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Abstract
Accumulating data shows that altered metabolic activity contributes to glioma development. Recently, modulation of SSADH 
(succinic semialdehyde dehydrogenase) expression, implicated in the catabolism of GABA neurotransmitter, was shown 
to impact glioma cell properties, such as proliferation, self-renewal and tumorigenicity. The purpose of this study was to 
investigate the clinical significance of SSADH expression in human gliomas. Using public single-cell RNA-sequencing data 
from glioma surgical resections, we initially grouped cancer cells according to ALDH5A1 (Aldehyde dehydrogenase 5 fam-
ily member A1) expression, which encodes SSADH. Gene ontology enrichment analysis of genes differentially expressed 
between cancer cells expressing high or low levels of ALDH5A1, highlighted enrichment in genes implicated in cell mor-
phogenesis and motility. In glioblastoma cell lines, ALDH5A1 knockdown inhibited cell proliferation, induced apoptosis 
and reduced their migratory potential. This was accompanied by a reduction in the mRNA levels of the adherens junction 
molecule ADAM-15 and deregulation in the expression of EMT biomarkers, with increased CDH1 and decreased vimentin 
mRNA levels. Evaluation of SSADH expression in a cohort of 95 gliomas using immunohistochemistry showed that SSADH 
expression was significantly elevated in cancer tissues compared to normal brain tissues, without any significant correlation 
with clinicopathological characteristics. In summary, our data show that SSADH is upregulated in glioma tissues irrespective 
of the histological grade and its expression sustains glioma cell motility.
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Introduction

Gliomas are the most common primary malignant brain 
tumors, accounting for 81% of all central nervous system 
(CNS) neoplasms. Based on the latest WHO classification 
of CNS tumors, gliomas are classified into distinct families 
[1]. The first group comprises the adult-type diffuse gliomas 
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which represent the majority of primary adult brain tumors 
and includes the Isocitrate Dehydrogenase (IDH)-wild type 
(WT) glioblastoma (GB). The second large group of tumors 
involves the circumscribed astrocytic gliomas which are fur-
ther divided based on their histological type into different 
grades using Arabic numbers. The other four families of 
tumors include the pediatric high-grade and low-grade glio-
mas, glioneural and neuronal tumors and ependymomas [1].

Alteration of the expression and/or activity of metabolic 
enzymes leading to metabolic reprogramming is one of the 
major changes observed in glioma tissues. Metabolic repro-
gramming constitutes the crosstalk between glioma’s genetic 
alterations and oncogenic signaling with the tumor micro-
environment. Mutations in IDH enzymes, which result in 
accumulation of the oncometabolite D-2-hydroxyglutarate, 
lead to drastic changes in epigenetic marks and redox home-
ostasis. Moreover, alterations of mitochondrial metabolic 
genes play a central role in malignant transformation and 
tumor growth [2].

Of interest, a dysregulation of aldehyde dehydrogenase 
(ALDH) family of metabolic enzymes has been observed in 
brain tumors. ALDHs have been detected aberrantly expressed 
in gliomas and associated to glioma progression, while ALDH 
inhibitors have been shown to downregulate glioma stem-like 
proliferation [3]. More specifically, ALDH1A1 and A2 have 
been referred to as glioma migration-related genes [4], while 
ALDH1A1 has also been implicated in GB temozolomide 
resistance [5]. ALDH1A3 has been proposed as a stem-like 
cell biomarker in gliomas, regulating glucose metabolism [6]. 
Its activity and glycolytic effects are more enhanced in mesen-
chymal-type cancer stem cells (CSCs) compared to proneural-
type CSCs and have been significantly associated with tumor 
invasion [7]. Moreover, ALDH3B1 and ALDH16A1 have 
been associated with genes regulating cell cycle checkpoints 
and extracellular matrix disassembly pathways [8]. Silencing 
of ALDH3B1 and ALDH16A1 was shown to induce cell cycle 
arrest at the G2/M phase and inhibit the epithelial-mesenchymal 
transition (EMT) in glioma cells. They both affect EMT-related 
protein expression, as well as the expression of aurora A and 
cyclin B1, involved in G2/M cell cycle checkpoints and modu-
late glioma cell proliferation. An association of ALDHs with 
deregulated DNA repair has also been described in gliomas, 
possibly correlating with immune dysfunction and the poor 
prognosis of glioma patients [9]. They have been shown to 
affect immunocytes and the formation of the tumor immune 
environment by regulating the induction and action of regulatory 
T cells, as well as macrophage polarization [10].

ALDH5A1 is a less studied ALDH family member in 
human gliomas. It codes for succinic semialdehyde dehy-
drogenase (SSADH), a key enzyme of glutamate and 
gamma-aminobutyric acid (GABA) metabolism [11, 12]. 
GABA is metabolized into succinate semialdehyde (SSA) 

and converted into either γ-hydroxybutyrate (GHB) or suc-
cinic acid by SSADH. Succinic acid can then further fuel 
the TCA cycle, which is connected to the GABA shunt, thus 
recycling GABA [13].

Increased glutamate and GABA have been demonstrated 
to serve as energy substrates by glioma cells, most likely 
via the activity of SSADH. This may explain why long-term 
GABA treatment greatly increased the proliferation rates of 
U251 wild-type cells and less significantly of IDH1-mutated 
cells [12]. SSADH levels were increased in almost all types 
of glioma cells compared to normal brain tissue [12], with 
SSADH staining mainly prevailing in highly proliferative 
and non-differentiated tumor territories [11]. These find-
ings suggest that at the tissue level, SSADH overexpres-
sion may demonstrate cancer cell growth, survival, and stem 
cell–favoring effects. This evidence could be explained by 
the fact that it allows glioma cells to use the GABA shunt to 
enable energy production, proliferation and metabolic adap-
tation [11, 12, 14]. In this way, SSADH activity may be 
implicated in glioma onset and progression as demonstrated 
in other cancer types [15].

Therefore, the aim of our study was to specifically 
investigate the biological role and clinical significance of 
ALDH5A1 in diffuse gliomas.

Materials and Methods

Public Data Acquisition

Three datasets comprising of single-cell transcriptomes 
from gliomas obtained using the SMART-seq2 technol-
ogy were downloaded from the Single Cell Portal (https://​
porta​ls.​broad​insti​tute.​org/​single_​cell): 4916 neoplastic 
cells from twenty IDH-wildtype glioblastoma patients from 
Neftel and colleagues [16], 4044 neoplastic cells from six 
IDH-mutant oligodendroglioma patients from Tirosh and 
colleagues [17] and 5097 neoplastic cells from ten IDH-
mutant astrocytoma patients from Venteicher and colleagues 
[18]. The datasets are hereafter designated as IDHwt-GB, 
IDHmut-O and IDHmut-A, respectively. We chose datasets 
obtained using the SMART-seq2 technology since it gener-
ates deeper sequencing data compared to other technologies 
like 10X Genomics. For each dataset, neoplastic and normal 
cells were distinguished according to the cell annotations 
provided. Expression values used in the analyses were in 
log2(TPM + 1).

Analyzing Single‑Cell RNA Sequencing Data

All bioinformatics analyses were performed using the R 
software version ≥ 3.6.1 (https://​cran.r-​proje​ct.​org/). R 
scripts used in this study are provided in Datafile S1.

https://portals.broadinstitute.org/single_cell
https://portals.broadinstitute.org/single_cell
https://cran.r-project.org/
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Identifying ALDH5A1low and ALDH5A1high Cell Groups

Neoplastic cells were split into two main groups based 
on the mean ALDH5A1 expression level in each dataset: 
one group of cells expressing the lowest ALDH5A1 levels 
(ALDH5A1low) and another cell group expressing the high-
est levels (ALDH5A1high). For this analysis, we considered 
only neoplastic cells in which ALDH5A1 was detected: 
3139, 3095 and 3657 cells for the IDHwt-GB, IDHmut-O and 
IDHmut-A datasets, respectively. We calculated Normalized 
Mutual Information (NMI) values (ClusterR package version 
1.2.5 [19]) to assess the contribution of each tumor to each 
cell group as previously described [20]. NMI values range 
from 0 to 1, a value of 0 indicating that each group is com-
posed of cells from each tumor, and a value of 1 indicating 
that cell groups contain cells from a single tumor. Chord 
plots were used to visualize the contribution of each tumor 
to each cell group (circlize R package version 0.4.13 [21]).

Differential Gene Expression Analysis

Genes differentially expressed between differing cell groups 
were identified using the Mann–Whitney test [22]. The 
p-values were adjusted for multiple testing using Benjamini-
Hochberg (BH) approach. Significance level was set at BH-
adjusted p-value < 0.01. Fold change (FC) for gene i was 
calculated as follows: FCi = xi − yi, where xi and yi are the 
log2expression levels of gene i in conditions x and y, respec-
tively. Only genes detected in at least 3% of neoplastic cells 
were considered for this analysis.

Functional Enrichment Analysis

Gene symbols were first updated based on gene metadata 
files downloaded from HGNC website (https://​www.​genen​
ames.​org/​downl​oad/​custom/) and NCBI website [down-
loaded using limma R package version 3.48.3 [23]. Genes 
absent from these metadata files, or with ambiguous symbols 
(e.g., genes whose current approved symbol is the previous 
symbol of another gene), or whose symbol was previously 
associated with more than one gene were excluded from the 
lists. Functional enrichment analysis was then carried out 
using the clusterProfiler R package (version 4.0.0) [24]. The 
human genome was used as background. Significance level 
was set at BH-adjusted p-value < 0.05. Redundant terms 
were excluded. Graphs were generated using the ggplot2 R 
package (version 3.3.5).

Score Calculation

Astrocyte (AC), mesenchymal (MES), neural-progeni-
tor (NPC) and oligodendrocyte-progenitor (OPC) scores 
provided by the authors were used to generate the 2D 

representation of malignant cellular states (Supplementary 
Fig. 3) as identified by Neftel and colleagues [16]. Cells 
were separated into AC-like, MES-like, NPC-like and OPC-
like groups based on position on 2D representation (AC-like: 
x < 0 & y < 0; MES-like: x > 0 & y < 0; NPC-like: x > 0 & 
y > 0; OPC-like: x < 0 & y > 0).

Migration score was calculated per cell as the geometric 
mean of the expression of a motility signature defined by 
Saurty-Seerunghen and colleagues [25].

Glioma Cell Lines and Culturing

The T98G (human glioblastoma multiforme), 1321N1 
(human astrocytoma) and GOS-3 (human glioblastoma) 
cell lines were purchased from ATCC and cultured in RPMI 
1640 medium GlutaMAX (Gibco, Life Technologies) sup-
plemented with 10% fetal bovine serum (FBS; Gibco, Life 
Technologies), 1% penicillin–streptomycin mixture (10,000 
U/ml of penicillin and 10,000 lg/mL of streptomycin; Gibco, 
Life Technologies), and 0.1% Fungizone antimycotic (250 
lg/mL; Gibco, Life Technologies). The CHLA-200 and 
SJ-GBM2 glioblastoma cell lines were kindly provided by 
the Texas Tech University Health Sciences Center, School 
of Medicine Cancer Center, COG Cell Line & Xenograft 
Repository (www.​cccel​ls.​org). Cell lines were antibiotic-
free, mycoplasma-free, authenticated and validated by 
short tandem repeat (STR) genotyping. Cells were cultured 
in Iscove’s Modified Dulbecco’s Medium (IMDM, Biosera) 
supplemented with 1% penicillin–streptomycin (Gibco, Life 
Technologies), 20% fetal bovine serum FBS (Gibco, Life 
Technologies), 4 mM L-Glutamine (Gibco, Life Technolo-
gies) and 1X ITS (Millipore, MA, USA) (5 μg/mL insulin, 
5 μg/mL transferrin, 5 ng/mL selenous acid). Cell cultures 
were incubated at 37 °C in a humidified atmosphere contain-
ing 5% CO2–95% air.

Knockdown of ALDH5A1 by siRNA in GOS‑3, 
SJ‑GBM2 and T98G cells

Small-interfering RNA (siRNA) targeting ALDH5A1 
(siALDH5A1, #sc-72480), as well as a non-targeting (nt)-
siRNA (nt, #sc-37007) were purchased from Santa Cruz 
Biotechnology. ALDH5A1 siRNA (h) is a pool of 3 target-
specific 19–25 nt siRNAs designed to knock down gene 
expression as described in the manufacturer’s datasheet.

GOS-3, SJ-GBM2 and T98G cells were seeded in 6-, 24- 
and 96-well plates to a confluence of 70–80%. Transfection 
with siRNA for ALDH5A1 knockdown was accomplished 
using Lipofectamine™ 3000 Transfection Reagent (Thermo 
Fisher Scientific) according to the manufacturer’s proto-
col. Final siALDH5A1 and nt-siRNA concentrations were 
20 nM. Cells were divided into two groups: (1) siALDH5A1 
cells transfected with a mixture of 20 nM siALDH5A1 and 

https://www.genenames.org/download/custom/
https://www.genenames.org/download/custom/
http://www.cccells.org
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Lipofectamine 3000, each diluted in Opti-MEM (a reduced 
serum medium), and (2) nt-siRNA cells transfected with a 
mixture of 20 nM nt-siRNA and Lipofectamine 3000, again 
diluted in Opti-MEM.

After 6 h, RPMI and IMDM growth media were added to 
each cell line, respectively and the cells were incubated for 
24–48 h at 37 °C in a CO2 incubator. Subsequently, the cells 
were collected for protein extraction and western blotting, 
which were performed as described below, in order to verify 
a successful gene knockdown.

XTT Proliferation Assay

At 24 h post transfection, when cells reached 70–80% conflu-
ency, the assessment of GOS-3 and SJ-GBM2 cell proliferation 
was performed with the sodium 3′-[1- (phenylaminocarbonyl)- 
3,4- tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid 
hydrate) XTT Cell Proliferation Assay Kit (10,010,200, Cay-
man Chemical, USA). At 24 h post siRNA transfection, the 
media and complexes in the 96-well plate were replaced with 
200 μL/well of XTT mixture diluted in serum-free, phenol red 
(PR)–free medium and mixed gently for 1 min on an orbital 
shaker. The XTT mixture was prepared based on the manu-
facturer’s assay protocol. The cells were then incubated for 
2.5 h at 37 °C in a CO2 incubator. The absorbance of each 
sample was measured using a microplate reader at 450 nm. 
Each experiment was conducted in triplicates.

Real‑Time PCR Analysis

Total RNA was extracted from GOS-3 and SJ-GBM2 cells, 
using the RNeasy Mini Kit (Qiagen, Hilden, Germany) 
according to manufacturer’s recommendations. Samples 
included cells transfected with siRNA sequences specific 
for ALDH5A1 silencing and untreated cells, which served 
as control. The quantity and quality of total RNA were 
validated by UV spectroscopy, by calculating the ratio of 
absorbance at 260 and 280 nm. PrimeScript RT Reagent 
Kit-Perfect Real Time (Takara Bio, Japan) for RT-PCR was 
used for cDNA synthesis. Real-Time PCR was performed 
with SYBR Green using the KAPA SYBR® FAST qPCR 
Master Mix (2X) Kit (Sigma Aldrich) and specific primer 
pairs (Table 1), in order to assess the expression levels of the 
following genes: GAPDH, CDH1, Vimentin, ADAM-15, and 

BAX. Conditions for the PCR reaction were 3 min at 95 °C 
followed by two-step PCR for 40 cycles, each consisting 
of 3 s at 95 °C and 40 s at 60 °C. A melting curve analy-
sis was performed to confirm the specificity of quantitative 
polymerase chain reaction (qPCR) products. The Fold value, 
which depicts the differential expression of each selected 
gene, resulted from the processing of the PCR data accord-
ing to the 2−ΔΔct method, using GAPDH as a reference gene 
for normalization.

Cell Migration Assay

The cell migration assay was performed at 48 h post siRNA 
transfection in GOS-3 and SJ-GBM2 cells expressing high 
ALDH5A1 levels as well as in T98G cells expressing low 
ALDH5A1 levels to validate specificity (Supplementary 
Fig. 2).

Briefly, the cell monolayer was scraped with a sterile 500 
μL pipette tip, marking the point of zero migration at 0 h. 
Fresh medium was added to the plates and the cells were 
incubated with RPMI or IMDM media for T98G, GOS-3 
and SJ-GBM2, respectively. Each well was photographed 
at 20 × magnification using computer assisted microscopy. 
Phase contrast images of the cells were taken at 0 and 2 h, 
each time after washing for debris removal. The scratch and 
wound areas were measured for these timepoints, using the 
WimScratch Software (Wimasis image analysis platform). 
The results were expressed as percentages of the cell etched 
and covered area.

Patients’ Description

The study cohort included 95 adult patients with supraten-
torial diffuse infiltrating astrocytomas (grades II to IV) for 
which archival primary tumor material at diagnosis, prior 
to radio/chemotherapy, was available. Patients had been 
diagnosed in the First Department of Pathology, Laikon 
Hospital, National and Kapodistrian University of Athens, 
and treated as well as followed up in Evangelismos, Askle-
peion and Metropolitan Hospitals between 1996 and 2009. 
In all cases, the diagnoses and grading were peer-reviewed 
according to the principles laid down in the World Health 
Organization (WHO) Classification. Distinction between 
primary (53 cases) and secondary (11 cases) glioblastomas 

Table 1   Primer pairs used in 
real-time PCR analysis

Gene Forward primer (5′- > 3′) Reverse primer (5′- > 3′)

GAPDH AGG​GCT​GCT​TTT​AAC​TCT​GGT​ CCC​CAC​TTG​ATT​TTG​GAG​GGA​
CDH1 ATT​CTG​ATT​CTG​CTG​CTC​TTG​ AGT​AGT​CAT​AGT​CCT​GGT​CTT​
Vimentin TGT​CCA​AAT​CGA​TGT​GGA​TGT​TTC​ TTG​TAC​CAT​TCT​TCT​GCC​TCCTG​
ADAM-15 GAG​AAA​GCC​CTC​CTG​GAT​G GGG​CAG​AAT​TCA​GGC​AAG​T
BAX CCG​CCG​TGG​ACA​CAGAC​ CAG​AAA​ACA​TGT​CAG​CTG​CCA​
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was based on the WHO criteria 2016 and IDH1-R132H 
expression [26]. Written informed consent was obtained 
from all patients and the study was approved by the Univer-
sity of Athens Medical School Ethics Committee (protocol 
number 5105). Post-operative radiation consisted of a total 
dose of 60 Gy in 30 to 33 fractions. According to the exist-
ing treatment protocols, no chemotherapy was administered 
for cases diagnosed before 2007. Table 2 summarizes the 
demographic data of our patients.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections from 95 human 
brain diffuse astrocytoma tissues of grades II–IV and normal 
brain tissues were sliced at 4 μm thickness. Tissues were 
deparaffinized at 59 °C for 30 min and 3 consecutive xylene 
buffers for 3 min each. They were immersed for hydration 
in ethanol buffers of 100, 96, 80, and 70% concentration 
consecutively and washed with distilled H2O (dH2O). Νext, 
tissues were treated in the microwave for 20 min with Tar-
get Retrieval Solution, pH 9.0 (Dako, Glostrup, Denmark) 
for antigen unmasking and, subsequently, with 3% H2O2 
(v/v) in dH2O for 30 min at room temperature, in order to 
block endogenous peroxidase activity. After washing with 
Tris-buffered saline (TBS; 0.1 M Tris–HCl, 0.15 M NaCl, 
pH 7.6), sections were incubated with polyclonal primary 
antibody ALDH5A1 at 4 °C overnight (1:50, ABGENT 
#AP1472d). Tissues were washed in TBS, incubated for 
30 min with the Dako Real Envision, Peroxidase/DAB + , 
Rabbit/Mouse (Dako, Glostruo, Denmark) and labeling was 
visualized with diaminobenzidine for 3 min. Hematoxylin 
solution was used for counterstaining (Sigma-Aldrich, St. 
Louis, USA), and sections, after dehydration in ethanol buff-
ers of 70, 80, 96, and 100% concentration consecutively, 
were mounted with mounting medium onto glass cover-
slips. Immunohistochemical evaluation was performed by 
three pathologists (PK, GL, AS), without knowledge of the 
clinical information. A labeling index (LI) based on the per-
centage of stained neoplastic cells was calculated. Staining 
intensity was also evaluated in three subcategories (low, 
moderate, intense). Moreover, 28 of our cases were also 
stained for nestin from our previous investigation.

Western Immunoblotting

Protein extraction from four diffuse astrocytoma tissues (1 
Grade II, 2 Grade III, 1 Grade IV), normal brain tissues and 
glioma cells lines, was performed using ice-cold RIPA buffer 
(Thermo Scientific, Rockford, IL, USA) and a protease 
inhibitor cocktail (Thermo Scientific). Bradford assay (Bio-
Rad) was used to assess protein concentration in the extracts. 
Approximately 30 μg of total protein was separated on a 12% 
gel using the sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) system. The resulting protein 
pattern was transferred onto a nitrocellulose membrane at 
300 mA for 2 h. Protein membrane was blocked for 1 h with 
PBST (Tween 0.01%, 5% milk) at room temperature to pre-
vent non-specific binding of the primary antibody. After an 
overnight incubation with ALDH5A1 antibody (ABGENT, 
#AP1472d, 1:1000) or cleaved caspase-3 (#9661, Cell Sign-
aling Technology, Danvers, MA, USA) or actin (sc-8035, 
Santa Cruz Biotechnology, Dallas, TX, USA), the membrane 
was washed four times (10 min each) with PBST (Tween 
0.01%, 1% milk) and incubated for 1 h at room temperature 
with goat anti-rabbit secondary antibody (Millipore, MA, 
1:2000, #12–348). The membrane was further washed three 
times (10 min each) with PBST (Tween 0.01%, 1% milk) and 
two more times (10 min each) with PBS. After the washes, 

Table 2   Demographic data of patients

NA not available
a  post-operative radiotherapy (a total dose of 60 Gy in 30 to 33 frac-
tions)
b  According to the Protocols existing between 1999 and 2006, no 
chemotherapy was admitted to these tumors

Variable Patients’ cohort (n = 95)

Median (range)
Age 58.5 (19–83) years

Number of cases (%)
Gender:

  Male 52 (54.7%)
  Female 43 (45.3%)

Grade:
  II 17 (17. 9%)
  III 14 (14.7%)
  IV 64 (67.4%)

Events:
  Death 70 follow-up period: 

median 8 (range 1–86) 
months

  Censored 25 follow-up period: 
median 18 (range 3–48) 
months

Surgery:
  Partial 36 (37.9%)
  Complete 53 (55.8%)
  NA 6 (6.3%)

Radiotherapy:
  Yesa 44 (46.3%)
  No 11 (11.6%)
  NA 40 (42.1%)

Chemotherapy (Temozolomide):
  Yesb 7 (7.4%)
  No 54 (56.8%)
  NA 34 (35.8%)
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the membrane was incubated for 1 min in horseradish per-
oxidase (HRP) substrate for enhanced chemiluminescence 
(Clarity Western ECL Substrate (Bio-Rad), #1,705,061) and 
films were developed in the dark room. Actin was used as 
loading control.

Statistical Analysis

Statistical analysis in tissue samples was performed by a 
M.Sc. Biostatistician (GL). In the basic statistical analysis, 
ALDH5A1 expression was treated as continuous variable. 
Associations of the molecules under study with clinicopatho-
logical parameters were tested using non-parametric tests 
with correction for multiple comparisons (Kruskal–Wallis, 
ANOVA, Mann–Whitney U-test), as appropriate. Numeri-
cal variables were categorized on the basis of cut-off values 
provided by ROC curves. Statistical calculations were per-
formed using the statistical package STATA 11.0 for Win-
dows. All results with a two-sided p-value level < 0.05 were 
considered statistically significant.

Results

Glioma Cells Expressing High Levels of ALDH5A1 
Exhibit Enhanced Migration in Patients’ Tumors

We sought for the molecular pathways sustaining cancer 
cells expressing high levels of ALDH5A1, focusing on 
glioma patients’ tumors. To this aim, we took advantage 
of transcriptomes from 3139 single cancer cells obtained 
directly from surgical resections of adult patients bearing 
IDH-wild type glioblastoma [16], hereafter designated 
as IDHwt-GB. Neoplastic cells, in which ALDH5A1 was 
detected, were split into two main groups, one contain-
ing 1956 cells with the lowest ALDH5A1 expression lev-
els (ALDH5A1low) and one containing 1183 cells with 
the highest levels (ALDH5A1high) (Fig.  1A). Of note, 
ALDH5A1low and ALDH5A1high cells were isolated from 
each of the different patient tumors, as confirmed by the 
low NMI value (Supplementary Fig.  1). We identified 
1255 genes differentially expressed between ALDH5A1low 

and ALDH5A1high cell groups (Mann–Whitney test, BH-
adjusted p-value < 0.01), with 71% of them being overex-
pressed in ALDH5A1high cells compared to ALDH5A1low 
cells (891/1255, Supplementary Table 1-Sheet2). Gene 
ontology and KEGG pathway analyses of the overexpressed 
genes highlight an enrichment in several motility-related 
terms (Fig. 1B, Supplementary Table 2-Sheet2). Coher-
ently, we observed a higher score for a GB-specific motil-
ity signature defined by Saurty-Seerunghen and colleagues 
[25] in ALDH5A1high cells compared to ALDH5A1low cells 
(Supplementary Fig. 2A). ALDH5A1 expression was also 
found to be higher in glioblastoma cells with high versus 
low motile potential in three of the four datasets analyzed 
[25] (see example in Supplementary Fig. 2B). These results 
suggest that ALDH5A1 may play a role in glioblastoma cell 
motility. Of note, ALDH5A1 expression was not restricted 
to a specific cellular state as identified by Neftel and col-
leagues [16] (Supplementary Fig. 3).

We next determined whether these observations could 
be extended to other adult diffuse gliomas. We applied the 
same analytical approach on single-cell transcriptomes 
obtained from surgical resections of adult patients bear-
ing IDH-mutant oligodendroglioma [17] and IDH-mutant 
astrocytoma [18], hereafter designated as IDHmut-O and 
IDHmut-A, respectively. We identified 1586 ALDH5A1low 
and 1509 ALDH5A1high cells in the IDHmut-O dataset, and 
1878 ALDH5A1low and 1770 ALDH5A1high cells in the 
IDHmut-A dataset (Fig. 1A). In both datasets, each patient 
tumor contributed to each cell group (Supplementary Fig. 1). 
As for the IDHwt-GB dataset, we observed an enrichment in 
numerous motility-related terms (Fig. 1B, Supplementary 
Fig. 2C, Supplementary Table 2-Sheets 3–4) when enrich-
ment analyses were performed on genes overexpressed in 
ALDH5A1high cells compared to ALDH5A1low cells (Sup-
plementary Table 1-Sheets 3–4).

Taken together, these results point towards a potential role 
for ALDH5A1 in glioma cell motility within patient tumors.

ALDH5A1 Gene Knockdown Reduces Glioblastoma 
Cell Viability

In order to examine the functional significance of ALDH5Α1 
in glioma progression, we proceeded to ALDH5A1 gene 
knockdown using the siRNA approach. We selected two 
glioblastoma cell lines, GOS-3 and SJ-GBM2, that expressed 
high ALDH5A1 levels (Supplementary Fig. 4) and tran-
siently transfected them with ALDH5A1-siRNA or control 
siRNA (nt-siRNA). Forty-eight hours post-siRNA transfec-
tion, we verified gene silencing by Western blot analysis. 
Blotting for the ALDH5A1 indicated siRNA specificity and 
ALDH5A1 expression was reduced by 61% SJ-GBM2 and 
by 49% in GOS-3-siRNA-transfected cells compared to nt-
siRNA cells (Fig. 2A).

Fig. 1   ALDH5A1 high glioma cells from patient tumors appear 
to exhibit enhanced motility. A Splitting cells into groups with 
high (ALDH5A1high) or low (ALDH5A1low) expression levels of 
ALDH5A1. Expression distribution across neoplastic cells. From 
left to right, datasets: IDH-wildtype glioblastoma (IDHwt-GB), 
IDH-mutant oligodendroglioma (IDHmut-O) and IDH-mutant astro-
cytoma (IDHmut-A). B Motility-related terms highlighted by enrich-
ment analyses of genes overexpressed in ALDH5A1high neoplas-
tic cells compared to ALDH5A1low cells. Dot plot representation. 
IDH-wildtype glioblastoma (left panel) and IDH-mutant astrocytoma 
(right panel). See Supplementary Fig. 1B for results corresponding to 
IDH-mutant oligodendroglioma
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For assessing glioma cell viability after ALDH5A1 
knockdown, XTT assays were performed at 24  h of 
culture. The measured absorbance rates were lower 
in siALDH5A1-transfected cells, compared to the nt-
siRNA cells. The cell viability calculated using the ratio: 
(ODsiALDH5A1/ODnt-siRNA)*100% was significantly reduced 
in SJ-GBM2 cells by 53.1% and in GOS-3 cells by 38.2% 
(Fig. 2B). In order to explore the mechanisms by which 
ALDH5A1 knockdown affects cell survival, we investi-
gated the pro-apoptotic gene BAX mRNA levels in both cell 
lines. BAX was elevated in SJ-GBM2 (Fold change = 1.7) 
and in GOS-3 cells (Fold change = 1.2) after ALDH5A1 
gene silencing, however without reaching statistical sig-
nificance (Fig. 2C). We then proceeded to investigate the 
cleaved caspase-3 protein levels after siALDH5A1 trans-
fection. Increased cleavage of caspase-3 was detected in 
both siALDH5A1 transfected GOS-3 and SJ-GBM2 cells 
compared to nt controls (Fig. 2D).

These results show that ALDH5A1 down-regulation 
affects glioma cell viability and stimulates apoptotic 
pathways.

ALDH5A1 Knockdown Reduces Migration of GOS‑3 
and SJ‑GBM2 Cells

To investigate the effects of ALDH5A1 on glioma cell 
migratory ability, monolayer scratch migration assays were 
performed at 24 h after their 48 h siRNA transfection in 
GOS-3 and SJ-GBM2 cells as well as in T98G cell line 
expressing low levels of ALDH5A1 (Supplementary Fig. 4). 
Cell migration in the scratch area was reduced by 58.1% 
in GOS-3 ALDH5A1-knockdown cells and 64.2% in SJ-
GBM2 ALDH5A1-knockdown cells at 24 h. Scratch area 
was fully covered in siALDH5A1-transfected T98G cells 
at 24 h (Fig. 3A–B). The wound recovery was significantly 
decreased in both cell lines expressing high ALDH5A1 
levels at 24 h. Specifically, wound recovery was reduced 
by 58.17% in siALDH5A1-transfected GOS-3 cells com-
pared to 94.58% in nt-control (p < 0.001) and by 64% in 
siALDH5A1-transfected SJ-GBM2 compared to 80.17% 
in nt-control (p < 0.001). On the contrary, siALDH5A1-
transfected T98G cells exhibited similar levels of wound 
recovery to nt-control cells (92.26% in nt-control and 98.1% 
in siALDH5A1-transfected T98G cells, Fig. 3C).

To further investigate the role of ALDH5A1 in glioma 
cell migration, we examined the expression of epithelio-
mesenchymal transition (EMT) biomarkers, CDH1 and 
vimentin mRNA levels at 24  h after ALDH5A1 knock-
down. Compared with nt-siRNA, CDH1 expression was 
significantly increased, while vimentin expression was sig-
nificantly downregulated in ALDH5A1-siRNA cells (Fold 
change CDH1 = 2.4, p < 0.01 in SJ-GBM2 and 2.9, p < 0.001 

in GOS-3 cells, respectively; Fold change Vimentin = 0.6, 
p < 0.05 in SJ-GBM2 and 0.5, p < 0.05 in GOS-3) (Fig. 3D). 
Moreover, we observed a reduction of the expression of the 
adherens junction molecule ADAM-15 in siALDH5A1 cells 
compared to nt-siRNA cells (Fold change = 0.5, p < 0.05 in 
SJ-GBM2 cells and 0.8 in GOS-3, respectively) (Fig. 3D). 
This is in coherence with our in silico results, showing an 
upregulation of ADAM-15 gene in ALDH5A1high GB cells 
compared to ALDH5A1low cells and a downregulation of 
CDH1 gene encoding E-cadherin in ALDH5A1high GB cells 
(BH-adjusted p-value < 0.01 and < 0.05, respectively) (Sup-
plementary Table 1—Sheet 2). ADAM-15 is also upregu-
lated in ALDH5A1high IDH-mutant glioma cells compared 
to ALDH5A1low cells (BH-adjusted p-value < 0.05) (Sup-
plementary Table 1—Sheets 3–4).

These results show that ALDH5A1 down-regulation 
affects glioma migration via regulation of EMT and the 
adherens junction molecule ADAM-15.

SSADH Expression is Upregulated in Human 
Glioma Tumors

Next, we attempted to evaluate the clinical significance of 
SSADH expression in human glioma tumors. Our results 
show that SSADH immunoreactivity was cytoplasmic and 
was observed in all the examined cases (95/95, 100%), rang-
ing from 3 to 95% (median value 50%) (Table 3, Fig. 4A). 
SSADH showed a striking propensity for gemistocytic 
astrocytic tumors. It was not expressed in mitotic figures 
or endothelial cells. Staining intensity did not vary signifi-
cantly among the examined cases, the vast majority of them 
(78/95, 82%) showing a moderate intensity of staining, and 
was therefore not included in our statistical analysis.

SSADH expression was significantly elevated in astrocy-
toma tissues compared to adjacent normal brain (Fig. 4B). 
More specifically, SSADH was expressed at higher levels 
in Grade II compared to normal brain (Mann–Whitney U 
test for multiple comparisons, median values 40% vs 8%, 
p-value = 0.066), in Grade III (median values 45% vs 8%, 
p-value = 0.0010) and in Grade IV gliomas (median values 
60% vs 8%, p-value = 0.0001).

SSAADH expression was, in some cases, more pro-
nounced around highly vascular areas (‘perivascular niche’) 
or areas of necrosis (‘hypoxic niche’) in glioblastomas. 
It should be noted that only 3 glioblastomas (in 64 ana-
lyzed) showed only perinecrotic/perivascular distribution, 
20 showed perinecrotic/perivascular staining along with 
the presence of staining in the remaining neoplastic tissue 
and the majority of glioblastomas (41) showed no perine-
crotic/perivascular staining. There was not any significant 
correlation between SSADH expression and histologic 
grade (Kruskal–Wallis ANOVA, p-value > 0.10). SSADH 
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Fig. 2   Glioblastoma cells 
exhibit reduced cell prolifera-
tion following siALDH5A1 
transfection, increased BAX 
mRNA levels and induced  
caspase-3 cleavage. A 
Decreased ALDH5A1 protein 
expression after cell transfection 
with siRNA of GOS-3 and SJ-
GBM2 cells by western immu-
noblotting and quantification of 
protein levels. B Reduced cel-
lular viability after transfection 
with siALDH5A1 of GOS-3 
and SJ-GBM2 cells. All experi-
ments were repeated at least 
3 times. Mean values of the 
three experiments are shown, 
t-test, ***: p-value < 0.001, 
*: p-value < 0.05. C Fold 
change in BAX mRNA expres-
sion between nt-control and 
siALDH5A1-transfected 
SJ-GBM2 and GOS-3 cells 
by real-time PCR. All experi-
ments were repeated at least 3 
times. Mean values of the three 
experiments are shown, t-test. 
D Protein levels of cleaved 
caspase-3 between nt-control 
and siALDH5A1-transfected 
GOS-3 and SJ-GBM2 cells by 
western immunoblotting. All 
experiments were repeated at 
least 3 times and representative 
image is shown
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expression was also not correlated with nestin expression or 
IDH1-R132H positivity, irrespective of any potential grade 
effect.

Western blot analysis was performed in 4 normal brain 
tissues, 4 glioma tissues (Grade II, III, IV). SSADH expres-
sion was lower in normal brain tissues compared to astro-
cytomas and was increasing progressively with histological 
grade, being higher in Grade IV (Fig. 4C).

Discussion

Accumulating evidence underlines the implication of meta-
bolic alterations and defective mitochondrial metabolism in 
glioma pathobiology. Metabolic reprogramming constitutes 
the crosstalk between the glioma’s genetic alterations and 

oncogenic signaling with the tumor microenvironment and 
metabolic alterations being of high significance for tumor 
survival [27].

Previous studies have demonstrated that ALDH5A1 
(SSADH) oxidizes SSA to succinic acid and then enters 
the TCA cycle, affecting mitochondrial metabolic function 
[28] which is essential for tumorigenesis, implicated in cell 
survival and growth. At the same time, ALDH5A1 plays 
a crucial role in normal brain homeostasis, being involved 
in GABA recycling and control of GABA and GHB levels 
in the CNS. SSADH deficiency (SSADH) leads to mental 
retardation, autism, ataxia, and epileptic seizures [29] while 
ALDH5A1 mutations and polymorphisms of the ALDH5A1 
C allele promoter, disrupt GABA metabolism and result in 
accumulation of toxic substances, such as GHB in neurons.

The present investigation was undertaken in an attempt 
to shed light upon the biological significance and clinical 
relevance of ALDH5A1 in gliomagenesis. It had been dem-
onstrated by our previous study that gamma-hydroxybutarate 
(GABA byproduct) accumulation and ALDH5A1 downregu-
lation in glioblastomas resulted in a less aggressive tumor 
phenotype and increased differentiation of stem-like cancer 
cells [11].

In this study, the analysis of publicly available single-cell 
transcriptomes datasets from adult patients bearing IDH-
wildtype glioblastoma [16], IDH-mutant oligodendroglioma 
[17] and IDH-mutant astrocytoma [18] for ALDH5A1low 
and ALDH5A1high expression, revealed that ALDH5A1high 
cell groups were characterized by overexpression of several 
genes, with a predominant enrichment in several motility-
related terms, when compared to ALDH5A1low cell groups. 
This finding, together with the upregulation of ALDH5A1 
in patient-derived glioblastoma cells with high motile poten-
tial [25], indicates that increased ALDH5A1 expression 
and activity, possibly affects glioma cell motility. The role 
of ALDH5A1 in cancer cell motility has been previously 
shown in papillary thyroid cancer cells, where suppression 
of ALDH5A1 using siRNA in those cells caused a decrease 
in their migratory and invasive abilities [15].

In order to further explore the functional relevance of 
ALDH5A1 in glioblastomas, we investigated its expression 
in several patient-derived glioblastoma cell lines. Of note, 
heterogeneity in ALDH5A1 expression levels was obtained 
among the studied cell lines, reflecting differential respira-
tory activities and metabolic pathways for energy produc-
tion as well as different cell proliferation rates. Since these 
cell lines are patient-derived, they also indicate the variable 
expression levels of ALDH5A1 among astrocytoma patients.

Upon silencing of ALDH5A1 gene using siRNA in 
GOS-3 and SJ-GBM2 glioblastoma cell lines with high 
ALDH5A1 expression, a significant reduction was observed 
in ALDH5A1 expression and function that lowered cell pro-
liferation capacity, increased the pro-apoptotic BAX gene 

Fig. 3   Glioblastoma cells exhibit reduced migratory abili-
ties following siALDH5A1 transfection. A Reduced migration 
in the scratch area following siALDH5A1 transfection. Micropho-
tographs depict examples of results of the scratch test-migration 
assay at 0 h and 24 h of GOS-3 and SJ-GBM2 cells expressing high 
ALDH5A1 levels and T98G cells expressing low ALDH5A1 levels. 
B Cell migration in the scratch area was reduced by 58.1% in GOS-3 
ALDH5A1-knockdown cells and 64.2% in SJ-GBM2 ALDH5A1-
knockdown cells compared to nt-controls at 24 h (A–B). Scratch area 
was fully covered in siALDH5A1-transfected T98G cells compared 
to nt-control at 24 h (A–B). C The wound recovery was significantly 
decreased in both cell lines expressing high ALDH5A1 levels by 
58.17% in siALDH5A1-transfected GOS-3 cells compared to 94.58% 
in nt-control (p < 0.001) and by 64% in siALDH5A1-transfected SJ-
GBM2 compared to 80.17% in nt-control (p < 0.001) at 24  h. On 
the contrary, siALDH5A1-transfected T98G cells exhibited similar 
levels of wound recovery to nt-control cells (92.26% in nt-control 
and 98.1% in siALDH5A1-transfected T98G cells, C). D Altered 
mRNA levels of epithelio-mesenchymal transition (EMT) biomark-
ers, CDH1, and vimentin, as well as of the adherens junction mole-
cule ADAM-15 in GOS-3 and SJ-GBM2 cells by real-time PCR. Fold 
change in CDH1, Vimentin and ADAM-15 mRNA expression between 
nt-control and siALDH5A1-transfected SJ-GBM2 and GOS-3 cells. 
All experiments were repeated at least 3 times and mean values of 
the three experiments are shown. t-test, ***: p-value < 0.001, **: 
p-value < 0.01, *: p-value < 0.05

◂

Table 3   Distribution of SSADH labeling index (LI) according to his-
tological grade

SSADH LI
Mean (range)

Total 50% (3–95%)
Histological grade

  Grade II 40% (4–90%)
  Grade III 45% (3–90%)
  Grade IV 60% (3–95%)
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marker, and induced caspase-3 cleavage, indicating its 
important functional role in intracellular metabolism and 
maintenance of cell viability and growth. Investigation of 
high ALDH5A1 effect in cell migration revealed a reduced 
migratory potential of siALDH5A1-transfected glioblastoma 
cells in scratch assay and wound healing analysis, possibly 
due to reduced mitochondrial activity and oxidative phos-
phorylation. Of importance, no reduction in cell migra-
tion was observed in siALDH5A1-transfected T98G cells 
expressing low ALDH5A1 levels.

In addition, our results indicate that ALDH5A1 deple-
tion affects the expression of EMT markers, leading to 
increased CDH1 and decreased vimentin expression. This 
finding is consistent with the reversal of the EMT process 
and a shift towards a physiologic cellular phenotype [30, 
31]. Therefore, a role for ALDH5A1 as an EMT driver 
is suggested which points out its potential for therapeutic 
targeting. The EMT-promoting role of ALDH5A1 has been 
also previously demonstrated in thyroid cancer cells [15]. 
Moreover, in accordance with the single-cell RNA-seq 
data analysis, ALDH5A1 silencing induced a decrease in 
ADAM-15 expression, a transmembrane protein involved 
in cell signalling, cell adhesion and protein ectodomain 
shedding. Since E-cadherin and N-cadherin are known sub-
strates of ADAM-15 [32], it is possible that elevated activ-
ity of ALDH5A1 affects glioma cell migration through 
this interaction. Furthermore, ADAM-15 upregulation has 
been correlated with increased tumor aggressiveness and 
metastatic disease in breast and prostate cancer through 
regulation of cell motility and adhesion [33], suggesting a 
similar role in gliomas.

In our study, a significant upregulation of ALDH5A1 
expression was observed in diffuse infiltrating astrocyto-
mas of grades II–IV compared to adjacent normal brain. 
ALDH5A1 immunoreactivity was more pronounced in grade 
IV astrocytomas. However, no significant correlations were 
detected between ALDH5A1 expression and histological 
grade, clinicopathological parameters or IDH status.

Our findings are in accordance with the study of Hujber 
et al. [12] where ALDH5A1 overexpression was notable in 
all histological subtypes and stages of gliomas, without how-
ever presenting any significant associations with the disease’s 
clinicopathological parameters, such as age, gender and IDH 
mutation status, suggesting the presence of a metabolic com-
pensatory mechanism in IDH1-mutant cells that uses oxida-
tive phosphorylation and alternative substrates to glucose [12]. 
In the same study, glioma cells demonstrated high levels of 
glutamine, glutamate, and GABA oxidation and ALDH5A1 
expression was positively correlated with GABA oxidation. 

Moreover, GABA addition to glioma cells led to an increased 
proliferation rates while GABA oxidation inhibition through 
D-2-hydroxyglutarate (2-HG) was demonstrated to contribute 
to a less aggressive glioma phenotype [12]. On the other hand, 
the study of Lenting et al. [34] detected a higher expression of 
ALDH5A1 in IDH1-mutated gliomas, suggesting that these 
cells are able to use the GABA shunt to replenish the TCA 
cycle. Although the underlying mechanism remains unknown, 
the presence of TP53 mutation was associated with low 
ALDH5A1 expression [35]. Additionally, reduced expression 
of ALDH5A1 in high-grade serous ovarian cancer correlated 
with poor survival and the presence of EMT gene signature, 
implying a role in cancer cell migration and invasion [36].

Upregulation of ALDH5A1 has also been detected in pap-
illary thyroid cancer, where it correlated with tumor stage, 
metastasis, lymph node stage and poor disease-free survival 
[15]. Moreover, overexpression of ALDH5A1 on breast ductal 
carcinoma in situ models indicates its implication in prema-
lignant progression [37]. In addition, breast cancer patients 
carrying the ALDH5A1rs1054899 AG/AA polymorphism 
exhibited worse response to the FAC regime (doxorubicin, 
5′-fluorouracil and cyclophosphamide) chemotherapy, which 
was attributed to the detoxification role of ALDH5A1 in the 
cyclophosphamide metabolic pathway [38].

Altogether, our findings demonstrate the increased expres-
sion of ALDH5A1 in diffuse gliomas and a potential func-
tional role in cell proliferation and motility. Although the 
underlying mechanism remains under investigation, SSADH 
gene knockdown in glioblastoma cell lines decreased their 
viability and migratory potential, via regulation of EMT and 
the adherens junction molecule ADAM-15, further indicat-
ing ALDH5A1 as a promising molecular target. Future stud-
ies are warranted to validate the potential of ALDH5A1 as a 
novel biomarker for glioma diagnosis and prognosis. Moreo-
ver, ALDH5A1 involvement in the metabolism of the chemo-
therapeutic agent cyclophosphamide in previous studies as 
well as the enhanced detoxification of aldophosphamide to 
carboxyphosphamide, indicates its therapeutic potential [39] 
that needs to be further exploited.

Fig. 4   ALDH5A1 protein expression in different grades of glio-
mas. A ALDH5A1 protein levels in normal human brain tissue and 
glioma tumors by immunohistochemical (IHC) analysis. In Grade 
IV, perinecrotic and perivascular expression was also observed. B 
Increased ALDH5A1 expression was observed in Grade II, Grade III 
and Grade IV tumors, compared to normal brain tissues. C Quanti-
fication of ALDH5A1 protein levels in normal human brain tissues 
and glioma tumors, assessed by western immunoblotting analysis. All 
experiments were repeated at least 3 times and representative data are 
shown. t-test, ***: p-value < 0.001, *: p-value < 0.05
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