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PPAR-y agonists reactivate the ALDOC-NR2F1 @
axis to enhance sensitivity to temozolomide
and suppress glioblastoma progression
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Abstract

Glioblastoma (GBM) is a type of brain cancer categorized as a high-grade glioma. GBM is characterized by

limited treatment options, low patient survival rates, and abnormal serotonin metabolism. Previous studies have
investigated the tumor suppressor function of aldolase C (ALDOC), a glycolytic enzyme in GBM. However, it

is unclear how ALDOC regulates production of serotonin and its associated receptors, HTRs. In this study, we
analyzed ALDOC mRNA levels and methylation status using sequencing data and in silico datasets. Furthermore,
we investigated pathways, phenotypes, and drug effects using cell and mouse models. Our results suggest that
loss of ALDOC function in GBM promotes tumor cell invasion and migration. We observed that hypermethylation,
which results in loss of ALDOC expression, is associated with serotonin hypersecretion and the inhibition of PPAR-y
signaling. Using several omics datasets, we present evidence that ALDOC regulates serotonin levels and safeguards
PPAR-y against serotonin metabolism mediated by 5-HT, which leads to a reduction in PPAR-y expression. PPAR-y
activation inhibits serotonin release by HTR and diminishes GBM tumor growth in our cellular and animal models.
Importantly, research has demonstrated that PPAR-y agonists prolong animal survival rates and increase the efficacy
of temozolomide in an orthotopic brain model of GBM. The relationship and function of the ALDOC-PPAR-y axis
could serve as a potential prognostic indicator. Furthermore, PPAR-y agonists offer a new treatment alternative for
glioblastoma multiforme (GBM).
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Introduction
Glioblastoma (GBM) is a World Health Organization
(WHO) grade IV malignancy and one of the most aggres-
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O6-methylguanine DNA methyltransferase (MGMT)
which contain genetic alterations [3-5]. Despite sig-
nificant advancements in understanding the molecular
mechanisms and in devising novel therapeutic protocols,
numerous patients with GBM still exhibit low survival
rates. Hence, GBM is viewed as a multifactorial tumor
rather than as a condition linked to a single risk factor.
Currently, GBM is categorized into three molecular sub-
types (proneural, classical, or mesenchymal) according
to its molecular characteristics [6, 7]. These subtypes
manifest distinctive gene mutations/expressions, clini-
cal courses, and survival rates. Therefore, the identifica-
tion of changes in transcription factors and expression
patterns within each subtype can assist in investigating
potential drug applications and signaling pathways.

Serotonin (5-HT), which regulates mood and emotions
such as fear and happiness activates various serotonin
receptors (5-HTR) upon release. Fourteen receptors
within seven families of serotonin receptors have been
defined [8]. Previous research has indicated that sero-
tonin disrupts G-protein complex assembly, signaling
cascades, and cAMP levels [8]. Various HTRs release
diverse neurotransmitters, such as dopamine, norepi-
nephrine, and serotonin [9-11]. Clinical studies have
resulted in the generation of HTRs and selective sero-
tonin reuptake inhibitors (SSRIs) as a means to hinder
HTR function and inhibit serotonin reuptake [12]. Con-
sequently, maintaining adequate levels of serotonin in the
brain is vital. Previous studies have shown that serotonin
can mediate a variety of events in GBM cells, including
signaling pathway activity, the response to chemotherapy,
and apoptosis/autophagy. [13—18]. Various 5-HTRs can
increase serotonin levels and affect other signaling path-
ways, such as peroxisome proliferator-activated receptor
gamma (PPARYy), which has been correlated with multi-
ple brain-related diseases and conditions, such as stroke,
cancer, and tranumatic brain injury [19]. PPARy plays a
regulatory role in anti-inflammatory mechanisms, oxi-
dative stress, neuronal death, and glucose homeostasis
[20]. Recent scientific studies have identified PPARY as a
therapeutic target in GBM patients [21, 22]. For example,
the PPARYy agonist, pioglitazone enhances performance.
Furthermore, PPARYy may also contribute to a reduction
in cancer phenotypes and characteristics induced by
serotonin [23]. It is currently unclear whether the func-
tion of PPARYy regulating serotonin secretion is impaired
in GBM. Nonetheless, research and medical interven-
tions for GBM utilizing 5-HTR inhibitors and SSRIs are
in progress [24].

Aldolase, an enzyme that plays a critical role in
metabolism and glycolysis, has three isoforms: aldol-
ase-A (ALDOA), aldolase-B (ALDOB), and aldolase-C
(ALDOC) [25]. ALDOA is widely expressed in most can-
cers and is associated with poor survival [26]. The roles
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of ALDOB or ALDOC vary across different cancer types.
Several studies have suggested that ALDOB can obstruct
metastasis and invasiveness of hepatocellular carcino-
mas [27]. ALDOC is expressed in specific regions of the
brain and its expression correlates with development,
injury, and trauma. Suppressed ALDOC expression was
observed in GBM, and this lack of expression was signifi-
cantly correlated with various clinicopathological factors
[26]. However, further investigation is necessary to deter-
mine the exact mechanism of action involved. In this
study, we found that hypermethylation of the ALDOC
promoter suppresses its expression. This, in turn, leads to
abnormal serotonin production and deactivation of the
PPARy pathway, which results in malignant GBM. The
incorporation of SSRIs and PPARy agonists into current
TMZ treatment regimens may yield positive outcomes.
Accordingly, the ALDOC/PPARy axis has become a
significant component of GBM research, including the
exploration of novel therapies.

Materials and methods

Cell culture and establishment of stable clones

The CCF-STTG1 human glioblastoma cell line was
cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS) (Invitrogen, Carlsbad,
CA, USA). The human glioblastoma cell lines T98-G,
U87-MG, and SVGp12 were cultured in EMEM supple-
mented with 10% FBS (Invitrogen, Carlsbad, CA, USA).
The human glioblastoma cell lines A172, LN-229, Hs683,
and U118-MG were cultured in DMEM supplemented
with 10% FBS (Invitrogen, Carlsbad, CA, USA). The
SW1088 human glioblastoma cell line was cultured in
L-15 medium supplemented with 10% FBS (Invitrogen,
Carlsbad, CA, USA). Cells were incubated in a humidi-
fied atmosphere, -containing 5% CO, with the excep-
tion of SW1088. The ALDOC sequence and pGIPZ
lentiviral sShRNA mir system (Thermo, Waltham, MA,
USA) were utilized to establish stable cell line. ALDOC
shRNA#1: 5-GCAGCACAGTCACTCTACATT-3" and
the shRNA#2: 5- CTCTACCAGAAAGATGATAAT-3!
The cells were infected with lentiviruses for two days
after which. Puromycin (1 pg/ml, Sigma, St. Louis, MO,
USA) was used to select stable clones for two weeks. The
following cell lines were obtained from the ATCC cell
bank: CCF-STTG1, U87-MG, T98-G, Hs683, U118-MG,
A172, LN-229, SW1088, and SVGp12. The cells were all
authenticated through short tandem repeat (STR) analy-
sis, which produced profiled loci matches of more than
80%. An assay kit was used to confirm that all cell lines
were mycoplasma-free for the purposes of this study.

In vivo model
The Institutional Animal Care and Use Committee
(IACUC) of Academia Sinica approved all the animal
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Fig. 1 Hypermethylation and loss of ALDOC function in GBM cells. (A) The expression level of ALDOC according to the WHO classification of brain tumors.
This database extracted ALDOC profiles from CGGA RNA-seq files. (B) The expression level of ALDOC in GBM patients with several genetic alterations.
This database extracted ALDOC profiles from CGGA RNA-seq files. (C) ALDOC expression levels across multiple cancer. Red indicates glioma-related
tumors. This database extracted ALDOC profiles from CCLE RNA-seq files. (D) ALDOC methylation level across multiple cancers from the CCLE website.
Red indicates glioma-related tumors. This database extracted ALDOC profiles from CCLE DNA methylation files. (E) Correlation diagram showing the
ALDOC methylation level of a specific fragment (17:26903951-26,904,951) and the expression level (Spearman’s rho=-0.774, p=7.7e-09). This database
extracted ALDOC profiles from CCLE GBM cell line files. (F) Characterization of the methylation status of ALDOC in various GBM cell lines (T98G, U-87MG,
and LN-229) by methylation-specific PCR. (G) Characterization of the methylation status of ALDOC in untreated LN-229 cells and those treated with 5-Aza
(1 uM and 10 pM) treatment by methylation-specific PCR. (H) Quantification of the percentage of CpG sites in the ALDOC promoter region (17:26903951-
26,904,951) in various GBM cell lines by bisulfite-specific PCR and pyrosequencing. This database extracted ALDOC methylation status data from CCLE
GBM cell line files. (I) DNMT1, DNMT3 and ALDOC protein levels in untreated GBM cells and those treated with 5-Aza. The data from three independent

experiments are presented in F, G, and |
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studies (#21-12-1744). All animal experiments were per-
formed according to the National Institutes of Health
(NIH) Guidelines for the Care and Use of Laboratory
Animals (publication no. 85-23, revised 1996). Six-
week-old male NOD-SCIDy strain mice (JAXTM NOD-
Cg-Prkdcscid 112rgtm1Wijl/SzJ; NOD-SCIDy) obtained
from The Jackson Laboratory (Bar Harbor, ME, USA) and
exhibited severe combined immunodeficiency (JAXTM
NOD.Cg-Prkdcscid I12rgtm1Wijl/Sz]). To evaluate the in
vivo tumorigenicity of U87-MG cells 5x10* cells were
added to 3-5 pl of PBS -mixed with Matrigel (1:1 mixure)
and stereotactically injected into the brains of the animal
( with the guide screw located 2.5 mm to the right and
1.5 mm above the bregma on the skull) [28]. The syringe
was gradually lowered to a depth of 3 mm below the sur-
face of the skull. After the needle entereds the brain, an
electric pump was used to pass through the cells slowly at
a rate of 1 uL/minute for 6—8 min to prevent any reverse
flow. On the day of tumor injection, the mice were ran-
domly assigned to groups, and various treatments were
initiated: the vehicle group received PBS, while the treat-
ment group received either a low dose (10 mg/kg) or a
high dose (40 mg/kg) of GW0742 with or without TMZ
(at a dosage of 20 mg/kg) via oral gavage seven times
per week (n=8 mice per group). We measured the vol-
ume of the tumor and the body weight on a weekly basis.
The tumor volume was calculated using the following
formula: tumor volume=1/2LW?2. When the ortho-
topic tumor was removed after seven weeks, the cell
fluorescence/luminescence signal at the endpoint was
analyzed using IVIS. The survival time of each mouse
was recorded, and survival curves were plotted according
to the treatment group.

Case selection

Between 1997 and 2005, 50 patients were diagnosed
with different grades of gliomas at the Tri-Service Gen-
eral Hospital in Taiwan. Our cohort contained 1 of grade
1_pilocytic astrocytoma, 3 of grade 2_oligodendrogli-
oma, NOS, 1 of grade 2_astrocytoma, IDH-mutant, 1 of
grade 2_glioblastoma, IDH-wildtype, 2 of grade 3_Oli-
godendroglioma, NOS, 2 of grade 3_Astrocytoma, IDH-
mutant, 28 of grade 4_Glioblastoma, IDH-wildtype, 10
of grade 4_Diffuse midline glioma, H3 K27-altered and
2 of grade 4_Astrocytoma, IDH-mutant. A retrospective
review of each patient’s medical records was used to col-
lect clinical information and pathology data. All patients
were diagnosed according to the World Health Organi-
zation (WHO) Classification of Central Nervous System
Tumors (2021). Most patients had follow-up data, with
the longest clinical follow-up time begin 60 months. The
study at Tri-Service General Hospital (number 098-05-
295) was approved by the Institutional Review Board
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after obtaining written informed consent from each
patient who participated in the study.

Chemicals and antibodies

Inositol (catalogue number PHR1351) was acquired from
Sigma (St. Louis, MO, USA). The anti-serotonin antibody
was purchased from Abcam (catalog number ab66047).
RS-127,445 (item number R2533) and serotonin powder
(item number H9523) were both obtained from Merck
(Kenilworth, NJ, USA). GW0742 (item number S8020)
and Pioglitazone (item number AD-4833) along with ase-
napine maleate (item number S1283) and myo-inositol
(item number S4530) were purchased from Selleckchem
(Houston, TX, USA). A DMSO solution was used to dis-
solve all the chemicals.

Bisulfite conversion and methylation-specific PCR
Genomic DNA was isolated from GBM cells at 85%
confluent using the DNeasy Blood & Tissue Kit (Qia-
gen, 69,504). Bisulfite conversion was performed using
the EpiJET Bisulfite Conversion Kit (Thermo Scien-
tific, #K1461) according to the manufacturer’s instruc-
tions. PCR amplification of bisulfite converted DNA
was performed using Phusion U Hot Start DNA Poly-
merase (Thermo Scientific, F555S) with specific primers
designed by- MethPrimer and MethylPrimer Express.
After PCR amplification, the samples were purified, and
the methylation status was assessed by visualization on a
3% agarose gel.

Immunofluorescence microscopy

The cells were cultured in 8-well chamber slides, fixed in
4% paraformaldehyde, permeabilized, and then exposed
to primary antibodies, followed by incubation with sec-
ondary FITC- or Alexa Fluor 594-conjugated anti-mouse
or anti-rabbit antibodies. The slides were examined,
and images were captured with a Zeiss LSM 510 META
microscope (Carl Zeiss, Jena, Germany). The nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI) to aid
in visualization of the cells.

Ingenuity pathway analysis (IPA)

A 1.5-fold change was dected for shALDOC-1 and shAL-
DOC-2 compared with vector control samples based on
the expression values from microarray chips. The afore-
mentioned values were imported into IPA for analysis of
upstream regulators. According to the IPA results (Sup-
plementary Table 5), activated upstream regulators are
shown in orange, while inhibited upstream regulators are
showen in blue.

In silico analysis
Clinical information and genomic matrix files were
downloaded from the Cancer Genome Atlas (TCGA)



Chang et al. Cell Communication and Signaling (2024) 22:266

database using the UCSC cancer browser website
(https://genome-cancer.ucsc.edu/proj/site/hgHeatmap/)
and from the Chinese Glioma Genome Atlas (CGGA)
database using the GlioVis website (https://gliobis.bio-
infor.cnio.es/) by clinicians and researchers. The GEPIA
website (https://gepia.cancer-pku.cn/index.html) was
used to assess the expression levels of genes in the differ-
ent groups. All CCLE comprehensive datasets (RNA-seq
gene expression, methylation, and metabolomics data)
were downloaded from the CCLE website and analyzed
using Prism software. Statistical analysis was performed
using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA).
Statistical differences between the two groups were
analyzed using either a paired t-test or a Mann-Whit-
ney U test. p values less than 0.05-indicated statistical
significance.

RT-quantitative PCR

The cells were lysed using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and total RNA was extractedaccord-
ing to the manufacturer’s instructions. Nanodrop spec-
trophotometer (Thermo, Waltham, MA, USA) was used
to determine the quantity of RNA. Reverse transcription-
PCR (RT-PCR) was performed using a SuperScript III kit
(Invitrogen, Carlsbad, CA, USA), according to manufac-
turer’s instructions. To obtain a standardized expression
level, the expression of target genes was compared with
that of ribosomal protein S26, which served as an inter-
nal control. All primers were designed by referencing
PrimerBank and previous publications (refer to Supple-
mentary Table 5). MSP and BSP primers were designed
using the MethPrimer website.

Western blot

The cells were lysed in RIPA buffer for 30 min and then
centrifuged at 13,000 rpm for 15 min at 4 °C. The mem-
brane/cytoplasmic protein fractions of the cultured cells
were obtained using the Mem-PER Plus Membrane Pro-
tein Extraction Kit (Thermo, Waltham, MA, USA). The
protein concentration was measured using a BCA pro-
tein assay (Thermo, Waltham, MA, USA). Total proteins
(30 ug) were separated by SDS-PAGE on 10% polyacryl-
amide gels and transferred to PVDF membranes. The
membranes were hybridized with primary antibodies
overnight after blocking for 30 min in 5% nonfat milk.
Immunoblotting was performed with primary antibod-
ies against DNMT1 (GeneTex, Hsinchu City, Taiwan),
p-Akt (Cell Signaling Technology, Danvers, MA, USA),
Akt (Cell Signaling Technology, Danvers, MA, USA),
HTR2B (GeneTex, Hsinchu City, Taiwan), ALDOC
(Abcam, Cambridge, UK), PPARy (Abcam, Cambridge,
UK), PTGS2 (GeneTex, Hsinchu City, Taiwan), NR2F1
(GeneTex, Hsinchu City, Taiwan) and P-actin (Sigma,
St. L ouis, MO, USA). A chemiluminescence system was
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used to visualize the immunoreactive bands (Amersham
ECL PlusTM, GE Healthcare Life Sciences, Chalfont St.
Giles, UK).

Analysis of microarray gene expression data and
microarray data collection

We isolated RNA (1-2 pg) from GBM cells infected with
shLuc or shALDOC lentivirus using an RNeasy Mini kit.
Affymetrix GeneChip products (human genome U133A
plus 2.0) were used per the GeneChip User Manual to
synthesize cRNA from total RNA and hybridize and
scan microarrays. We normalized the raw gene expres-
sion data and used R-project statistical software (http://
www.r-project.org/) coupled with Bioconductor pack-
ages to conduct the analysis. We used the t statistic to
generate a cutoff value of >1.5 fold changeand applied
this value as the threshold to determine gene candidates
that were differentially expressed between the control
and overexpression models after RMA normalization
(Supplementary Table 2). Finally, we uploaded the list of
predicted upstream regulators and canonical pathways
(found using IPA to Ingenuity.

Construction of genes and production of lentiviruses

We obtained the lentiviral envelope and the packaging
plasmid (pMDG and p/\8.91) from the National RNAi
Core Facility (Academia Sinica, Taiwan). CLONTECH
(CA, USA) provided the ALDOC lentiviral shRNA con-
structs and the nonsilencing pGIPZ, an shRNA construct
that does not bind to target DNA. Using a calcium phos-
phate transfection method, lentiviruses together with
pM.DG, p/\8.91 and the shRNA construct were cotrans-
fected into 293T cells. The cells were incubated for 48 h
and then infected with polybrene (2 g/ml) after the len-
tiviruses were harvested. Puromycin (2 pg/ml) was used
for one week to select cells with altered ALDOC expres-
sion. For further experiments, a useful GL reporter gene
(luciferase+green fluorescent reporter gene) plasmid was
also prepared to infect ALDOC two-way stable cells.

Migration and invasion assays using in a Boyden chamber

The migration experiment was performed on polycar-
bonate filters (GE Healthcare Life Sciences, Chalfont
St. Giles, UK) using human fibronectin (1 mg/ml) from
Sigma (St. Louis, MO, USA). In each well in the lower
part of the Boyden chamber, 10% FBS was added to the
cell culture medium. In all, 1.5x10* cells in serum-free
culture medium were seeded into each well correspond-
ing to the upper part of the Boyden chamber. For the
invasion experiment, 10% Matrigel (BD Biosciences, San
Jose, CA, USA) was applied to the other side and mixed
with human fibronectin at a concentration of 1 mg/ml.
The lower part of the Boyden chamber was filled with
culture medium containing 10% FBS. Each well of the
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Boyden chamber was seeded with cells in serum-free
medium. After a specified time (migration: 8 h, invasion:
14 h), the insert was removed and the cells were stained
with Giemsa solution and counted under a light micro-
scope (400x, 8 random fields per well). Three indepen-
dent experimental replicates and four replicates of each
sample were included.

Analysis of glucose uptake and lactate production

A colorimetric glucose and lactate assay kit (BioVi-
sion, Milpitas, CA, USA) was used to measure glucose
consumption and lactate production according to the
manufacturer’s instructions. Briefly, cells (intracellular
metabolites) from the specified experiments were incu-
bated with assay buffer containing enzymes and glucose/
lactate probes. Optical densities were then determined
at wavelengths of 570/450 nm. Cell numbers were calcu-
lated and normalized to the background.

Cell viability assays

A Trevigen tetrazolium salt 3-(4,5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT) cell
proliferation assay kit was used to assess cell viability
according to the manufacturer’s instructions (Trevigen,
Gaithersburg, MD, USA). In proliferation and cytotoxic-
ity assays, MTT is used to determine cell viability. Cells
were seeded into 96-well microplates at a density of 2,000
cells/100 mL of culture medium. After seeding, the cells
were treated for 24, 48-72 h with dimethyl sulfoxide
(DMSO) as a control or with different doses of drugs. A
microplate reader (Spectral Max250; Molecular Devices,
Sunnyvale, CA, USA) was used to measure the optical
density at 570 nm after the cells were incubated for 4 h in
medium containing MTT and lysed with DMSO.

Tissue microarray and immunohistochemistry

We prepared a TMA containing GBM tissue and a small
amount of corresponding adjacent noncancerous brain
tissue. For each patient, we selected three 1 mm cores
from different areas of the tumor tissue. A pathologist
evaluated the histopathological diagnosis of all samples
using hematoxylin and eosin-stained slides. Serial 5-um
thick sections of tissue microarrays (TMAs) were stained
using an automated immunostainer (Ventana Discov-
ery XT autostainer, Ventana Medical Systems, Tucson,
AZ, USA). Sections were first dewaxed in an oven at 60°,
deparaffinized in xylene and rehydrated in graded alcohol
solutions. Heat-induced antigen retrieval was performed
using Tris-EDTA buffer (pH 8.0) for 30 min. Staining was
performed with a rabbit polyclonal anti-human ALDOC
antibody (1:400, Cat.T0906, Abcam (Epitomics), Cam-
bridge, UK) and with antibodies against, PTGS2 (1:100,
GTX00656, GeneTex, Hsinchu, Taiwan) and NR2F1
(1:250, GTX4801, GeneTex, Hsinchu, Taiwan).

Page 6 of 19

Interpretation of tissue microarray staining by
immunohistochemistry

An independent pathologist blinded to patient outcome
assessed the IHC staining. The only IHC signals detected
in the cytoplasm and nuclei of tumor cells were those
associated with aldolase family members. A tissue micro-
array was used to score the tumor for ALDOC/PTGS2
expression based on intensity scores of 0, 1 or 2. The per-
centage scores were calculated based on a scale of 0~100.
Finally, we used the intensity X percentage to determine
the total IHC score and then used a 50% cutoff for the
high- and low- expression groups. Immunoreactivity was
recorded in terms of both intensity and percentage. The
method for interpreting immunostaining was described
in a previous study. A score of 0 was defined as the
absence of cytoplasmic staining or cytoplasmic staining
in less than 5% of the tumor cells. Patients with a score of
two or more points were considered to have high expres-
sion. A score of 0 or 1+represents low expression of the
candidate gene and indicates loss of expression.

Statistical analysis

The nonparametric Mann-Whitney U test was used to
analyze the statistical significance of differences among
three independent experiments. SPSS 17.0 software
(SPSS, Chicago, IL, USA) was used for statistical analy-
sis. A paired t-test was used to compare the levels of
ALDOC/PTGS2 expression by IHC in cancer tissues with
those in adjacent normal tissues. Pearson’s chi-squared
test was used to identify associations between clinico-
pathological categorical variables and ALDOC/PTGS2
IHC expression levels. The Kaplan-Meier (KM) method
was used to estimate survival rates, and the log-rank test
was used for comparisons. Patients lost to follow-up were
censored from the follow-up period. Multivariate and
univariate analyses were performed using Cox propor-
tional hazards regression analysis with or without adjust-
ment for tumor stage, lymph node stage and metastasis,
and ALDOC/PTGS2 expression levels. All differences
were considered significant at a P value of 0.05.

Results

Hypermethylation and loss of ALDOC function in GBMs
This study examined alterations in ALDOC expres-
sion in different subtypes of brain cancer. Our analysis
revealed a significant decrease in ALDOC expression was
found in patients with WHO stage II and III low-grade
glioma (LGG) as well as WHO stage IV glioblastoma
(GBM) compared with nontumor samples (Fig. 1A). Fur-
ther classification revealed that ALDOC was generally
less frequently expressed in GBM than in oligodendro-
gliomas, astrocytomas, and LGGs (Fig. S1). This article
describes several common genetic alterations. The mani-
festations of ALDOC expression can be determined by
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the IDH1 mutation status or by the codeletion events of
chromosome 1p/19q (Fig. 1B). The pancancer profile also
demonstrated lower ALDOC expression levels in brain
tumors, such as gliomas, medulloblastomas, and menin-
giomas, than in other cancer types (Fig. 1C). Therefore,
the ALDOC expression level is closely associated with
the occurrence of brain cancer.

Recent studies have indicated that the ALDOC pro-
moter region is methylated [29]. This could affect the
levels of ALDOC RNA, and therefore, it is hypothesized
that the promoter region plays a crucial role in ALDOC
silencing. To evaluate the degree of methylation, in silico
analyses were conducted. The pancancer profile revealed
increased methylation levels in certain intracranial
malignancies (Fig. 1D). After the correlation between
the ALDOC methylation status and RNA expression
level was analyzed in GBM cell lines, a significant nega-
tive correlation was found in GBM cell lines according to
the Cancer Cell Line Encyclopedia (CCLE) (Spearman’s
rho = -0.774, pvalue=7.7e-09) (Fig. 1E). To confirm these
findings, three distinct GBM cell lines with varying meth-
ylation levels were selected. Our study revealed that the
ALDOC gene is hypermethylated in T98G cells, while
U-87 MG cells exhibit hypomethylation, and LN-229
cells exhibit an intermediate level of methylation, as
detected by methylation-specific PCR (Fig. 1F). Further-
more, our findings suggested that the methylation levels
in LN-229 cells decreased in a dose-dependent manner
after treatment with the demethylating agent 5-Azaciti-
dine (5-Aza) (Fig. 1G). Methylation-specific PCR (MSP)
assays designed to amplify and characterize predicted
methylation events. We furtehr review the assessment
of methylation by bisulfite-specific PCR (BSP) amplifi-
cation and sequencing. Our results indicated that the
ALDOC promoter was hypermethylated in the A172 and
LN-229 cell lines, while the ALDOC promoter was hypo-
methylated in the U-87MG, CCF-STTG1, and SW1088
cell lines (Fig. 1H). These results are consistent with the
MSP analysis and CCLE profile results. Furthermore,
DNMTs mainly regulate DNA methylation regulation.
After 5-Aza treatment, DNMT1 and DNMT3 protein
expression was reduced, while ALDOC expression was
restored in GBM cells (Fig. 1I). These findings indi-
cate that reduced ALDOC expression in GBM is due to
hypermethylation.

ALDOC triggers metabolic reprogramming in GBM cells

To assess the impact of ALDOC loss of function and to
validate the in silico results, we examined the endog-
enous protein level of ALDOC in multiple GBM cell lines
(Fig. 2A). Subsequently, we generated stable cell lines for
ALDOC overexpression and knockdown using suitable
cells. A172 and LN-229 cells were utilized to overexpress
ALDOC, while U87-MG and SW1088 cells were used
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for ALDOC knockdown (Fig. 2B and D). Since ALDOC
is involved in glycolysis, we collected equal amounts of
cells from each group of ALDOC knockdown cells to
perform ELISA for the measurement of glucose, lactate,
and ATP levels. Notably, our results demonstrated no
significant differences in lactate and ATP production or
glucose utilization rates compared with those of the con-
trols (Fig. 2E and S2A). Likewise, no important changes
in metabolic activity were detected in the group treated
with 5-Aza (Fig. S2B).

The CCLE metabolomics platform was used to inves-
tigate further metabolites linked to ALDOC expression
[30]. This particular dataset contains measurements
of several metabolites across multiple cell lines. Each
metabolite can be produced and evaluated in relation to
past events, such as methylation and expression. Earlier
studies have shown connections between diverse events,
such as methylation and expression levels of specific
genes, with carbohydrates, amino acids, and lipids [31].
In this study, we investigated the correlation between
ALDOC expression events and cellular metabolite con-
centrations to identify potential dependencies. Our
results revealed a negative correlation between ALDOC
expression and the serotonin metabolite 5-hydroxyin-
doleacetic acid (5-HIAA) (Fig. 2F). In contrast, ALDOC
methylation events were negatively correlated with
ALDOC expression and were positively correlated with
the concentrations of the aforementioned metabolites
(Fig. S3). Changes in ALDOC methylation and expres-
sion were observed in GBM cell lines. The metabo-
lites myo-inositol and serotonin underwent significant
changes (Fig. 2G). These findings suggest that GBM cells
undergo metabolic reprogramming due to ALDOC loss
of function or methylation.

Dysfunction of ALDOC in GBM results in serotonin
production and pathway activation

To examine the impact of ALDOC and the aforemen-
tioned metabolites, we assessed various cancer charac-
teristics using cell models in which ALDOC was either
overexpressed or suppressed. We observed significant
disparities in migration/invasion, but not in prolifera-
tion (Fig S4A). ALDOC expression repressed invasion
compared with control cells, whereas reduced ALDOC
levels were linked to elevated migration/invasion abilities
(Fig. 3A and S4B-C).

Previous metabolite profiles were analyzed to investi-
gate the correlation between these changes and serotonin
alterations. Our findings indicate that the CCF-STTGI,
U87-MG, and SW1088 cell lines exhibited reduced sero-
tonin production (<5, serotonin metabolite abundance,
log10 scle), whereas the Hs683 cell line displayed mod-
erate serotonin production, and the LN-229, SF126, and
A172 cell lines exhibited increased serotonin production
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(>5, serotonin metabolite abundance, loglO scle)
(Figs. 2G and 3B). The concentration of measured sero-
tonin was significantly reduced in the ALDOC overex-
pressing group (Fig. 3C). The addition of serotonin to the
cell cultures at low concentrations increased the invasive-
ness and proliferation of GBM cells (Fig. 3D and E and
S5). We also used fluorescent labeling of serotonin in cell
models [32]. A significant increase in the signal in and
around the nucleus was observed with the addition of
serotonin. ALDOC inhibition resulted in an even greater
increase in serotonin expression (Fig. S6). We further
examined the prospective functions of serotonin in GBM
models, but the introduction of serotonin alone did not
influence the response of GBM cell lines to TMZ (Fig.
S7). Additionally, myo-inositol was formerly recognized
as a possible contender, but this compound did not have
any noteworthy impact on the GBM cell phenotype (Fig.
S8).

To confirm the role of serotonin in transsynaptic sig-
naling through the HTR, we conducted qRT-PCR screen-
ing of all 5-HTR members, including those utilized by
other neurotransmitters such as dopamine and epineph-
rine. Our findings revealed that serotonin application led
to intensified activation of HTR2B and HTR4 expres-
sion levels (Fig. 3F). We additionally explored conven-
tional neurotransmitter signaling pathways and observed
that serotonin treatment increased Akt phosphorylation
(Fig. 3G). Furthermore, we have identified the serotonin-
specific transporter, SLC6A4, whose expression is in
sync with serotonin concentration (Fig. 3H and I). Our
research using the ALDOC biphasic cell model con-
firmed the regulation of HTR2B and HTR4 expression
levels by ALDOC (Fig. 3] and K). Our findings demon-
strate that ALDOC hypermethylation or dysfunction
promotes GBM cell migration and invasion via serotonin
and its receptors.

Loss of ALDOC function in GBM also affects PPARy
signaling

Serotonin is secreted and transmitted via 5-HT receptors
to regulate downstream factors. An ALDOC-knockdown
model with two independent clones was used in the GBM
study to establish transcriptome profiles and to identify
the primary pathway of influence. Probes were normal-
ized and a cutoff value of >1.5 fold change was set for
further prediction (Fig. 4A). The study revealed that 689
probes overlapped in two independent sShALDOC versus
control events (Fig. 4B). IPA predicted that the inhibition
of ALDOC would also inhibit the PPARy signaling path-
way (Fig. 4C). Studies have suggested that the expression
of genes downstream of PPARYy, such as IL1A, ILRLI,
NR2F1, and PTGS2 [23, 33], may be influenced by sero-
tonin metabolism. Thus, the expression levels of these
genes were analyzed. The results of our study indicate
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that ALDOC-knockdown resulted in alterations in
downstream factors that corresponded with the previous
transcriptomic profile (Fig. 4D and Table S1). Conversely,
the overexpression model exhibited an inverse trend (Fig.
S9). Additionally, the inhibition of ALDOC suppressed
PPARy expression and the expression of downstream
candidate factors (Fig. 4E). Among these factors, our
focus was on NR2F1 and PTGS2. Our research using the
ALDOC expression model highlights the importance of
regulating the PPARy-NR2F1/PTGS2 pathway.

We again used a cell model with added serotonin and
observed a dose-dependent decrease in PPARy expres-
sion in the GBM cell model following serotonin treat-
ment. Furthermore, the downstream genes IL1A, ILRL1,
and PTGS2 were upregulated, while NR2F1 protein acti-
vation was reversed (Fig. 4F-G). Upon administration
of the HTR inhibitors/antagonists RS-127,445 and ase-
napine maleate (AM), PPARy was reactivated (Fig. 4H).
Treatment with these inhibitors significantly suppressed
GBM cell migration, serotonin concentration, and fluo-
rescence signals (Fig. 41 and J). We then performed a
rescue experiment to investigate whether the addition of
serotonin could reactivate the HTRs, potentially reducing
the effect of the antagonists (Fig. S10). Our findings indi-
cate that serotonin disrupts and inhibits PPARy signaling
in GBM and that this disruption is regulated by ALDOC.

Modulation of the ALDOC-PPARYy axis can reduce in situ
brain tumorigenicity and prolong survival

To evaluate the medical significance of ALDOC in ani-
mal models of GBM, we conducted in vivo tumorigenic-
ity studies. We intracranially injected LN-229 cells and
ALDOC-overexpressing cells into the mice. These cells
were equipped with dual reporter genes (green fluores-
cent/luciferase) to ensure that the conditions were con-
sistent among all groups during the study. Ultimately, we
measured the photon counts of all groups using an in vivo
imaging system (IVIS) at the endpoint. Compared with
that in the vector group, the luminescence signal in the
ALDOC-overexpressing group was decreased (Fig. 5A).
Moreover, the ALDOC overexpressing group had a lower
photon count than the whole-brain extraction group
(Fig. 5B). Weekly real-time monitoring indicated that
ALDOC reduced the in situ growth capability of GBM
without affecting body weight (Fig. 5C and D). Compared
with the control group, the group that received cells
that overexpressed ALDOC had longer survival times
(Fig. 5E).

To investigate particular regions of target proteins, we
divided the whole brain and performed multiplex immu-
nohistochemistry (IHC). The results indicated that in
the animal experiments, the expression of ALDOC and
the PPARy downstream factor NR2F1 was significantly
higher in the ALDOC overexpressing group than in the
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vector control group (Fig. 5F& S11). Additionally, we
incorporated RS-127,445 into the above orthotopic brain
tumor model. Additionally, the results indicated a sig-
nificant decrease in serotonin (Fig. 5H) and related mol-
ecules, accompanied by the restoration of ALDOC and
NR2F1 expression (Fig. 5I), in addition to the inhibition
of tumor growth (Fig. 5G). These findings highlight the
importance of both the ALDOC and PPARy pathways in
an in vivo GBM model.

PPARy agonists have therapeutic potential in GBM models
Although initial results suggest the clinical potential of
HTR antagonists and SSRIs, these medications have limi-
tations and may cause side effects. Therefore, we propose
that enhancing PPARYy signaling could be an alternative
therapeutic strategy. We treated ALDOC-knockdown
cells with the PPARY agonists GW0742 and pioglitazone
[18], which resulted in a significant decrease in migra-
tion ability compared with that of the solvent control
(Fig. 6A). Moreover, the group treated with the PPARy
agonists, particularly GWO0742, exhibited decreased
serotonin production at doses that did not impact cyto-
toxicity (Fig. S12). Furthermore, in the sShALDOC model
cotreated with serotonin and GW0742, the inhibition of
PPARy by serotonin decreased the efficacy of GW0742
(Fig. S13). To investigate the interplay of HTR antago-
nists as described earlier, we utilized RS-127,445 and
GWO0742 in a cell model in which ALDOC was knocked
down. Western blot analyses demonstrated that agonists
restored the expression of PPARy and its downstream
components (Fig. 6B & S14). These results suggest that
PPARYy agonists are markedly more effective than HTR
antagonists.

TMZ, a typical treatment option, was used to evalu-
ate whether HTR antagonists or PPARy antagonists
were more effective. Our results revealed a negative
correlation between the IC50 of TMZ and ALDOC/
PPARy expression (Fig. S4. This is in agreement with
our actual experimental results. In a cell line that highly
expresses ALDOC (U-87 MG), RS-127,445 alone did not
enhance the effects of TMZ treatment, but the addition
of GW0742 exerted significant effects (Fig. 6C). However,
in cells with low ALDOC expression (A172), the overex-
pression of ALDOC was significant as was the treatment
with GW0742 (Fig. 6D). In the animal model, after 28
days of treatment with TMZ combined with GW0742,
the size of in situ tumors in the combined treatment
group was significantly reduced compared with that in
the group that was treated with TMZ alone (Fig. 6E).
More importantly, we observed a doubling of survival
time in the current animal model (Fig. 6F). In addition,
the TMZ+GW0742 group demonstrated that ALDOC
and NR2F1 actually restored potency (Fig. 6G). This find-
ing suggests that PPARy agonists in combination with
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TMZ may be a viable treatment option for GBM and that
the expression of ALDOC should be carefully evaluated.

The ALDOC-PPARYy axis can serve as a prognostic factor for
patients with GBM

To examine the role of ALDOC or PPARYy signaling in
GBM clinical cohorts, we examined additional clinical
events recorded in the TCGA glioma dataset. To exam-
ine the role of ALDOC or PPARY signaling in GBM clini-
cal cohorts, we assessed additional clinical data from the
TCGA glioma dataset. As previously confirmed, PPARy
triggers NR2F1 and suppresses PTGS2 (Fig. 4D and E).
We investigated the potential roles of ALDOC, HTR2B,
PTGS2, and NR2F1 along with various clinicopathologi-
cal factors of GBM, including EGFR amplification, PTEN
deletion, and chromosomal abnormalities (including
codeletion of 1p/19q, gain of chromosome 7, and loss
of chromosome 10). These factors were used to divided
patients into LGG and GBM groups based on the expres-
sion levels of our candidates, which varied by classifica-
tion (Fig. 7A). The heatmap indicated that the expression
of HTR2B did not differ significantly from that of the
other candidates. In contrast, ALDOC showed a nega-
tive correlation with PTGS2 and a positive correlation
with NR2F1. Focusing the GBM type, ALDOC was found
to be associated with PTGS2 and NR2F1 in both the
TCGA (Fig. 7B) and CGGA (Fig. S16) cohorts. This study
reports on new prognostic markers related to ALDOC.
Although prior research has highlighted its importance
[34], we evaluated ALDOC in conjunction with PTGS2
or NR2F1 and found that the combinations had signifi-
cant prognostic value at the RNA level (Fig. 7C). Our
tissue microarray results,, obtained via immunohisto-
chemistry demonstrated that ALDOC-PTGS2/NR2F1
protein levels predict poor survival and are correlated
with tumor grade (Supplementary Tables 2 and 3). This
trend was consistent with that observed for RNA and
several other clinical cohorts (Fig. 7D and E). We have
also provided Supplementary Tables 4 to further illus-
trate the potential functions, phenotypes, and pathways
associated with ALDOC. In addition, we presented com-
bination treatments with high translational medicinal
value. These strategies can serve as guidelines for the
treatment of GBM using precision medicine.

Discussion

In this study, we investigated the function of ALDOC in
GBM. GBM cell lines were selected by integrating tran-
scriptomic and metabolomic profiles to better predict
outcomes. Our results revealed a negative correlation
between ALDOC expression levels and hypermethylation
status. In addition, we observed a positive association
between hypermethylation and increased production of
inositol and serotonin. Our model showed that several
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intracranial LN-229 cell model in the vector and ALDOC overexpression groups. (D) Continuous body weight quantification in the vector and ALDOC
overexpression groups. (E) To establish an orthotopic brain model, six-week-old NOD/SCID gamma mice were injected intracranially with LN-229 cells
expressing the vector control or ALDOC-overexpressing LN-229 cells. Kaplan-Meier plots of the time to death, are presented for the vector-treated or
ALDOC-overexpressing mice. n=6 per group, p-value=0.011. (F) After whole-brain extraction, representative multiplex IF for several candidate proteins
in the LN-229 and LN-229 shALDOC intracranial models was performed. Red: NR2F1; Green: ALDOC; Blue: DAPI. Scale bar: 150 uM. (G) VIS luminescence
imaging system detection in the solvent group and the 10 uM RS-127,445 group after whole-brain extraction in the LN-229 intracranial model. (H)
Serotonin concentration in the solvent group or the 10 uM RS-127,445 group. (I) Quantitative PCR was used to quantify the expression levels of targets
(SLC6A4, HTR2, ALDOCG, PTGS2 and NR2F1) in LN-229 cells after RS-127,445 treatment. A non-parametric Mann-Whitney U-test was used to determine the
significance of the difference. *** p <0.001
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Fig. 6 PPARy agonists can reverse the phenotype caused by ALDOC loss in vitro and in vivo. (A) The ability of U-87MG shALDOC cells to migrate with
or without PPARy agonists was assessed by Giemsa staining (GW0742 and pioglitazone). Scale bar: 100 uM. (B) The protein levels of PPARy and its down-
stream targets (NR2F1 and PTGS2) in U-87MG ALDOC-knockdown stable cells were detected by Western blotting, with or without RS-127,445/GW0742
treatment. Actin was used as an internal control. (C) Alamar blue assay was used to measure cell viability in U-87MG cells treated with TMZ in a dose-
dependent manner and treated with GW0742 or RS-127,445. (D) Alamar blue assay was used to measure cell viability in an A172 TMZ dose-dependent
manner with GW0742 or ALDOC overexpression combined with GW0742. (E) An IVIS imaging system detected the TMZ alone group or the TMZ com-
bined with GW0742 group in the U-87MG shALDOC intracranial model. (F) Kaplan-Meier plots showing the survival time of each group after the U-87
shALDOC cell line was used to restablish an orthotopic brain model and after treatment with TMZ or TMZ combined with GW0742. n=38 for each group,
p-value=4.17e-4. (G) Representative multiplex IHC for several candidate proteins in the intracranial LN-229 cell model treated with TMZ alone or in com-
bination with GW0742. Red: NR2F1; Green: ALDOG; Blue: DAPI. Scale bar: 150 uM. In A and C, the means +standard errors of the means are presented for
three independent experiments. A nonparametric Mann-Whitney U-test was used to determine the significance of the differences. * p <0.05; ** p<0.071;
***p<0.001
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Fig. 7 The ALDOC-PPARy axis may have prodgnostic value in gliomas and GBMs. (A) Heatmap of the mRNA expression of candidates and various clinico-
pathological factors in TCGA glioma patients. (B) Correlation between ALDOC expression and PTGS2/NR2F1/HTR2B expression in the TCGA GBM cohort. A
nonparametric Spearman correlation analysis was used to evaluate the significance of the correlation. (C) Kaplan-Meier (KM) analysis of the overall survival
in patients with GBM according to ALDOC combined with PTGS2 or NR2F1 expression under various conditions. (D) KM analysis of the overall survival
rate of patients accordin to ALDOC expression and the combined expression of the PTGS2 protein in three groups of GBM patients (ALDOC high/PTGS2
low, ALDOC low/PTGS2 high, and others) from the GBM TMA cohort. (E) KM analysis of overall survival in patients from the GBM TMA cohort according to
ALDOC and NR2F1 protein expression at common low (score 0,1) and common high (score 2, 3) levels. The significance of the data was calculated using

the log-rank test

serotonin (5-HT) receptors were activated, which could
promote GBM cell metastasis by increasing serotonin
signaling. We used 5-HT antagonists to inhibit signal-
ing and reverse the phenotype, which demonstrates their
potential as inhibitors of GBM tumorigenesis. However,
serotonin plays a critical role in human physiology and
psychology, and the use of 5-HT antagonists can lead to

anxiety, depression and other severe side effects. There-
fore, we investigated the potential of PPARYy antagonists
as alternative therapeutic agents. However, upon evalu-
ation, no significant improvements in cell viability or
toxicity were observed, and the antagonists had no effect
on body weight in the mouse model. Although previous
research has suggested an association between PPARy
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antagonists and GBM [35, 36], it remains unclear how
these antagonists are related to serotonin and ALDOC
loss-of-function/hypermethylation events. It is important
to note that these options complement the current TMZ
treatment and may offer a new combination therapy.
Interestingly, selective serotonin reuptake inhibitors
(SSRIs) inhibit serotonin reuptake and increase its con-
centration in specific brain regions [37]. Several clinical
antidepressants, including escitalopram and fluoxetine,
possess this function and are subject to safety regulations.

Although their effects may be similar to those of 5-HT
inhibitors, antidepressants are associated with signifi-
cant adverse effects and are clinically restrictive [38]. In
addition, it is necessary to determine whether serotonin
production is related to specific 5-HT receptors and
investigate the efficiency of reuptake in tissues compared
with typical levels.

By combining prior observations with computational
analysis, researchers have found that ALDOC expression
relies on the apparent modifications in the IDH1 genetic
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background [26]. Both low-grade gliomas and GBM, with
wild-type and mutated IDH1, showed correlations with
various clinicopathological events, and the difference
in ALDOC expression was statistically significant on its
own. The exact molecular relationship between IDH1 and
ALDOC, however, remains uncertain. The affects of the
IDH1 gene on hypermethylation of the promoter region
of ALDOC or on upstream transcription factor activity
may significantly affect ALDOC silencing. Furthermore,
due to its pivotal role in the aldolase family, ALDOC is
important in connecting glycolysis and the tricarboxylic
acid cycle (TCA). Therefore, it is crucial to investigate is
the occurrence of a sequence of metabolic reprogram-
ming events and whether GBM tumorigenesis results
from 2-HG [39]. To address these uncertainties, we plan
to validate our research findings using IDH1 knockout
cell lines or by generating IDH1 R132 mutant cell lines.
Our hypothesis is that ALDOC expression induction
could serve as an independent factor or as part of a “two-
hit” model in combination with IDH1 mutation. This dis-
covery has the potential to advance the use of ALDOC in
predicting and diagnosing GBM and other gliomas.
Several datasets focused on the omics of various cancer
cell lines have been established. Technical term abbre-
viations such as omics will be explained when first used.
The Cancer Cell Line Encyclopedia (CCLE) project offers
well-organized collections of genomic, transcriptomic,
proteomic, and metabolomic datasets [30, 40, 41]. In this
study, we obtained GBM cell lines and their correspond-
ing bioinformatics backgrounds from the CCLE dataset.
Our analysis revealed that serotonin and inositol levels
had a considerable effects on the expression of ALDOC
and its methylation status. Inositol, also known as vita-
min B8 [42], is an essential vitamin B complex. Scyllo-
muco, D-chiro, and neo-inositol are some of the different
isomers produced, and they are classified based on their
structure [43]. The most common form is myo-inositol,
which is synthesized from glucose 6-phosphate (G6P).
Inositol-3-phosphate synthase converts G6P into myo-
inositol-1-phosphate, which is then dephosphorylated
by inositol monophosphatase to produce the metabolite
myo-inositol [44]. Previous research has demonstrated
that inositol is present in certain brain-related disorders
[45, 46]. To determine the levels of myo-inositol and glu-
tamine or the inositol/creatine ratio in GBM, magnetic
resonance spectroscopy is used [47, 48]. Additionally,
myo-inositol can serve as a biomarker for evaluating the
effects of recurrent GBM with or without bevacizumab
treatment [49]. This study contrasts the regulatory
impact and metastatic capacity of inositol and sero-
tonin on GBM cells. Furthermore, we supplemented
these GBM cell lines with up to 1 mM of myo-inositol.
However, our investigation did not reveal any signifi-
cant changes in metastatic capacity. Nevertheless, the
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importance of inositol in relation to brain tumors and
metabolic processes has been highlighted [50, 51]. Addi-
tionally, one hypothesis is that ALDOC regulates inositol,
which requires further examination and analysis.

This study revealed that a reduction in ALDOC expres-
sion and excessive serotonin production lead to GBM
phenotypes, such as metastasis, resistance to TMZ and
hindered PPAR-y signaling. The ALDOC/PPAR-y axis
serves as an autonomous prognostic marker. Both in
vitro and in vivo experimental results highlight the abil-
ity of PPAR-y agonists to restore the expression of genes
associated with these phenotypes and to enhance the
clinical impact of TMZ.

STAR% Methods

Reagent or Source Identifier

resource

Antibodies

p-Akt Cell signaling #9271

Akt Cell signaling #4685

DNMT1 GeneTex GTX116011

ALDOC Abcam T0906

HTR2B GeneTex GTX70503

PPARY Abcam ab209350

NR2F1 GeneTex GTX4801

PTGS2 GeneTex GTX00656

B-actin Sigma A5441

Serotonin Abcam ab66047

(5-HT)

Chemicals, peptides, and recombinanat proteins

Inositol Sigma PHR1351

RS-127,445 Merck R2533

Pioglitazone Selleckchem AD-4833

Asenapine Selleckchem 51283

maleate

Myo-inositol Selleckchem S4530

Serotonin Merck H9523

powder

Crutical commercial assays

Glucose Biovision K676

Uptake

Lactate Biovision K607

Primers

ILTA Forward AGATGCCTGAGATACCCAAAACC
ILTA Reverse CCAAGCACACCCAGTAGTCT
IL1B Forward ATGATGGCTTATTACAGTGGCAA
IL1B Reverse GTCGGAGATTCGTAGCTGGA
ILTRL1 Forward AGAAATCGTGTGTTTGCCTCA
ILTRLT Reverse TCCAGTCCTATTGAATGTGGGA
NFKBIA Forward ACCTGGTGTCACTCCTGTTGA
NFKBIA Reverse CTGCTGCTGTATCCGGGTG
NFKBIE Forward GAATTGCTGCTTCGGAATGGA
NFKBIE Reverse CATGCGGGCATCTACCTGG
PPARD Forward GCCTCTATCGTCAACAAGGAC
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Reagent or Source Identifier
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PPARD Reverse GCAATGAATAGGGCCAGGTC

PTGS2 Forward CTGGCGCTCAGCCATACAG

PTGS2 Reverse CGCACTTATACTGGTCAAATCCC

NR2F1 Forward ATCGTGCTGTTCACGTCAGAC

NR2F1 Reverse TGGCTCCTCACGTACTCCTC

Deposited data

TCGA USCS cancer https://genome-cancer.ucsc.edu/
browser proj/site/hgHeatmap

CGGA GlioVis https://gliobis.bicinfor.cnio.es/

CCLE Broad Institute  https://sites.broadinstitute.org/ccle/

Experimental models: Organisms/strains

NOD-SCID Jackson Strain #:005557

Laboratories
Software and algorithms

SPSS IBM 17.0

IPA QIAGEN N/A

Genspring 1311
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PPAR-y Peroxisome proliferator-activated receptor gamma
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TCA Tricarboxylic acid cycle

TCGA The Cancer Genome Atlas

™Z Temozolomide

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-024-01645-3.

Supplementary Material 1
Supplementary Material 2

Supplementary Material 3

Acknowledgements

We would also like to thank the GRC Instrument Core Facilities for their
support for the Affymetrix microarray, IP-MASS spectrometry, IVIS spectrum,
and Aperio digital pathology analyses.

Page 18 of 19

Author contributions

YCC designed and supervised the study and experiments, YCC, MHC, CHL and
WCT analyzed the data and co-wrote the manuscript. YCC, MHC, CHL, CLC, MH
performed the experiments, analyzed the data, and co-wrote the manuscript.
CLC and MH performed histological analysis. WCT provided clinical specimens.

Funding

This study was supported by Ministry of Science and Technology (MOST-
110-2320-B-010-008-MY2), (MOST-111-2314-B-A49-036-MY3), Yen Tjing

Ling Medical Foundation (CI-112-6), 113 National Yang Ming Chiao Tung
University-Kaohsiung Medical University Joint Research Project (NYCUKMU-
113-10023) and National Yang Ming Chiao Tung University-Higher Education
Sprout Project (113W010161).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

All experiemtnal procedures carried out in this study were approved by
the Institutional Animal Care and Use Committee of the Academia Scinica
(Approval Number: IACUC_21-12-1744).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 7 December 2023 / Accepted: 29 April 2024
Published online: 13 May 2024

References

1. Hanif F, Muzaffar K, Perveen K, Malhi SM, Simjee Sh U. Glioblastoma Mul-
tiforme: a review of its epidemiology and Pathogenesis through clinical
presentation and treatment. Asian Pac J Cancer Prev. 2017;18:3-9.

2. Gilbert MR, Wang M, Aldape KD, Stupp R, Hegi ME, Jaeckle KA, Armstrong TS,
Wefel JS, Won M, Blumenthal DT, et al. Dose-dense temozolomide for newly
diagnosed glioblastoma: a randomized phase Ill clinical trial. J Clin Oncol.
2013;31:4085-91.

3. Arita H, Yamasaki K, Matsushita Y, Nakamura T, Shimokawa A, Takami H,
Tanaka S, Mukasa A, Shirahata M, Shimizu S, et al. A combination of TERT
promoter mutation and MGMT methylation status predicts clinically relevant
subgroups of newly diagnosed glioblastomas. Acta Neuropathol Commun.
2016;4:79.

4. Brat DJ, Verhaak RG, Aldape KD, Yung WK, Salama SR, Cooper LA, Rheinbay E,
Miller CR, Vitucci M, Morozova O, et al. Comprehensive, Integrative Genomic
Analysis of Diffuse Lower-Grade Gliomas. N Engl J Med. 2015;372:2481-98.

5. Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh KM, Decker PA, Sicotte
H, Pekmezci M, Rice T, Kosel ML, Smirnov IV, et al. Glioma groups based
on 1p/19q, IDH, and TERT promoter mutations in tumors. N Engl J Med.
2015;372:2499-508.

6. Guan X, Vengoechea J, Zheng S, Sloan AE, Chen Y, Brat DJ, O'Neill BP, de Groot
J, Yust-Katz S, Yung WK, et al. Molecular subtypes of glioblastoma are relevant
to lower grade glioma. PLoS ONE. 2014,9:91216.

7. Zhang P, Xia Q Liu L, Li S, Dong L. Current opinion on molecular character-
ization for GBM classification in guiding clinical diagnosis, prognosis, and
Therapy. Front Mol Biosci. 2020;7:562798.

8. Caragher SP Hall RR, Ahsan R, Ahmed AU. Monoamines in glioblastoma:
complex biology with therapeutic potential. Neuro Oncol. 2018;20:1014-25.

9. Alex KD, Pehek EA. Pharmacologic mechanisms of serotonergic regulation of
dopamine neurotransmission. Pharmacol Ther. 2007;113:296-320.

10.  Zangen A, Nakash R, Overstreet DH, Yadid G. Association between depressive
behavior and absence of serotonin-dopamine interaction in the nucleus
accumbens. Psychopharmacology. 2001;155:434-9.

11. Zhang W, Perry KW, Wong DT, Potts BD, Bao J, Tollefson GD, Bymaster FP. Syn-
ergistic effects of olanzapine and other antipsychotic agents in combination


https://genome-cancer.ucsc.edu/proj/site/hgHeatmap
https://genome-cancer.ucsc.edu/proj/site/hgHeatmap
https://gliobis.bioinfor.cnio.es/
https://sites.broadinstitute.org/ccle/
https://doi.org/10.1186/s12964-024-01645-3
https://doi.org/10.1186/s12964-024-01645-3

Chang et al. Cell Communication and Signaling

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

(2024) 22:266

with fluoxetine on norepinephrine and dopamine release in rat prefrontal
cortex. Neuropsychopharmacology. 2000;23:250-62.

Yu B, Becnel J, Zerfaoui M, Rohatgi R, Boulares AH, Nichols CD. Serotonin
5-hydroxytryptamine(2A) receptor activation suppresses tumor necrosis
factor-alpha-induced inflammation with extraordinary potency. J Pharmacol
Exp Ther. 2008;327:316-23.

Gwynne WD, Shakeel MS, Girgis-Gabardo A, Hassell JA. The role of serotonin
in breast Cancer stem cells. Molecules 2021, 26.

Herr N, Bode C, Duerschmied D. The effects of Serotonin in Immune cells.
Front Cardiovasc Med. 2017:4:48.

Jacobson AP, Riley RC. The role of serotonin in the radioresistance of Mongo-
lian gerbils. Int J Radiat Biol Relat Stud Phys Chem Med. 1974;26:269-76.
Kast RE. Glioblastoma chemotherapy adjunct via potent serotonin receptor-7
inhibition using currently marketed high-affinity antipsychotic medicines. Br
JPharmacol. 2010;161:481-7.

Lieb K, Biersack L, Waschbisch A, Orlikowski S, Akundi RS, Candelario-

Jalil E, HUll M, Fiebich BL. Serotonin via 5-HT7 receptors activates p38
mitogen-activated protein kinase and protein kinase C epsilon resulting in
interleukin-6 synthesis in human U373 MG astrocytoma cells. J Neurochem.
2005;93:549-59.

Lu Q,Ding Y, LiY, Lu Q. 5-HT receptor agonist Valerenic Acid enhances the
innate immunity signal and suppresses glioblastoma cell growth and inva-
sion. Int J Biol Sci. 2020;16:2104-15.

CaiW,Yang T, Liu H, Han L, Zhang K, Hu X, Zhang X, Yin KJ, Gao Y, Bennett
MVL, et al. Peroxisome proliferator-activated receptor y (PPARy): a master
gatekeeper in CNS injury and repair. Prog Neurobiol. 2018;163-164:27-58.
Omeragic A, Kara-Yacoubian N, Kelschenbach J, Sahin C, Cummins CL, Volsky
DJ, Bendayan R. Peroxisome proliferator-activated receptor-gamma agonists
exhibit anti-inflammatory and antiviral effects in an EcoHIV mouse model. Sci
Rep. 2019;9:9428.

HuaTNM, Oh J, Kim S, Antonio JM, Vo VTA, Om J, Choi JW, Kim JY, Jung CW,
Park MJ, Jeong Y. Peroxisome proliferator-activated receptor gamma as a
theragnostic target for mesenchymal-type glioblastoma patients. Exp Mol
Med. 2020;52:629-42.

Im CN. Targeting glioblastoma stem cells (GSCs) with peroxisome proliferator-
activated receptor gamma (PPARY) ligands. IUBMB Life. 2016;68:173-7.

Han X, Chen C, Cheng G, Liang L, Yao X, Yang G, You P, Shou X. Peroxisome
proliferator-activated receptor y attenuates serotonin-induced pulmonary
artery smooth muscle cell proliferation and apoptosis inhibition involving
ERK1/2 pathway. Microvasc Res. 2015;100:17-24.

Tan SK, Jermakowicz A, Mookhtiar AK, Nemeroff CB, Schirer SC, Ayad NG.
Drug repositioning in Glioblastoma: a pathway perspective. Front Pharmacol.
2018,9:218.

Chang YC, Yang YC, Tien CP, Yang CJ, Hsiao M. Roles of Aldolase Family genes
in Human cancers and diseases. Trends Endocrinol Metab. 2018;29:549-59.
Chang YC, Tsai HF, Huang SP, Chen CL, Hsiao M, Tsai WC. Enrichment of
Aldolase C correlates with low non-mutated IDH1 expression and predicts a
favorable prognosis in Glioblastomas. Cancers (Basel) 2019, 11.

Tao QF, Yuan SX, Yang F, Yang S, Yang Y, Yuan JH, Wang ZG, Xu QG, Lin KY, Cai
J, etal. Aldolase B inhibits metastasis through ten-Eleven translocation 1 and
serves as a prognostic biomarker in hepatocellular carcinoma. Mol Cancer.
2015;14:170.

Chen A, ChaoY, Zou H, McCarl LH, Kohanbash G, Hu B. Protocol to assess the
antitumor efficacy of an immunotherapeutic peptide in syngeneic ortho-
topic glioma mouse models. STAR Protoc. 2023;4:102049.

Artemov AV, Zhenilo S, Kaplun D, Starshin A, Sokolov A, Mazur AM, Szpotan
J, Gawronski M, Modrzejewska M, Gackowski D, Prokhortchouk EB. An IDH-
independent mechanism of DNA hypermethylation upon VHL inactivation in
cancer. Epigenetics 2021:1-12.

Li H,Ning S, Ghandi M, Kryukov GV, Gopal S, Deik A, Souza A, Pierce K, Keskula
P, Hernandez D, et al. The landscape of cancer cell line metabolism. Nat Med.
2019;25:850-60.

Dono A, Patrizz A, McCormack RM, Putluri N, Ganesh BP, Kaur B, McCullough
LD, Ballester LY, Esquenazi Y. Glioma induced alterations in fecal short-chain
fatty acids and neurotransmitters. CNS Oncol. 2020;9:Cns57.

Zhou K, Zhou Y, Yang D, Chen T, Liu X, Li S, Wang Z. The type 3 adenyly!
cyclase is crucial for intestinal mucosal neural network in the gut lamina
propria. Neurogastroenterol Motil. 2021;33:e14140.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

Page 19 of 19

Waku T, Shiraki T, Oyama T, Maebara K, Nakamori R, Morikawa K. The nuclear
receptor PPARy individually responds to serotonin- and fatty acid-metabo-
lites. Embo j. 2010,29:3395-407.

Chang YC, Chiou J, Yang YF, Su CY, Lin YF, Yang CN, Lu PJ, Huang MS, Yang

CJ, Hsiao M. Therapeutic targeting of aldolase A interactions inhibits Lung
Cancer Metastasis and Prolongs Survival. Cancer Res. 2019;79:4754-66.

Ellis HP, Kurian KM. Biological Rationale for the use of PPARy agonists in
Glioblastoma. Front Oncol. 2014;4:52.

Seufert S, Coras R, Trénkle C, Zlotos DP, Blimcke |, Tatenhorst L, Heneka MT,
Hahnen E. PPAR Gamma Activators: Off-Target Against Glioma Cell Migration
and Brain Invasion. PPAR Res 2008, 2008:513943.

Harmer CJ, Duman RS, Cowen PJ. How do antidepressants work? New
perspectives for refining future treatment approaches. Lancet Psychiatry.
2017;4:409-18.

Wang SM, Han C, Bahk WM, Lee SJ, Patkar AA, Masand PS, Pae CU. Addressing
the Side effects of Contemporary antidepressant drugs: a Comprehensive
Review. Chonnam Med J. 2018,54:101-12.

Xu H, Xia YK, Li CJ, Zhang JY, Liu Y, Yi W, Qin ZY, Chen L, Shi ZF, Quan K, et

al. Rapid diagnosis of IDH1-mutated gliomas by 2-HG detection with gas
chromatography mass spectrometry. Lab Invest. 2019;99:588-98.

Ghandi M, Huang FW, Jané-Valbuena J, Kryukov GV, Lo CC, McDonald ER 3rd,
Barretina J, Gelfand ET, Bielski CM, Li H, et al. Next-generation characterization
of the Cancer Cell Line Encyclopedia. Nature. 2019;569:503-8.

Li J, Zhao W, Akbani R, Liu W, Ju Z, Ling S, Vellano CP, Roebuck P, Yu Q, Eterovic
AK, et al. Characterization of Human Cancer Cell lines by reverse-phase
protein arrays. Cancer Cell. 2017,31:225-39.

Croze ML, Soulage CO. Potential role and therapeutic interests of myo-inosi-
tol in metabolic diseases. Biochimie. 2013;95:1811-27.

Tanaka K, Natsume A, Ishikawa S, Takenaka S, Yoshida KI. A new-generation
of Bacillus subtilis cell factory for further elevated scyllo-inositol production.
Microb Cell Fact. 2017;16:67.

Chatree S, Thongmaen N, Tantivejkul K, Sitticharoon C, Vucenik I. Role of
Inositols and Inositol Phosphates in Energy Metabolism. Molecules 2020, 25.
Castillo M, Smith JK, Kwock L. Correlation of myo-inositol levels and grading
of cerebral astrocytomas. AJNR Am J Neuroradiol. 2000;21:1645-9.
Nagashima H, Sasayama T, Tanaka K, Kyotani K, Sato N, Maeyama M, Kohta

M, Sakata J, Yamamoto Y, Hosoda K, et al. Myo-inositol concentration in MR
spectroscopy for differentiating high grade glioma from primary central
nervous system lymphoma. J Neurooncol. 2018;136:317-26.

Kallenberg K, Bock HC, Helms G, Jung K, Wrede A, Buhk JH, Giese A, Frahm J,
Strik H, Dechent P, Knauth M. Untreated glioblastoma multiforme: increased
myo-inositol and glutamine levels in the contralateral cerebral hemisphere at
proton MR spectroscopy. Radiology. 2009;253:805-12.

Van Cauter S, De Keyzer F, Sima DM, Sava AC, D'Arco F, Veraart J, Peeters

RR, Leemans A, Van Gool S, Wilms G, et al. Integrating diffusion kurtosis
imaging, dynamic susceptibility-weighted contrast-enhanced MRI, and
short echo time chemical shift imaging for grading gliomas. Neuro Oncol.
2014;16:1010-21.

Steidl E, Pilatus U, Hattingen E, Steinbach JP, Zanella F, Ronellenfitsch MW,
Bahr O. Myoinositol as a biomarker in recurrent glioblastoma treated with
Bevacizumab: a TH-Magnetic resonance spectroscopy study. PLoS ONE.
2016;11:0168113.

Badodi S, Pomella N, Zhang X, Rosser G, Whittingham J, Niklison-Chirou MV,
Lim YM, Brandner S, Morrison G, Pollard SM, et al. Inositol treatment inhibits
medulloblastoma through suppression of epigenetic-driven metabolic
adaptation. Nat Commun. 2021;12:2148.

Kumon M, Nakae S, Murayama K, Kato T, Ohba S, Inamasu J, Yamada S, Abe M,
Sasaki H, Ohno'Y, et al. Myoinositol to total choline ratio in Glioblastomas as a
potential prognostic factor in Preoperative magnetic resonance spectros-
copy. Neurol Med Chir (Tokyo). 2021;61:453-60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿PPAR-γ agonists reactivate the ALDOC-NR2F1 axis to enhance sensitivity to temozolomide and suppress glioblastoma progression
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Cell culture and establishment of stable clones
	﻿In vivo model
	﻿Case selection
	﻿Chemicals and antibodies
	﻿Bisulfite conversion and methylation-specific PCR
	﻿Immunofluorescence microscopy
	﻿Ingenuity pathway analysis (IPA)
	﻿In silico analysis
	﻿RT-quantitative PCR
	﻿Western blot
	﻿Analysis of microarray gene expression data and microarray data collection
	﻿Construction of genes and production of lentiviruses
	﻿Migration and invasion assays using in a Boyden chamber
	﻿Analysis of glucose uptake and lactate production
	﻿Cell viability assays
	﻿Tissue microarray and immunohistochemistry
	﻿Interpretation of tissue microarray staining by immunohistochemistry
	﻿Statistical analysis

	﻿Results
	﻿Hypermethylation and loss of ALDOC function in GBMs
	﻿ALDOC triggers metabolic reprogramming in GBM cells
	﻿Dysfunction of ALDOC in GBM results in serotonin production and pathway activation
	﻿Loss of ALDOC function in GBM also affects PPARγ signaling
	﻿Modulation of the ALDOC-PPARγ axis can reduce in situ brain tumorigenicity and prolong survival
	﻿PPARγ agonists have therapeutic potential in GBM models
	﻿The ALDOC-PPARγ axis can serve as a prognostic factor for patients with GBM

	﻿Discussion
	﻿STAR★Methods
	﻿References


