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TSPO deficiency induces mitochondrial dysfunction,
leading to hypoxia, angiogenesis, and a growth-promoting
metabolic shift toward glycolysis in glioblastoma
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Abstract

Background. The ligands of mitochondrial translocator protein (TSPO) have been widely used as diagnostic bio-
markers for glioma. However, the true biological actions of TSPO in vivo and its role in glioma tumorigenesis re-
main elusive.

Methods. TSPO knockout xenograft and spontaneous mouse glioma models were employed to assess the roles of
TSPO in the pathogenesis of glioma. A Seahorse Extracellular Flux Analyzer was used to evaluate mitochondrial
oxidative phosphorylation and glycolysis in TSPO knockout and wild-type glioma cells.

Results. TSPO deficiency promoted glioma cell proliferation in vitro in mouse GL261 cells and patient-derived stem
cell-like GBM1B cells. TSPO knockout increased glioma growth and angiogenesis in intracranial xenografts and a
mouse spontaneous glioma model. Loss of TSPO resulted in a greater number of fragmented mitochondria, in-
creased glucose uptake and lactic acid conversion, decreased oxidative phosphorylation, and increased glycolysis.
Conclusion. TSPO serves as a key regulator of glioma growth and malignancy by controlling the metabolic balance
between mitochondrial oxidative phosphorylation and glycolysis.
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Importance of the Study

This study uncovers a novel function of TSPO in the
regulation of glioma growth and angiogenesis by con-
trolling the metabolic balance between oxidative phos-
phorylation and glycolysis. Our findings provide new

The mitochondrial translocator protein (TSPO), previously
known as the peripheral benzodiazepine receptor, is an
evolutionarily conserved 18 kDa transmembrane protein
primarily located in the outer mitochondrial membrane.’
TSPO was originally believed to function in mediating mi-
tochondrial cholesterol import for steroid hormone produc-
tion, which is essential for many physiological processes.?
However, the results of recent studies, including our pre-
vious study examining in vivo and in vitro genetic Tspo-
deficient models, have strongly refuted the previously
proposed function of TSPO in regulating cholesterol trans-
port and steroid biosynthesis.3* TSPO-knockout (KO) mice
exhibited normal viability, fertility, and the ability to gen-
erate steroid hormones.>* A fundamental gap exists in our
understanding of the function of TSPO in association with
various cellular processes and diseases, including cell pro-
liferation, inflammatory responses, and tumor progres-
sion.>® Therefore, further experiments are necessary to
determine the functions of TSPO in physiological and patho-
logical conditions.

TSPO expression is believed to be highly upregulated
in many inflammatory diseases and various tumor types,
such as glioma.5® This notable phenomenon provides an
important clue regarding the physiological function of
TSPO. Glioblastoma (GBM) is the most common and ma-
lignant type of glioma, accounting for 60-70% of all pri-
mary brain tumor diagnoses in adults.® TSPO is highly
expressed in human gliomas,® which has sparked investi-
gations into TSPO as a diagnostic biomarker for glioma.
Several clinical trials using PET with radiolabeled TSPO lig-
ands, such as "C-PK11195, have shown specific tumor up-
take and a good capacity to monitor and quantify tumor
progression.”” However, the role of TSPO in glioma re-
mains controversial, and the underlying molecular mech-
anisms are unknown.

In this study, we characterized the roles of TSPO in glioma
pathogenesis using in vivo TSPO-KO mouse models and
in vitro CRISPR/Cas9-based TSPO-deficient glioma cell
models. TSPO deficiency promotes glioma proliferation
and angiogenesis and serves as a key regulator of the dy-
namic balance between oxidative phosphorylation and
glycolysis. Our findings provide novel insights into the bio-
logical actions of TSPO under physiological and patholog-
ical conditions and a better understanding of the molecular
events responsible for glucose metabolism.

Materials and Methods

The Animal Care and Use Committee at the Institute of
Basic Medical Sciences, Chinese Academy of Medical
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insights into the biological actions of TSPO in regu-
lating mitochondrial function, cellular metabolism, and
tumorigenesis.

Sciences, approved this project. The reagents, cells, and
mice used in this study are described in the Supplementary
Material.

Detection of TSPO Expression on GBM
Tissue Array

A human GBM tissue microarray was purchased from US
Biomax. Immunohistochemical staining for TSPO was per-
formed using an anti-TSPO antibody as described in the
Supplementary Material.

Generation of TSPO-Knockout GL261 Cells with
the CRISPR/Cas9 System

TSPO-KO GL261 cells were generated using the CRISPR/
Cas9 system targeting the mouse TSPO exon 2 region to
ensure an effective single-guide RNA, as described in the
Supplementary Material.

Intracranial Xenograft Glioma Mouse Model

TSPO-KO GL261 cells and wild-type (WT) GL261 cells were
suspended in Dulbecco’s modified Eagle’s medium at
1.0 x 10° cells in 5 uL of medium before being intracranially
injected into the brains of TSPO-KO mice or WT littermates
as described previously.'? See the Supplementary Material
for more details.

Mitochondrial Morphology Imaging

MitoTracker Red CMXRos (Invitrogen) was applied to label
the mitochondria of GL261 cells as described previously.'
See the Supplementary Material for more details.

Mitochondrial Stress Test Assay and Glycolysis
Stress Test Assay

XF Cell Mito Stress Test Kits and the XF Glycolysis Stress
Test Kit were employed to measure mitochondrial function
and glycolytic function using an Extracellular Flux Analyzer
(Seahorse Bioscience) as described previously.’ See the
Supplementary Material for more details.

Data Analysis

Unpaired two-tailed Student’s t-test was performed to ana-
lyze the statistical significance of two-group comparisons.
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The comparison of more than two groups was analyzed
by ANOVA with Bonferroni’s post hoc test. The Gehan-
Breslow-Wilcoxon test was used to calculate the signif-
icance of the survival curves. The data are presented as
mean + standard deviation, except where otherwise indi-
cated. P< 0.05 was considered significant.

Results
TSPO Is Highly Expressed in Human Glioma

We performed immunohistochemical analyses using
human grade IV glioma (GBM) tissue arrays with 35 du-
plicate GBM tissues and 5 duplicate normal brain tis-
sues to examine TSPO expression in human GBM. The
TSPO protein was expressed at approximately 3.5-fold
higher levels in GBM tissues than in normal brain tissues
(Supplementary Figure 1A and B). We also analyzed The
Cancer Genome Atlas glioma databases and obtained sim-
ilar results. Significantly higher levels of TSPO mRNA were
also observed in glioma specimens than in normal brain
tissues (Supplementary Figure 1C). These findings dem-
onstrated that TSPO expression is upregulated in GBM
tissues. Previous studies reported that TSPO expression
in human astrocytomas was correlated with the grade of
malignancy and survival.®' Thus, we analyzed the sur-
vival rates of patients with human GBM from The Cancer
Genome Atlas database. However, we did not observe a
significant correlation of TSPO expression with the survival
rates of patients with GBM (Supplementary Figure 1D-G).
In contrast, patients with neural GBM who presented low
levels of the TSPO protein exhibited slightly shorter sur-
vival times than patients with high levels of TSPO expres-
sion (Supplementary Figure 1H). In addition, we examined
the expression levels of the angiogenesis regulator vas-
cular endothelial growth factor A (VEGF-A) and the glycol-
ysis associated enzyme lactate dehydrogenase A (LDHA)
on GBM tissue arrays.The results showed that the average
levels of TSPO, VEGF-A, and LDHA in GBM tissues were
higher than those in normal brain tissues, but they were
very heterogeneous (Supplementary Figure 2A). No signif-
icant correlation between TSPO expression with the level
of VEGF-A or LDHA in GBM was observed (Supplementary
Figure 2B and C). While some GBM tissues showed high
expression levels of all these proteins, many GBM samples
with low TSPO expression displayed high levels of VEGF-A
and LDHA, and multiple samples with high TSPO expres-
sion exhibited relatively low levels of VEGFA and LDHA
(Supplementary Figure 2A-C). These results indicated that
elevated TSPO expression in human GBM tissues is not
a common feature and not closely correlated with malig-
nancy and patient survival. Therefore, the role of TSPO in
glioma needs to be further investigated.

TSPO Deficiency Promotes the Proliferation of
Glioma Cells

To study the role of TSPO in glioma, we established a
TSPO-deficient cell model using the CRISPR/Cas9 system
in mouse GL261 glioma cells. We designed 3 single-guide

RNAs of TSPO targeting exon 2 (Supplementary Figure
3A). Two GL261 lines with a 2-bp (clone 1) or 5-bp (clone
2) shift mutation were established (referred to as TSPO-KO
cells), and western blotting verified the complete loss of
TSPO expression in TSPO-KO cells (Fig. 1A). Surprisingly,
TSPO-KO cells displayed a higher proliferation rate than
WT cells (Fig. 1B and C). In the Cell Counting Kit 8 (CCK-
8) cell proliferation assay, both TSPO-KO clones exhibited
an approximately 30% increase in proliferation at 48 hours
compared with the 2 WT clones (Fig. 1C). The viability of
TSPO-KO cells was also found to increase (Supplementary
Figure 3B). However, the proliferative activity of mouse
embryonic fibroblasts (MEFs) from TSPO-KO mice showed
no change compared with WT MEFs from WT littermates
(Supplementary Figure 3C). Taken together, these results
suggest that the loss of TSPO enhances GL261 cell prolif-
eration but does not affect normal somatic cells in TSPO
KO mice.

Cell cycle progression is a key regulator of cell prolifer-
ation; thus, we examined whether TSPO deletion affected
the cell cycle progression of GL261 cells. More TSPO-KO
cells were found in S phase than in G0/1 phase (Fig. 1D
and E), indicating that the TSPO deletion affected cell cycle
progression, which may contribute to the increased prolif-
eration of TSPO-KO GL261 cells. Intriguingly, the apoptotic
rate of TSPO-KO GL261 cells was increased as measured
by caspase-3 activity (Supplementary Figure 3D).

TSPO Deficiency Promotes Glioma Growth
and Malignancy in a Mouse GL261 Xenograft
Glioma Model

To further determine whether TSPO deficiency pro-
motes glioma growth and malignancy in vivo, TSPO-KO
cells and WT GL261 cells were injected into the corpus
striatum region of the brains of WT mice and TSPO-KO
mice as described previously.'? As shown in the survival
curves, both WT and TSPO-KO mice bearing TSPO-KO
GL261 cells died significantly earlier than mice bearing
WT GL261 cells (Fig. 1F and Supplementary Figure 3E),
indicating that TSPO deletion in glioma cells increased
the tumor burden. Serial sections of brain tissues from
tumor-bearing mice showed a significantly greater av-
erage volume of TSPO-KO gliomas than WT gliomas (Fig.
1G-I). Surprisingly, TSPO-KO gliomas exhibited extensive
hemorrhagic areas (Fig. 1G and H), a common feature of
highly malignant gliomas. Hematoxylin and eosin (HE)
staining also indicated robust hemorrhaging and more
abundant blood vessels in TSPO-KO tumors than in WT
tumors (Fig. 1G and H).Taken together, these results sug-
gest that the loss of TSPO promotes glioma growth and
malignancy.

TSPO Deficiency Promotes Primary Glioma
Pathogenesis in a Spontaneous Murine
Glioma Model

Next, we sought to explore the effects of TSPO deficiency
on the primary formation of glioma in a spontaneous
glioma model using S100b-v-ErbB*Cdkn2a’ mice.'® These
mice were crossbred with TSPO-KO mice to generate
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Fig.1 TSPO deletion promotes the proliferation of glioma cells and the growth of glioma in an intracranial xenograft glioma model. (A) Western
blot verified the loss of TSPO expression in TSP0-K0 GL261 cells in which the gene was knocked out using the CRISPR/Cas9 system. (B) Images of
TSP0-KO and WT GL261 cells were acquired at0, 24, and 48 hours of culture. Scale bar, 100 um. (C) CCK-8 assay. (D) Flow cytometry for cell cycle
analysis. (E) Quantitation of the percentages of cells in different phases of the cell cycle shown in (D). (F) Survival curves for the mouse intracra-
nial xenograft glioma model following the injection of WT or KO GL261 cells into the brains of WT mice. (G) Representative images of a series of
slices from one mouse brain with glioma without staining (upper panel) or with HE staining (lower panel) captured 20 days after the intracranial
injection of KO or WT cells. Scale bar, 1 mm for upper images and 100 um for lower images. (H and 1) High-resolution images of HE-stained brain
slices (H) and the quantification of tumor volumes (I). Scale bar, 100 um. Three independent experiments were performed. The data are presented
as means + SEM. *P<0.05 and **P < 0.01 as determined using Student’s t-test (C, E, and I) and the Gehan-Breslow-Wilcoxon test (F).

S100b-v-ErbB*Cdkn2a’TSPO’ mice. In the survival anal-
ysis, S100b-v-ErbB*Cdkn2a” TSPO’- mice died signifi-
cantly earlier than their S700b-v-ErbB*Cdkn2a’ TSPO''*
litermates (Fig. 2A), consistent with our findings from
the TSPO-KO GL261 xenografts. An MRI analysis of
T2-weighted scans confirmed that the majority of the
S100b-v-ErbB*Cdkn2a’TSPO mice died from severe
solid gliomas, and some possibly died due to serious
cerebral edema. The gliomas in S700b-v-ErbB*Cdkn2a’
TSPO'- mice were generated earlier and grew faster than
those in S100b-v-ErbBtCdkn2a’- TSPO'* controls (Fig. 2B).
Extensive hemorrhagic areas were observed in all gliomas
in S100b-v-ErbB*Cdkn2a’ TSPO’- mice (Fig. 2C and D). In
summary, the 2 glioma models produced consistent re-
sults, indicating that TSPO deficiency promotes glioma
growth and malignancy.

TSPO Deficiency Promotes Glioma Angiogenesis

The findings demonstrating that TSPO-KO gliomas exhib-
ited extensive hemorrhaging led us to determine whether
TSPO regulates angiogenesis in glioma. We stained WT
and TSPO-KO glioma tissues for the angiogenesis marker
CD31 (Fig. 2E and F) and performed western blotting (Fig.
2G and H). Consistently, more abundant CD31+ blood ves-
sels were observed in TSPO-KO gliomas than in WT tumors
(Fig. 2E-H). Then, we examined the levels of several angi-
ogenesis regulators. VEGF-A, interleukin (IL)-8, and matrix
metalloproteinase 2 (MMP2) levels were significantly in-
creased in TSPO-KO gliomas compared with WT tumors,
whereas no significant changes were observed in VEGF-C
and MMP9 expression (Fig. 2G and H). Thus, TSPO appears
to function as a key regulator of glioma angiogenesis.
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Hypoxia enhances the malignant phenotypes of many
solid tumors by activating hypoxia signaling pathways,
such as hypoxia-inducible factors (HIFs), which play crit-
ical roles in promoting angiogenesis.” Thus, we measured
HIF-1a levels inTSPO-KO GL261 cells and xenograft tumors
using western blotting. Significantly higher HIF-1a levels
were observed in TSPO-KO cell cultures and tumors than
in WT controls (Fig. 2G-J). Based on these results, TSPO
deficiency triggers HIF-1a upregulation and subsequently
increases the levels of VEGF-A, IL-8, and MMP2, resulting in
increased angiogenesis.

TSPO Deficiency Increases Mitochondrial
Fragmentation in Glioma Cells

TSPO is an outer mitochondrial membrane protein.
Consistently, we found good co-localization of TSPO with
the MitoTracker signal in GL261 cells (Fig. 3A, upper panels).
We thus examined whether TSPO loss affects mitochondrial
morphology and function. We observed an obvious mor-
phological change in the mitochondria in TSPO-KO GL261
cells stained with MitoTracker (Fig. 3A, lower panels). While
WT GL261 cells contained more fused or elongated mito-
chondria, TSPO-deficient cells contained more round or
fragmented mitochondria (Fig. 3A and B). The mitochon-
drial defects in TSPO-KO GL261 cells could be rescued by
restoring the expression of TSPO fused with green fluores-
cent protein (GFP) but not by GFP alone (Fig. 3C and D),
indicating that mitochondria fragmentation in TSPO-KO
cells results specifically from TSPO deficiency. However,
TSPO overexpression in WT GL261 cells did not induce ob-
vious changes in mitochondrial morphology (Fig. 3C and D).

Next, we sought to determine whether TSPO deletion
affected the levels of proteins related to mitochondrial fu-
sion/fission. Western blots showed a significant increase in
the levels of the mitochondrial fission proteins MFF (mito-
chondrial fission factor) and FIS1 (fission 1 protein) and a
dramatic reduction in the level of the mitochondrial fusion
protein Mfn-1 (mitofusin 1) in cells lacking TSPO (Fig. 3E
and F).The levels of Mfn-2 and OPA1 (optic atrophy 1) were
slightly increased, while levels of DRP1 (dynamin-related
protein 1) were not noticeably altered. Levels of AMPKa
(AMP-activated protein kinase alpha) were also increased
inTSPO-KO cells, whereas the levels of complex | were de-
creased (Fig. 3E and F), suggesting a fundamental stress
and energy deficiency inTSPO-KO cells.

TSPO Deficiency Decreases Mitochondrial
Oxidative Phosphorylation Capacity and
Increases Production of Reactive Oxygen Species
in Glioma Cells

Fragmented mitochondria cause the dysfunction of mito-
chondrial metabolism.' We therefore assessed mitochon-
drial membrane potentials (MMPs) in live TSPO-KO cells
and WT cells by staining for a membrane potential probe,
tetramethylrhodamine methyl ester (TMRM), a cationic
fluorescent dye that accumulates inside the mitochon-
drial matrix according to the MMPs. TSPO-KO GL261 cells
were found to exhibit significantly lower MMPs than WT
cells (Fig. 3G and H). In addition, we observed a significant
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decrease in global ATP production inTSPO-KO GL261 cells
(Fig. 31).Thus, TSPO deletion may impair mitochondrial res-
piratory function.

Next, we assessed mitochondrial function in TSPO-KO
cells using a Seahorse Extracellular Flux XF24 Analyzer. As
observed in the oxygen consumption rate curves, both the
basal and maximal mitochondrial respiratory capacities
were significantly decreased in TSPO-KO cells compared
with WT cells (Fig. 3J and K). ATP production was also
significantly reduced in TSPO-KO cells (Fig. 3J and K). In
contrast, no significant changes in nonmitochondrial respi-
ration were observed between TSPO-KO and WT cells (Fig.
3K). TSPO expression was restored by transfecting TSPO-
GFP expression constructs into TSPO-KO cells. TSPO-GFP,
but not GFP expression alone, rescued the impaired mi-
tochondrial energy metabolism and oxidative phospho-
rylation capacity of TSPO-KO cells (Supplementary Figure
4A and B). Based on these results, TSPO deletion impairs
mitochondrial energy metabolism and oxidative phospho-
rylation in glioma cells. In addition, we further evaluated
the effect of TSPO deficiency on reactive oxygen species
(ROS) production by performing live imaging of neurons
incubated with H2DCFDA (2’,7’-dichlorodihydrofluores
cein diacetate).’ TSPO-KO GL261 cells displayed signif-
icantly higher ROS levels than WT cells (Fig. 3L and M),
revealing a more hypoxic microenvironment in TSPO-KO
GL261 cells.

TSPO Regulates the Glycolytic Capacity of GL261
Cells and Xenografts

Rather than generating energy via mitochondrial oxida-
tive phosphorylation, tumor cells predominantly generate
energy by initiating a high rate of glycolysis, followed by
lactic acid fermentation in the cytosol, which is known as
the “Warburg effect”2°Thus, we sought to further examine
whether TSPO deficiency affected glycolysis in GL261 cells
using the Seahorse Extracellular Flux XF24 Analyzer, and
we observed enhanced glycolysis in TSPO-KO cells (Fig.
4A and B). The rate of glycolysis, glycolytic capacity, and
glycolytic reserve were significantly increased in TSPO-KO
cells compared with WT cells. In contrast, no signifi-
cant changes were observed for nonglycolytic acidifica-
tion between WT and KO cells (Fig. 4A and B). Enhanced
glycolysis was decreased in TSPO-KO cells by restoring
TSPO-GFP expression but not by GFP alone (Fig. 4C and
D). Collectively, these findings suggest that TSPO regulates
glycolytic metabolism and that TSPO deficiency results in
enhanced glycolysis.

Next, we examined the levels of key glycolysis-
associated enzymes, including glucose transporter 1
(GLUT1), hexokinase | (HK1), hexokinase Il (HK2), pyruvate
kinase (PK), and lactate dehydrogenase (LDH), in TSPO-KO
GL261 cells and their xenograft tumors. GLUT1, HK2,
and LDH levels were significantly increased in TSPO-KO
cells (Supplementary Figure 5A and B) and xenograft tu-
mors compared with WT cells and tumors (Fig. 4E and
F). Immunohistochemical analysis also showed sim-
ilar patterns of GLUT1 and HK2 expression in TSPO-KO
gliomas and WT gliomas (Fig. 4G-J). However, no signifi-
cant differences were observed in HK1 and PK expression
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(Fig. 4E and F, Supplementary Figure 5C and D). Thus,
TSPO regulates glycolysis by modulating GLUT1 and HK2
levels. HIF-1a is a crucial factor that regulates glycolysis
by inducing the expression of key glycolysis-associated
enzymes,?’ and HIF-1a was found to be upregulated in
TSPO-KO cells (Fig. 21 and J). Thus, we applied HIF-1a in-
hibitors to determine whether glycolytic adaptation in
TSPO-KO cells depends on the upregulation of HIF-10.
The increased glycolysis observed in TSPO-KO cells was
completely blocked by HIF-1a inhibitors (Fig. 4K and L).
Collectively, these results suggest that TSPO deficiency
triggers HIF-1a upregulation, which likely leads to GLUTT1,
HK2, and LDH induction and enhanced glycolysis.

TSPO Deficiency Increases Cell Proliferation,
Inhibits Mitochondrial Function, and Enhances
Glycolysis in Patient-Derived Stemlike

GBM1B Cells

We studied the effects of TSPO deficiency on patient-
derived stemlike GBM1B cells to determine whether our
findings from mouse glioma cells could be replicated in
human glioma models.The level of TSPO was decreased by
65% in GBM1B cells transfected with a lentivirus carrying
theTSPO short hairpin (sh)RNA (Supplementary Figure 6A).
TSPO knockdown significantly increased cell proliferation
24 hours after shRNA transfection (Supplementary Figure
6B). In addition, it significantly inhibited mitochondrial
function and increased glycolytic metabolism in GBM1B
cells (Supplementary Figure 6C-F). We obtained similar
results in human glioma U87MG cells (Supplementary
Figure 7). Therefore, our results from mouse GL261, human
U87MG, and patient-derived stemlike GBM1B models sup-
port the hypothesis that TSPO deficiency promotes glioma
growth, and the underlying mechanisms may involve the
suppression of mitochondrial function and an increase in
glycolysis.

TSPO Deficiency Increases Glucose Uptake and
Lactic Acid Conversion

The levels of glucose, lactic acid, and pyruvate in the tumor
microenvironment are widely used markers for monitoring
dynamic metabolic levels during oxidative phosphoryl-
ation and glycolysis.?>23 We found a significant increase
in glucose levels in TSPO-KO cells and tumors compared
with WT controls (Fig. 5A and B). When measuring levels
of 2-DG6P (2-deoxy-D-glucose-6-phosphate), we ob-
served significantly increased glucose uptake in TSPO-KO
cells compared with WT cells (Fig. 5C). We also observed
a significant increase in pyruvate levels but a decrease in
acetyl CoA levels inTSPO-KO cells compared with WT cells
(Fig. 5D and E), indicating that TSPO deficiency causes pyr-
uvate accumulation inTSPO-KO cells.

Next, we measured pyruvate and acetyl CoA levels in iso-
lated mitochondrial and cytosolic fractions from TSPO-KO
and WT GL261 cells, and we observed a significant de-
crease in pyruvate in the mitochondria of TSPO-KO GL261
cells compared with WT GL261 cells. Conversely, pyruvate
levels in the cytosol were higher in TSPO-KO cells than in

WT cells (Fig. 5F). Furthermore, acetyl CoA levels were re-
duced in the mitochondria of TSPO-KO cells compared with
WT mitochondria (Fig. 5G). Taken together, these findings
indicate that TSPO deficiency blocks pyruvate entry into
the mitochondria for conversion into acetyl CoA and sub-
sequently results in decreased oxidative phosphorylation
and enhanced glycolysis.

We also examined the levels of lactic acid, the final mol-
ecule in the glycolytic pathway, in TSPO-KO GL261 cells
and xenograft tumors. Lactic acid levels in supernatants
fromTSPO-KO cells were significantly increased compared
with those from WT cells (Fig. 5H). In addition, higher lactic
acid levels were observed in both TSPO-KO GL261 cells
and xenografts than in WT controls (Fig. 51 and J), which
was also confirmed by the results of a metabolic flux assay
using [U-®C,] glucose tracing (Supplementary Figure 8).
Overall, our results support the hypothesis that aTSPO de-
ficiency in glioma cells affects mitochondrial function and
shifts the metabolic pathway toward glycolysis.

A TSPO Antagonist Promotes Glioma Growth by
Inducing a Metabolic Shift Toward Glycolysis

Finally, we investigated the effects of the TSPO antagonist
PK11195 and agonist Ro5-4864 on glioma growth using a
mouse GL261 xenograft glioma model. We observed a sig-
nificantly greater average tumor volume in the PK11195
group than in the phosphate buffered saline (PBS) control
and Rob5-4864 groups (Fig. 6A and B). However, the TSPO
agonist Rob-4864 did not produce a significant difference
compared with the PBS group. Importantly, HE staining
also indicated that PK11195-mediated inhibition caused
robust hemorrhaging and more abundant blood vessels
in gliomas compared with those in the PBS or Ro5-4864
groups (Fig. 6B). Taken together, TSPO inhibition also pro-
motes glioma growth and malignancy.

Next, we measured the effects of PK11195 and Ro5-4864
on the glycolytic and mitochondrial oxidative phospho-
rylation capacities of GL261 cells. The inhibition of TSPO
with PK11195 significantly increased glycolysis (Fig. 6C and
D) and decreased mitochondrial function (Fig. 6E and F).
Intriguingly, activation of TSPO with Ro5-4864 also signif-
icantly decreased mitochondrial function (Fig. 6E and F),
although no obvious effect on the glycolytic capacity of
GL261 cells was observed (Fig. 6C and D). Together, our
results support the hypothesis that TSPO deficiency or in-
hibition promotes glioma growth and angiogenesis by
inducing a metabolic shift toward glycolysis.

Discussion

TSPO is highly expressed in many types of cancer. However,
the role of TSPO in regulating tumor development remains
controversial. Herein, by applying the “loss of function”
strategy we demonstrated that TSPO KO promotes glioma
cell proliferation and glioma growth, and the underlying
molecular mechanism is likely involved in mitochondrial
dysfunction and glycolysis enhancement. A dynamic bal-
ance between oxidative phosphorylation and glycolysis is
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(A,B,C,D,EFG,H,I andJ).

essential for cell survival in response to changes in metabo-
lism. While normal resting cells typically rely on mitochon-
drial oxidative phosphorylation to meet bioenergetic needs,
tumor cells often utilize glycolysis to provide the energy
and carbon needed to meet the high metabolic demands
of tumor growth and survival.?° In this study, we observed
a morphological change in mitochondria inTSPO-KO GL261
cells. TSPO deficiency caused mitochondrial fragmentation
and decreased ATP production and mitochondrial oxidative
phosphorylation. However, the glycolytic capacity was en-
hanced, possibly representing a major contribution to the
increased proliferative activity of TSPO-KO GL261 cells. We
also focused on investigating the effects of TSPO deletion
on the glucose metabolism pathway. The expression levels
of the glycolysis trigger HIF-1a, and several key glycolytic
enzymes (eg, GLUT1, HK2, LDH) were significantly elevated
inTSPO-KO GL261 cells and glioma xenografts, resulting in
increased glucose uptake and lactic acid conversion. Thus,
the increased proliferation and tumorigenicity of TSPO-KO
cells are likely due to a metabolic shift toward glycolysis,
wherein the “Warburg effect” is enhanced to facilitate the

malignancy of TSPO-KO cells.?>23 Qur data support pre-
vious findings that the use of glycolysis versus mitochon-
drial respiration depends on the specific microenvironment
in GBM.>

In addition to tumor cell-intrinsic changes, TSPO defi-
ciency also increased angiogenesis, one of the typical fea-
tures of malignant tumors. Pro-angiogenic factors including
various forms of VEGF-A, MMP, and IL-8 participate in trig-
gering the development of the vascular network.?>2¢ In our
study, the levels of HIF-1a, VEGF-A, MMP2, and IL-8, which
are key factors regulating angiogenesis in tumor tissues,
were increased in glioma tissues when TSPO expression
was completely silenced. These results support the hypoth-
esis that TSPO deficiency in glioma establishes a tumor-
promoting microenvironment through hypoxia-induced
angiogenesis and a metabolic shift toward glycolysis.

TSPO expression is highly upregulated in various tumor
types, such as breast, colorectal, and prostate cancers as
well as glioma. Previous studies reported thatTSPO expres-
sion in human astrocytoma was correlated with the grade
of malignancy, proliferation, apoptosis, and survival8'
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suggesting that TSPO promotes astrocytoma growth and
could be a biomarker for evaluating malignancy or a target
for developing anti-astrocytoma approaches. However,
immunochemical staining showed only a small number
of TSPO-positive cells (16.7 + 6.4%) in astrocytoma sam-
ples,® indicating that many astrocytoma cells displayed
a relatively low TSPO expression. In fact, in some tumors
of the adrenals, skin, and liver, the levels of TSPO gener-
ally decreased compared with those of their normal tis-
sues.? These findings demonstrated that elevated TSPO
expression is not a common feature of aggressive tumors.

TSPO expression is also highly upregulated in many in-
flammatory diseases, including Alzheimer’s disease
and Parkinson’s disease.?®?° Increasing evidence has re-
vealed that the upregulation of TSPO expression is related
to the inflammatory microenvironment and can be in-
duced by inflammatory signaling pathways as described
previously.303!

Our results also showed high TSPO expression in GBM
samples. However, our findings clearly demonstrate a sig-
nificant role forTSPO in regulating the dynamic balance be-
tween oxidative phosphorylation and glycolysis and that



TSPO is essential for cellular and mitochondrial metabolism,
which is also supported by a recent study.3? Accordingly,
our findings strongly suggest that TSPO may not consti-
tute a good biomarker for evaluating the malignancy or a
target for developing prospective approaches against GBM.
Regardless, additional studies, especially conditional TSPO
transgenic mouse models, are necessary to establish a
more precise correlation between TSPO expression levels
and tumor malignancy and to more clearly understand the
dynamic functions of TSPO during tumorigenesis.

In summary, this study elucidated novel biological func-
tions for TSPO in regulating glioma growth, angiogenesis,
and metabolism. TSPO deficiency or inhibition promotes
glioma growth by suppressing mitochondrial function and
increasing glycolysis and hypoxia-induced angiogenesis.This
study establishes a new foundation for exploring aspects of
TSPO biology and provides a better understanding of TSPO-
regulated molecular mechanisms, including the regulation of
mitochondrial functions, glycolysis, and angiogenesis.
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Supplementary data are available at Neuro-Oncology online.
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