Supplementary
Figure S2A). siRNA#2 displayed the highest reduction and
was thus chosen to generate the stable MCT4 mRNA
knockdown cell line (MCT4"P). Staining of stably trans-
fected GFP-positive F98 glioma cells with anti-MCT4 an-
tibody showed MCT4 to mainly localize in the outer cellular
rim, consistent with its function as a transporter within the
plasma membrane (Figure 2(a)). Furthermore, MCT4 cells
displayed slightly enhanced fluorescence intensity compared
to con, whereas fluorescence intensity was significantly re-
duced in MCT4"" cells, indicating differences in MCT4
expression in the respectively transfected cells. Determi-
nation of MCT4 mRNA expression in stably transfected F98
glioma cells via qRT-PCR revealed approximately 3-fold
upregulation of MCT4 in MCT4 cells compared to con. In
contrast, MCT4 was downregulated about half in MCT4*"
cells (Figure 2(b)). Although overexpression was not sig-
nificant at the mRNA level as assessed by a rather stringent
statistical test, 3-fold upregulation can be considered suffi-
cient for stably transfected cells. Importantly, this finding
mirrored the enhanced MCT4 expression levels seen in
GBM patients (Figure 1(c)). Furthermore, the observed
differences in MCT4 expression were significant between all
groups at the protein level determined by flow cytometry
analysis (Figure 2(c)).

MCT4 acts as a lactic acid exporter by lactate and H*
symport [9]. Consistent with this function was the finding
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FiGure 1: Endogenous MCT4 expression in GBM and F98 glioma cells. (a) Relative MCT4 mRNA expression in GBM normalized to con as
determined by qRT-PCR. Statistical analysis was performed by Student’s t-test (**p <0.01, mean + SEM, n=7). (b) MCT4 expression in
different glioma subtypes. Data were obtained from the GENT2 database. Statistical analysis was performed by Student’s t-test with FDR
correction for multiple testing (***p < 0.001, mean + SEM, # > 26). (c) Survival curves of patients with different MCT4 expression levels in
GBM. High and low expressions are defined as above and below the median expression, respectively. Data were obtained from the GENT2
database. Statistical analysis was performed by log-rank test (**p < 0.01, mean + SEM, n =25). (d) Scheme of MCT4 regulation by hypoxia via
HIF-1« and gene expression analysis of MCT4/SLC16A3 and HIF-1a/HIFIA in histological GBM compartments, shown as normalized
gene-level FPKM values (1 =278). Data were obtained from the IVY Glioblastoma Atlas Project database. (e) Network analysis for highest
interactors with MCT4/SLC16A3. Shown are all connections between interactors. Data were obtained from the STRING database.
(f) Relative MCT4 mRNA expression in F98 wild-type (wt) cells cultured under hypoxic conditions and normalized to normoxic cell culture

conditions as determined by qRT-PCR. Statistical analysis was performed with Student’s t-test (*p <0.05, mean + SEM, n=3).

that the supernatants of MCT4 F98 glioma cells cultured in
DMEM with phenol red as pH indicator were yellow, in-
dicating a lower pH, than those of con, which were pinkish
to orange (Figure 2(d)). Vice versa, the supernatants of
MCT4*" cells showed a deeply pink color, indicating the
highest pH,. To further explore this observation, we mea-
sured the pH,. of stably transfected F98 glioma cells after
culture for 48 h and 72 h. To validate the knockdown and to
exclude oft-target effects, an additional approach was chosen
to inhibit the MCT4 function. We treated MCT4 F98 glioma
cells with the two widely applied MCT4 inhibitors p-
chloromercuribenzene sulfonate (pCMBS) and phloretin
(Phl) [45]. Nontoxic treatment concentrations for F98 cells
were determined via MTT assay (Supplementary Figures S2B
and S2C). Indeed, pH. of MCT4 F98 glioma cells was sig-
nificantly lower after 48h in culture than pH. of con
(Figure 2(e)). In contrast, the supernatants of MCT4*P cells
and inhibitor-treated MCT4 cells exhibited significantly
higher pH. compared to con and to MCT4, respectively.
After 72h, the pH, of all F98 glioma cells decreased, a
physiological phenomenon observed in cells cultured for an
extended period. However, differences between the re-
spectively transfected cells described previously were even
stronger than after 48 h. In accordance with the lower pH, in
MCT4 cells, extracellular lactate concentration should be
increased. Therefore, we measured extracellular lactate
concentrations in the supernatants of stably transfected and
inhibitor-treated F98 glioma cells after culture for 48 h and
72h. As expected, extracellular lactate concentration was
higher for MCT4 cells than for con and even more than for
MCT4" and inhibitor-treated MCT4 cells after 48 h as well
as after 72h (Figure 2(f)).

With these experiments, we have shown that MCT4
expression has functional effects. Therefore, this model has
allowed us to study the functional consequences of MCT4
expression in F98 glioma cells.

3.3. MCT4 Overexpressing F98 Glioma Cells Display Typical
Characteristics of Tumor Malignancy. Interestingly, during
cell culture, we observed that MCT4 F98 glioma cells
reached confluence faster than con, whereas MCT4*P cells
were much less dense (Figure 3(a)). Findings were similar
when MCT4 F98 glioma cells were treated with the inhibitor
pCMBS and phloretin. To further explore this phenomenon,
we counted distinct groups of stably transfected and in-
hibitor-treated F98 glioma cells after culture for 48h and
72 h. Indeed, MCT4 cells grew faster than con and MCT4*"
cells after 48h and even more after 72h. In contrast, in-
hibitor treatment reduced the proliferation of MCT4 cells
after 48h and 72h (Figure 3(b)).

Besides uncontrolled proliferation, the hallmarks of
cancer cells comprise increased survival as well as migration
and invasion [46]. Hence, we further aimed to study these
characteristics in relation to MCT4 expression. After culture
for 48 h, metabolism-dependent cell viability determined via
MTT assay was increased in MCT4 F98 glioma cells in
comparison with con, MCT4*P, and inhibitor-treated MCT4
cells (Figure 3(c)). After 72h, MCT4 inhibition significantly
decreased cell viability.

Cytoskeleton morphology is altered in malignant cells,
enabling detachment from the cell layer followed by migration,
a precondition for invasion and metastasis [47]. To study actin
cytoskeleton morphology in transfected glioma cells, we
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FIGURE 2: MCT4 overexpression and knockdown phenotype in F98 glioma cells. (a) Immunocytological staining for MCT4 expression (red)
in GFP-positive con, MCT4, and MCT4%P F98 cells (green). Scale bar represents 10 #m. Quantification of mean fluorescence intensity (MFI)
of the red channel is shown below. Statistical analysis was performed by one-way ANOVA with Tukey’s posttest (*p <0.05; *p <0.01,
mean + SEM, n=11). (b) MCT4 mRNA expression ratios in con, MCT4, and MCT45P F98 cells, normalized to con, as determined by qRT-
PCR. Statistical analysis was performed by one-way ANOVA with Tukey’s posttest ("p > 0.05; *p < 0.05, mean + SEM, n=5). (c) MCT4
protein expression in con, MCT4, and MCT4¥" F98 cells determined by flow cytometry analysis. Statistical analysis was performed by one-
way ANOVA with Tukey’s posttest (*** p <0.001, mean + SEM, n = 3). (d) Supernatants of con, MCT4, and MCT4%P F98 cells cultured for
72h. () pH. measured within the supernatants of con, MCT4, and MCT4*P F98 cells as well as MCT4 cells treated with 100 uM pCMBS or
150 uM Phl and cultured for 48 h and 72 h. Statistical analysis was performed by two-way ANOVA with Bonferroni posttest (*p <0.05,
**p<0.01,and ***p <0.001, mean + SEM, n=5). (f) Extracellular lactate concentrations measured in the supernatants of con, MCT4, and
MCT4P F98 cells as well as MCT4 cells treated with 100 uM pCMBS or 150 uM Phl and cultured for 48 h and 72 h. Statistical analysis was

performed by two-way ANOVA with Bonferroni posttest (*** p <0.001, mean + SEM, n = 3).

performed phalloidin staining. MCT4 F98 glioma cells showed
more actin fibers with larger microfilament networks than con
and even more than MCT4%P cells (Figure 3(d)). To examine
the migration potential of these cells, we conducted a scratch
assay. Consistent with the observations in phalloidin staining,
MCT4 F98 '§homa cells migrated faster into the scratch than
con, MCT4™", and inhibitor-treated MCT4 cells after 12 h and
even more after 24 h (Figure 3(e)).

The potential of tumor cells to form colonies is another
prerequisite for invasion [39]. Therefore, we performed a
colony formation assay in a 3D cell culture environment.
MCT4 F98 glioma cells formed more and larger colonies,
whereas con, MCT4*", and inhibitor-treated MCT4 cells
formed less and smaller ones (Figure 3(f)). Matrix metal-
loproteinases (MMPs) are known to play a crucial role
during invasion of diffuse gliomas [48]. We thus performed
in silico expression analysis for different MMPs in the
perinecrotic and hyperplastic/microvascular proliferation
zones, in which MCT4/SLC16A3 was highly overexpressed.
Interestingly, distinct MMPs clustered into subsets that were
predominantly upregulated either in the perinecrotic or in
hyperplastic/microvascular proliferation zones (Supple-
mentary Figure S3A). Furthermore, epithelial-mesenchymal
transition (EMT) has been proposed to play an important
role during the invasion of gliomas [49, 50]. Interestingly,

MCT4/SLC16A3 was upregulated in 38% of GBMs with
mesenchymal molecular subtype, but only 23-25% in the
ones with other molecular subtypes (Supplementary
Figure S3B). We investigated the expression profiles of the
22 most EMT-associated genes in the perinecrotic and
hyperplastic/microvascular proliferation zones, in which
MCT4/SLC16A3 was highly overexpressed. Most EMT-as-
sociated genes were found in the hyperplastic/microvascular
proliferation tumor zones (Supplementary Figure S3C).
However, the correlation of expression patterns was not
evident in all GBM samples.

In summary, these results illustrate that MCT4 over-
expressing F98 glioma cells display typical characteristics of
tumor malignancy, namely, excessive proliferation, cell
survival, and altered cytoskeleton morphology as well as
enhanced migration and invasive potential.

3.4. MCT4 Inhibition Reduces the Induction of Angiogenesis.
A further hallmark of malignancy is angiogenesis, which
is essential for oxygen and metabolic supply, and thus
fosters tumor growth after a certain tumor size has been
reached [46]. To study this characteristic in vitro, we
performed a tube formation assay with HUVEC treated
with the conditioned media of stably transfected and
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inhibitor-treated F98 glioma cells in a 3D cell culture
environment. As a positive control, HUVEC were treated
with 10 mM lactate (Lac). To exclude the toxic effects of
treatments, HUVEC were first treated with pCMBS,
phloretin, or lactate alone. No reduction in tube for-
mation was detected for pCMBS or lactate treatment
compared to untreated control (ctrl) (Supplementary
Figure S4A). Phloretin showed a decrease in two an-
giogenic parameters compared to untreated control, but
not compared to lactate treated cells. Therefore, phloretin
was chosen as a secondary inhibitor. Then, HUVEC were
treated with the conditioned media of F98 glioma cells.
Compared to con, HUVEC treated with the conditioned
media of MCT4 F98 glioma cells showed larger tube
formation and more branching akin to lactate treatment
(Figure 4(a)). In contrast, MCT4 inhibition via knock-
down or pCMBS and phloretin treatment substantially
decreased tube formation.

Consistent with this finding, HUVEC treated with the
conditioned media of MCT4 F98 glioma cells exhibited
increased VEGF and VEGFR mRNA expression levels
compared to those treated with the conditioned media of
con, MCT4*P, and inhibitor-treated MCT4 F98 glioma cells
(Figure 4(b)).

To further validate these results in an ex vivo model, we
performed VOGIM slice culture. Briefly, hippocampal slices
were cut from the brains of 6-days old Wistar rats using a
vibratome, implanted with stably transfected F98 glioma
cells of distinct groups, among two treated with the in-
hibitors pCMBS and phloretin, and cultured under humified
conditions (Figure 4(c)). To exclude toxic effects of the
treatments on the slices, native brain slices without tumor
implantation were treated with pCMBS, phloretin, or lactate
and stained for cell death intensity via PI after 48 h as well as
for blood vessels after 5d in culture. Compared to the
untreated control, none of the treatments led to a significant
increase in cell death intensity (Supplementary Figure S4B).
Furthermore, angiogenic parameters increased under lactate
treatment as expected but did not decrease under inhibitor
treatment (Supplementary Figure S4C). In contrast, phlor-
etin seemed to enhance angiogenesis compared to the un-
treated control. After 5d in culture, tumor implanted brain
slices were fixed and stained for vascular morphology. In
comparison to con, MCT4 gliomas were surrounded by
larger and more branched blood vessels, albeit minimally
(Figure 4(d)). However, inhibition of MCT4 expression via
knockdown or inhibitor treatment significantly reduced
angiogenic parameters.

These results indicate that MCT4 inhibition impedes the
induction of angiogenesis, another crucial hallmark of tu-
mor malignancy, in F98 glioma cells in vitro as well as in an
ex vivo slice culture model, which more closely reflects the in
vivo situation.

3.5. MCT4 Promotes Tumor Growth in Ex Vivo VOGIM Slice
Culture. To validate the in vitro results for proliferation and
survival in an ex vivo slice culture model, we measured
tumor growth and tumor death in VOGIM slices during
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culture. Normalized to the time point of tumor implantation
(0h), MCT4 gliomas showed an increase in tumor growth
after 48 h, whereas the tumor size of MCT4*" and inhibitor-
treated MCT4 gliomas decreased (Figures 5(a) and 5(b)).

Tumor death intensity determined via PI staining was
not significantly altered between groups, which is likely due
to the overall increase in PI staining, masking the expected
differences (Figure 5(c)).

These data support the in vitro obtained results that
MCT4 increases tumor growth significantly also in ex vivo
VOGIM slice culture. There was a trend towards MCT4
overexpression to protect from tumor death, despite being
not statistically significant in the ex vivo slice culture model.

3.6. MCT4 Knockdown Alters Cell Cycle Profile and Cell Death
Mechanisms. Our aim was to further investigate the role of
MCT4 in tumor death since the underlying mechanism was
unclear. Possible explanations for increased proliferation
and cell survival are resistance to apoptosis as well as un-
controlled entrance into the active cell cycle, which are
further hallmarks of cancer cells [46]. Therefore, we ex-
amined cell cycle profiles and distinct mechanisms of cell
death under MCT4 overexpression and knockdown in stably
transfected F98 glioma cells. Negative controls for gating are
shown in Supplementary Figures S5A and S5B. Cell cycle
profiling via flow cytometry analysis showed a significantly
larger amount of MCT4 F98 glioma cells to be in the S-phase
compared to con and MCT4*P cells (Figure 6(a)). In
contrast, MCT4"P cells remained particularly within the G1-
phase. The fraction of dead cells (SubGl) was low in all
groups, although it was highest in MCT4"" and lowest in
MCT4.

To explore the distinct cell death mechanisms within
these cells, we stained for Annexin V and PI and per-
formed flow cytometry analysis. With 93%, MCT4 showed
the highest fraction of viable cells, MCT4*" with 76%
showed the lowest of all three groups (Figure 6(b)).
Conversely, MCT4*P had the largest proportions of early
apoptotic and late apoptotic/necrotic cells compared to
con and MCT4.

Recently, an additional iron-dependent mechanism of
cell death called ferroptosis was proposed [37]. To investi-
gate whether ferroptosis plays a role in MCT4-dependent
cell death, we conducted an MTT assay combined with
erastin treatment and subsequent rescue via ferrostatin, a
well-known inhibitor of ferroptosis [37]. Compared to
untreated controls, erastin significantly reduced cell viability
in all three groups (Figure 6(c)). However, only in MCT4
F98 glioma cells, ferrostatin was able to partially rescue cell
viability, suggesting ferroptosis to play a certain role ex-
clusively when MCT4 is upregulated.

In summary, the results described above suggest that
MCT4 promotes cell cycle progression and augments cell
survival by protecting tumor cells from cell death, par-
ticularly from late apoptosis/necrosis. Moreover, fer-
roptosis is proposed to occur only in the presence of
MCT4 overexpression, but not when MCT4 is expressed
at baseline level or is silenced.
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normalized to con. Statistical analysis was performed by two-way ANOVA with Bonferroni posttest (** p <0.01; *** p <0.001, mean + SEM,
n=3). (b) VEGF and VEGFR mRNA expression ratios in HUVEC treated with the conditioned media of con, MCT4, and MCT4%P F98 cells
as well as with the conditioned media of MCT4 cells treated with 100 uM pCMBS, 150 uM Phl, or 10 mM Lac, as determined by qRT-PCR.
Data were normalized to con. Statistical analysis was performed by one-way ANOVA with Tukey’s posttest (** p <0.01; ***p <0.001
mean + SEM, n=3). (c) Scheme of the procedure for VOGIM slice culture. (d) Blood vessel sprouting in VOGIM slices 5d after tumor
implantation with con, MCT4, and MCT4XP Fo8 cells (green) as well as MCT4 cells treated with 100 uM pCMBS or 150 uM Phl (green),
visualized by antilaminin staining (red). Quantification of blood vessel sprouting parameters for the assessment of angiogenesis was
performed with Fiji. Data were normalized to con. Statistical analysis was performed by two-way ANOVA with Bonferroni posttest
(***p <0.001, mean + SEM, n=9).

4, Discussion

MCT4/SLC16A3 has been shown to be overexpressed in
many malignant tumors including gliomas under hypoxic
conditions within the tumor center [8-14]. In our GBM
patient cohort, we confirmed that MCT4 was upregulated
about 3-fold. Using in silico analysis, we further showed that
MCT4 was significantly overexpressed in WHO grade IV
GBM compared to WHO grade III anaplastic and WHO
grade II diffuse astrocytoma. Interestingly, there was a
gradient of MCT4 expression from the leading edge to the
center of the tumor. In addition, we found a similar gradient
for HIF-1a, which is known to induce MCT4 expression
under hypoxia via binding to two HRE within the SLCI6A3
promoter [15]. Of note, we identified HIF-1a as one of the
nearest interactors of MCT4/SLCI6A3 in the STRING
network analysis. The metabolic symbiosis model proposes

that in an expanding heterogeneous tumor, cancer cells at
the rim receive sufficient oxygen and energy supply, whereas
cells in the dense tumor center are under hypoxic conditions
[16]. For along time, this has been considered a disadvantage
for the tumor. However, there is mounting evidence that
distinct subpopulations of cancer cells communicate with
each other via the tumor microenvironment, rendering
tumors even more malignant and aggressive. In this context,
Sonveaux et al. suggested that hypoxic cells overexpress
MCT4 to release the high amounts of lactate produced
during anaerobic glycolysis into the microenvironment
[16]. Lactate is preferentially taken up by oxygenated
tumor cells near blood vessels via MCTI, since lactate
consumption is more efficient than glycolytic enzymes
involved in glucose oxidation. Lactate is converted into
pyruvate in oxygenated tumor cells to fuel tricarboxylic
acid cycle and oxidative phosphorylation under aerobic
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conditions. This mechanism enhances the glucose gradient,
thereby ensuring energy supply for the hypoxic tumor re-
gions. This metabolic circle was proposed to promote the
overall growth and survival of the tumor, thereby playing a
crucial role in tumor malignancy [16, 17]. In our in silico
analysis, MCT4 was mainly upregulated in the perinecrotic
and hyperplastic/microvascular proliferation zones, which
represent histological malignancy criteria to distinguish WHO
grade IV GBM from a WHO grade III anaplastic astrocytoma
[44]. Accordingly, MCT4 overexpression was associated with
shorter overall survival in GBM patients, highlighting its clinical
relevance and need for further study.

To investigate the functional consequences of MCT4 ex-
pression in glioma, we generated an MCT4 overexpression and
knockdown/inhibition model in F98 glioma cells, which were
also shown to upregulate MCT4 under hypoxia, and performed
several in vitro cell culture assays as well as an ex vivo slice
culture model, much closer reflecting the in vivo situation. The
findings are summarized in a working model (Figure 7).

Consistent with its function as lactate and proton ex-
porter, MCT4 expression correlated inversely with pH, and
proportionally with extracellular lactate concentration.

Importantly, MCT4 increased proliferation and survival.
Cell cycle analysis revealed that MCT4 overexpressing cells
were found mostly in the viable fraction, whereas MCT4
knockdown cells contained the largest proportion of apoptotic
and necrotic cells. Not surprisingly, MCT4 silencing was as-
sociated with an increased apoptotic fraction in GBM neu-
rospheres [14]. Since intracellular acidification is toxic for the
cells, upregulation of MCT4 might represent a protective
mechanism of cancer cells to escape cell death by exporting
intracellular protons [51]. Besides apoptosis and necrosis,
ferroptosis is a recently proposed iron-dependent mechanism

of cell death [37]. Interestingly, our data suggest that ferroptosis
plays a role in MCT4 overexpressing F98 glioma cells. We
found that only these cells could be rescued by iron-chelator
treatment, thereby preventing ROS production leading to
terroptosis. However, the rescue of MCT4 overexpressing cells
was only partial. Other mechanisms leading to ROS production
in tumor cells are likely responsible for the partial rescue of
MCTH4 cells. It might be important to study these mechanisms
since the induction of ferroptosis might be a novel treatment
option, specifically for MCT4 overexpressing tumor cells.
MCT4 is widely expressed in nonneoplastic glycolytic cells such
as skeletal muscle cells [8, 52] as well as in astrocytes, where
astrocyte-neuron lactate transport was shown to be important
for the maintenance of neuronal activity and long-term po-
tentiation [53]. Hence, general inhibition of MCT4 would
probably have disastrous consequences. Ferroptosis-based
therapies might be a possibility to selectively extinguish MCT4
overexpressing cancer cells.

Besides promoting proliferation and survival by altered
cell cycle and cell death mechanisms, upregulated MCT4
enhanced cell migration and invasive potential via reorga-
nization of the actin cytoskeleton. On the one hand, en-
hanced intracellular pH (pH;) has been shown to remodel
the cytoskeleton for migration and invasion [54, 55]. On the
other hand, invadopodia-mediated extracellular matrix
degradation as well as activation of extracellular matrix
dissolving enzymes is augmented by an acidic tumor mi-
croenvironment [56-59]. Consistent with that observation,
distinct subsets of matrix metalloproteinases (MMPs) were
shown to accompany MCT4 overexpression in perinecrotic
and hyperplastic/microvascular proliferation tumor zones.
Furthermore, EMT has been proposed to play an important
role during the invasion of gliomas [49, 50]. Interestingly,
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MCT4/SLC16A3 was highly upregulated in GBMs with
mesenchymal molecular subtype than in those with other
molecular subtypes. Most EMT-associated genes were found
in the hyperplastic/microvascular proliferation tumor zones.
However, correlation of expression patterns was not evident in
all GBM samples, and EMT-associated genes did not reveal as
nearest MCT4/SLCI16A3 interactors. Therefore, MCT4 seems
to play a certain role in EMT GBM:s but the exact biological
mechanisms behind need to be elucidated further.

Finally, lactate treatment promoted angiogenesis in
HUVEC via VEGF signaling, whereas MCT4 inhibition
suppressed it, indicating that MCT4 plays a crucial role in
tumor-related angiogenesis. Akin to the metabolic symbiosis
model, tumors are reported to interact with nearby blood
vessels via lactate shuttling [60, 61]. Lactate released by
glycolytic tumor cells via MCT4 was proposed to be taken up
by HUVEC via MCT1, thereby supporting proangiogenic
signaling via HIF-1a and an autocrine NF«xB/IL-8 pathway.
Consistent with that finding, lactate has already been shown to
stimulate angiogenesis through HIF-1a-dependent activation
of VEGF/VEGEFR signaling as well as through the TGEFp
pathway [29-31]. Consistently, low pH, has been related to the
induction of VEGF via the MAPK pathway in human glioma
cells in vitro as well as in brain tumors in vivo [62, 63].

5. Conclusions

In the present study, we explored the functional conse-
quences of MCT4 expression on distinct hallmarks of tumor
malignancy in F98 glioma cells using in silico analysis, in
vitro cell culture assays, and ex vivo organotypic rat brain
slice culture model. MCT4 overexpression increased tumor

cell proliferation and survival by altered cell cycle regulation
and cell death mechanisms. Moreover, upregulated MCT4
enhanced cell migration and invasiveness of tumor cells via
reorganization of the actin cytoskeleton. Finally, MCT4
inhibition mitigated the induction of angiogenesis, sug-
gesting that MCT4 also plays a crucial role in tumor-related
angiogenesis.

MCT4 is of pivotal clinical relevance in GBM, since
patient survival inversely correlates with MCT4 expression
levels. In a nutshell, our study provides broad functional
evidence for MCT4/SLCI6A3 as a key driver for multiple
hallmarks of malignancy in glioma. Moreover, this study
suggests that specifically targeting MCT4 overexpressing
glioma cells by the induction of ferroptosis may lead to novel
approaches in GBM treatment.
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tumor compartments (related to Figure 3). Figure S4:
treatment of HUVEC and native brain slices (related to
Figure 4). Figure S5: gating controls for flow cytometry
analyses (related to Figure 6). Figure S1: DEGs in GBM and
endogenous MCT4 expression in glioma cell lines. (a)
Percentage of significantly up- and downregulated genes in
perinecrotic and hyperplastic/microvascular proliferation
tumor zones compared to the leading edge (n=135). Data
were obtained from the IVY Glioblastoma Atlas Project
database. (b) Relative MCT4 mRNA expression in different
glioma cell lines as determined by qRT-PCR (mean + SEM,
n=4). Figure S2: MCT4 overexpression, knockdown, and
inhibition in F98 glioma cells. (a) MCT4 mRNA expression
ratios in MCT4 F98 cells transiently knocked down with
three different siRNAs and normalized to MCT4, as de-
termined by qRT-PCR. Statistical analysis was performed by
one-way ANOVA with Tukey’s posttest (*p<0.05;
**p<0.01, mean+ SEM, n=2). (b) Toxicity curve for F98
cells treated with increasing concentrations of pCMBS, as
determined by MTT assay after 72 h. (c) Toxicity curve for
F98 cells treated with increasing concentrations of Phl, as
determined by MTT assay after 72 h. Figure S3: invasion
genes in GBM tumor compartments. (a) Gene expression
analysis of MCT4/SLCI16A3 and MMPs in histological GBM
compartments, shown as normalized gene-level FPKM
values (n=278). Data were obtained from the IVY Glio-
blastoma Atlas Project database. (b) Gene expression
analysis of MCT4/SLCI16A3 in histological GBM compart-
ments with different molecular subtypes, shown as nor-
malized gene-level FPKM values (n=278). Data were
obtained from the IVY Glioblastoma Atlas Project database.
(c) Gene expression analysis of MCT4/SLCI6A3 and
EMT genes in histological GBM compartments, shown as
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normalized gene-level FPKM values (n=278). Data were
obtained from the IVY Glioblastoma Atlas Project database.
Figure S4: treatment of HUVEC and native brain slices. (a)
Tube formation of HUVEC in 3D cell culture treated with
100uM pCMBS, 150uM Phl, or 10mM Lac. Scale bar
represents 200 ym. Quantification of tube formation pa-
rameters for the assessment of angiogenesis was performed
with Fiji. Data were normalized to untreated control. Sta-
tistical analysis was performed by two-way ANOVA with
Bonferroni posttest (**p<0.01, mean+SEM, n=3). (b)
Native brain slices treated with 100 uM pCMBS, 150 yuM Phl,
or 10mM Lac and stained with PI directly after and 48 h
after treatment. Quantification of cell death intensity in
native brain slices was performed with Fiji. Data were
normalized to untreated control (ctrl). Statistical analysis
was performed by two-way ANOVA with Bonferroni
posttest ("*p>0.05; * p < 0.05, mean + SEM, n = 3). (c) Blood
vessel sprouting in native brain slices treated with 100 yM
pCMBS, 150uM Phl, or 10mM Lac and stained with
antilaminin after 5d in culture. Quantification of blood
vessel sprouting parameters for assessing angiogenesis was
performed with Fiji. Data were normalized to untreated
control (ctrl). Statistical analysis was performed by two-way
ANOVA with Bonferroni posttest (** p <0.01; ***p <0.001,
mean + SEM, n=3). Figure S5: gating controls for flow
cytometry analyses. (a) Unstained F98 wt control for gating
of GFP-negative cells. (b) Unstained F98 wt control for
gating of Annexin V-Pacific Blue-negative and PI-negative
cells. Table S1: siRNA sequences. Table S2: primer sequences.
Table S3: antibodies and dyes. (Supplementary Materials)
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