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Pharmacologically inhibiting phosphoglycerate kinase 1 for
glioma with NG52
Wen-liang Wang1,2, Zong-ru Jiang1,2, Chen Hu1, Cheng Chen1,2, Zhen-quan Hu1, Ao-li Wang1, Li Wang1,2, Jing Liu1,
Wen-chao Wang1,3 and Qing-song Liu1,2,3,4

Inhibition of glycolysis process has been an attractive approach for cancer treatment due to the evidence that tumor cells are more
dependent on glycolysis rather than oxidative phosphorylation pathway. Preliminary evidence shows that inhibition of
phosphoglycerate kinase 1 (PGK1) kinase activity would reverse the Warburg effect and make tumor cells lose the metabolic
advantage for fueling the proliferation through restoration of the pyruvate dehydrogenase (PDH) activity and subsequently promotion
of pyruvic acid to enter the Krebs cycle in glioma. However, due to the lack of small molecule inhibitors of PGK1 kinase activity to treat
glioma, whether PGK1 could be a therapeutic target of glioma has not been pharmacologically verified yet. In this study we developed
a high-throughput screening and discovered that NG52, previously known as a yeast cell cycle-regulating kinase inhibitor, could
inhibit the kinase activity of PGK1 (the IC50= 2.5 ± 0.2 μM). We showed that NG52 dose-dependently inhibited the proliferation of
glioma U87 and U251 cell lines with IC50 values of 7.8 ± 1.1 and 5.2 ± 0.2 μM, respectively, meanwhile it potently inhibited the
proliferation of primary glioma cells. We further revealed that NG52 (12.5–50 μM) effectively inhibited the phosphorylation of PDHK1
at Thr338 site and the phosphorylation of PDH at Ser293 site in U87 and U251 cells, resulting in more pyruvic acid entering the Krebs
cycle with increased production of ATP and ROS. Therefore, NG52 could reverse the Warburg effect by inhibiting PGK1 kinase activity,
and switched cellular glucose metabolism from anaerobic mode to aerobic mode. In nude mice bearing patient-derived glioma
xenograft, oral administration of NG52 (50, 100, 150mg· kg−1·d−1, for 13 days) dose-dependently suppressed the growth of glioma
xenograft. Together, our results demonstrate that targeting PGK1 kinase activity might be a potential strategy for glioma treatment.
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INTRODUCTION
Glioma is a common and malignant brain tumor in adults [1–3].
Due to its high invasiveness and diffuse growth, surgical
interference is difficult [4]. Currently, the treatment of glioma is
mainly surgical resection, followed by adjuvant chemotherapy and
radiotherapy [5]. Despite significant improvements in treatment,
tumor recurrence is inevitable [6], and patients have an expected
5-year survival rate of only 5% [7]. Therefore, new therapeutic
strategies are still urgently needed.
Most cancer cells, even when oxygen is sufficient, produce

energy mainly through a high rate of glycolysis rather than
pyruvate oxidation in mitochondria [8, 9], which is known as the
Warburg effect. Phosphoglycerate kinase 1 (PGK1), the first ATP-
producing enzyme in the glycolysis pathway, catalyzes the
transfer of an energetic phosphate from 1,3-diphosphate glycerol
ester to ADP, resulting in the generation of 3-phosphoglyceric acid
and ATP [10, 11]. In addition to its phosphatase activity, PGK1 has
been extensively studied for its kinase activity. It has been
reported that PGK1 can phosphorylate important proteins and
regulates important physiological processes. The expression of

PGK1 is upregulated in a wide range of human diseases, including
glioma [12–14], breast cancer [15, 16], and hepatocellular
carcinoma [17–19]. Lu et al. found that PGK1-mediated Beclin 1
Ser30 phosphorylation is necessary for brain tumorigenesis under
hypoxic conditions [12]. They also reported that PGK1 can
phosphorylate pyruvate dehydrogenase kinase 1 (PDHK1) at
Thr338, which inhibits the activity of the pyruvate dehydrogenase
(PDH) complex. This results in an increase in lactic acid production
and the occurrence of brain tumors [14]. This evidence indicates
that PGK1 plays an important role in maintaining metabolic
homeostasis and is an attractive molecular target for glioma
therapy.
Here, we report the discovery of NG52 [20], previously known to

be a yeast cell cycle-regulating kinase inhibitor, as a PGK1 kinase
inhibitor via a high-throughput drug screening approach. The
results show that NG52 can reverse the Warburg effect by
enhancing the activity of PDH through inhibiting the activity of
PGK1. Cellular and animal model studies have shown that
treatment with NG52 could potently inhibit the proliferation of
glioma in vitro and in vivo.
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MATERIALS AND METHODS
Chemical reagents
NG52 (CAS #212779-48-1, purity: 99.93%) and Temoside (also
known as temozolomide) (CAS #85622-93-1, purity: 99.96%) were
purchased from Chemexpress Inc (Shanghai, China).

Cell lines
Human glioma cell lines U87 and U251 were purchased from
Cobioer Biosciences Co, Ltd (Nanjing, China). U87 cells were
cultured in MEM (Corning, Midland, NY, USA) with 10% FBS (v/v)
and supplemented with 1% penicillin/streptomycin (v/v), 1% NAP
(v/v), and 1% nonessential amino acids (v/v). U251 cells were
cultured in DMEM (Corning, Midland, NY, USA) with 10% FBS (v/v)
supplemented with 1% penicillin/streptomycin (v/v).

Antibodies
The Phospho-PDH (Ser293) rabbit mAb (#31866s), PDHK1 anti-
body rabbit mAb (#3820s), N-cadherin rabbit mAb (#D21H3s),
vimentin rabbit mAb (#5741s), and GAPDH XP rabbit mAb
(#D16H11) were obtained from Cell Signaling Technology
(Danvers, MA, USA). The PGK1 mouse mAb (#ab113687) was
obtained from Abcam (Cambridge, UK). The Phospho-PDHK1
(Tyr338) rabbit mAb (#11596-1) was obtained from SAB (College
Park, MD, USA).

Primary glioma cells
Glioma samples were obtained after informed consent was
obtained at Anhui Provincial Hospital (Hefei, China). Details of
the patient samples are provided in Supplementary Table S1.
Fragments of freshly obtained tumor tissues were dissociated
using collagenase/hyaluronidase and dispase (Stem Cell Technol-
ogies, Vancouver, BC, Canada) at 37 °C for 4 h with shaking.
Primary cells were collected by centrifugal filtration and plated in
DMEM/F12 medium with the Gibco B-27 serum-free supplement,
bFGF (40 ng/mL), EGF (20 ng/mL), and 1% insulin. The cells were
cultured at 37 °C in a humidified 5% CO2 incubator, and
the medium was changed every 2 days. All glioma samples were
obtained through written consent under the approval of the
Chinese Academy of Sciences Institutional Review Board, and all
experimental protocols were approved by the Medical Ethics
Committee of Hefei Institutes of Physical Science (Chinese
Academy of Sciences).

Protein expression and purification
PGK1–p28a was transformed into Transetta competent cells in
4 mL of LB medium overnight. BL21 cells (4 mL) were seeded in
400mL of LB medium, and the protein was induced by 0.5 mM
IPTG at 30 °C for 4 h. The cells were lysed in extraction buffer
(20 mM Tris, 500mM NaCl, pH 8.0). The supernatant was loaded
onto a nickel affinity column (GE Healthcare, Milwaukee, WI, USA)
and washed with buffer containing 80mM imidazole. The protein
was eluted using 300 mM imidazole in the same buffer.

High-throughput screening for PGK1 kinase inhibitors
Recombinant PGK1 was incubated for 1 h at room temperature
with substrate 3-phosphoglycerate (0.4 μg/μL) (Yuanye,
Shanghai, China) and 10 μM ATP (Promega, Madison, WI) in
20 µL of reaction buffer (20 mM Tris, 100 mM NaCl, 0.1 mM MgCl2,
2 mM DTT, pH 8.6) containing compound or DMSO in 384-well
plates. Then, 20 µL of ADP-Glo™ reagent (Promega) was added to
each well and incubated for 40 min to stop the reaction and
deplete the remaining ATP. Next, 40 µL of Kinase Detection
Reagent (Promega) was added to convert the ADP to ATP,
and the newly synthesized ATP was detected with a luciferase/
luciferin system. Luminescence was measured with a multilabel
reader (Envision, PerkinElmer, MA, USA). GI50 values were
calculated using Prism 5.0 (GraphPad Software, San Diego,
CA, USA).

Proliferation assay
Cells were grown in 24-well culture plates for 12 h before
compounds of various concentrations were added. Cell prolifera-
tion was determined after treatment with compounds for 6 days.
Cell Titer-Glo assays were performed according to the manufac-
turer’s instructions (Promega), and luminescence was measured
with a multilabel reader (Envision, PerkinElmer). GI50 values were
calculated using Prism 5.0 (GraphPad Software).

PGK1 phosphatase assay
To test the inhibitory effect of NG52 on PGK1 phosphatase activity,
an assay was performed as previously reported [21]. Briefly,
purified recombinant PGK1 protein (0.2 ng/μL) was mixed with
DMSO or different concentrations of NG52 for 30 min. Then, a
saturated amount of substrates (1.6 mM GAP, 1 mM β-NAD, 1 mM
ADP and 20 ng/μL GAPDH) was added, and the reaction was
conducted for 1 h in buffer (20 mM Tris, 100mM NaCl, 0.1 mM
MgSO4, 10 mM Na2HPO4, 2 mM DTT, pH 8.6). The production of
ATP was detected with an ADP-Glo kinase assay (Promega).

Apoptosis analysis
The apoptosis assay was performed using the FITC Annexin V
apoptosis detection kit (Becton Dickinson, Franklin Lake, NJ, USA).
Assays were performed according to the manufacturer’s instruc-
tions. Data were collected with a BD FACS Calibur cytometer
(Becton Dickinson) and analyzed using Flow Jo (Becton Dickinson).

Reactive oxygen species (ROS) detection
U87 and U251 cells were treated with different concentrations of
NG52 for 12 h. Then, the cells were harvested and incubated with
DCFH-DA (Beyotime Biotechnology, Shanghai, China) at 37 °C for
20min. Flow cytometry was performed using a FACS Calibur
(Becton Dickinson), and the results were analyzed by Flow Jo
(Becton Dickinson).

Detection of ATP and lactate
The ATP level was detected using a kit from Promega (Promega).
The cells were treated with DMSO or NG52 (10 μM) for 12 and 48
h, the relative total ATP level was detected with Cell Titer-Glo
assays (Promega, Madison, WI, USA), and the relative ATP level for
each cell was calculated using the total ATP level divided by the
cell number. Lactate measurements followed a kit protocol
(EnzyChrom™ lactate assay kit, BioAssay Systems). The cells were
treated with NG52 for 12 h, and then lactate was measured with a
detection kit.

ADP-Glo biochemical assay
The ADP-Glo kinase assay (Promega) was used to test NG52 for its
PGK1 kinase inhibition effects. Recombinant PGK1 was incubated
for 1 h at room temperature with the substrate 3-
phosphoglycerate (0.4 μg/μL) (Yuanye, Shanghai, China) and
10 μM ATP (Promega) in 10 µL of reaction buffer containing
compound or DMSO. Detection was performed according to the
manufacturer’s instructions.

Colony formation
U87 and U251 cells were plated into 6-well plates at 5000 cells per
well, treated with NG52 or DMSO and cultured for 6 days. The
colonies were fixed with 10% (v/v) methanol for 15 min and
stained with 5% crystal violet staining solution for 15min for
colony visualization.

Cell culture under hypoxic conditions
Cells were cultured in a hypoxia incubator chamber (Heracell VIOS
160i incubator with variable oxygen control, Thermo Fisher
Scientific, Lenexa, KS, USA) with an oxygen concentration of 2%.
Culture medium and cell handling protocols were the same as
those for routine cell culture under normoxic conditions.
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Glioma orthotopic transplantation tumor model
Five-week-old female nu/nu mice were purchased from the
Nanjing Biomedical Research Institute of Nanjing University
(Nanjing, China). All animals were housed in a specific
pathogen-free facility and used according to the animal care
regulations of Hefei Institutes of Physical Science, Chinese
Academy of Sciences (Hefei, China). Cells were harvested and
resuspended in sterile PBS, and one hundred thousand primary
glioma cells were injected into the brains of nu/nu mice. Animals
were then randomized into treatment groups for efficacy studies.
Daily treatment with the compound was initiated after 2 weeks. A
range of doses of NG52 or vehicle was administered daily by oral
gavage. Body weights and survival rates were measured daily after
NG52 treatment.

Molecular modeling
All calculations were performed using the Schrödinger Suites
(Schrödinger Release 2018-3: Schrödinger, LLC, New York, NY, USA,
2018). The human PGK1 complex (PDB ID: 5NP8) was used for
docking studies. The crystal structure was prepared using the
Protein Preparation Wizard, and the ligand was built in Mastro and
prepared with LigPrep docked with Glide using XP mode.

Data and statistical analysis
The results are presented as the means ± SEM. Student’s t test was
used for comparisons among the different groups. IC50 and GI50
values were calculated using Prism 5 (Graph Pad Software, San
Diego, CA, USA) using the normalized dose response curve for
inhibition (variable slope).

RESULTS
Identification of NG52 as a PGK1 kinase inhibitor
To identify PGK1 inhibitors, we performed a biochemical assay-
based screening with a pool of over 5000 bioactive small molecules.
Briefly, recombinant PGK1 was incubated for 1 h at room
temperature with the substrate 3-phosphoglycerate (0.4 μg/μL)
(Yuanye, Shanghai, China) and 10 μM ATP (Promega, Madison, WI,
USA) in 20 μL of reaction buffer (20mM Tris, 100mM NaCl, 0.1mM
MgCl2, 2 mM DTT, pH 8.6) containing compound or DMSO in 384-
well plates. Then, 20 μL of ADP-Glo™ reagent was added to each
well and incubated for 40min to stop the reaction and deplete the
remaining ATP. Next, 40 μL of kinase detection reagent was added
to convert the ADP to ATP, and the newly synthesized ATP was
detected with a luciferase/luciferin system (Fig. 1a). As a result, we

Fig. 1 Characterization of a novel PGK1 small molecule inhibitor. a Flow chart for the high-throughput screening of PGK1 kinase inhibitors.
b Chemical structure of NG52. c IC50 determination of NG52 with purified PGK1 using the ADP-Glo assay, n= 3. d The effect of NG52 on
purified PGK1 phosphatase activity. The NG52 dosage is indicated, n= 3. e The mode of inhibition of NG52 with PGK1 was examined using the
ADP-Glo assay with the indicated concentration of ATP, n= 3. f Molecular modeling of PGK1 and NG52 binding. The results are the mean ± SD
of three independent experiments; ns not statistically significant; ***P < 0.001.
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found that compound NG52 [20], a known yeast cell cycle-
regulating kinase inhibitor, potently inhibits the kinase activity of
PGK1 (Fig. 1b, c) without affecting its phosphatase activity [21]
(Fig. 1d). To investigate the inhibition mode of NG52, ATP
competition experiments were performed. Consistent with the
competitive inhibition mode, the inhibition of PGK1 by NG52
decreased with increasing concentrations of ATP (Fig. 1e), which
suggests that NG52 inhibits PGK1 in an ATP-competitive manner.
Furthermore, molecular modeling of the hPGK1-NG52 structure
(PDB ID: 5NP8) showed the possible formation of three hydrogen
bonds between NG52 and PGK1, including the aromatic side chains
of Gly238 and Gly313 (Fig. 1f), which indicates the direct binding of
NG52 with the PGK1 protein.

Effects of NG52 on the proliferation of glioma cells in vitro
Since PGK1 is frequently overexpressed in glioma, we wanted to
determine whether NG52 treatment can inhibit glioma cell
viability. We examined the in vitro antiproliferative effects of
NG52 in various glioma cell lines and primary glioma patient
samples. The results showed that NG52 achieved considerable
dose-dependent inhibition against the tumor cell lines tested with
GI50 values <8 μM (Fig. 2a) and potently inhibited the proliferation
of primary glioma cells (Fig. 2b). We also examined the
antiproliferative effects of NG52 on normal cells and found that
the inhibition of NG52 on normal cells was weaker than on glioma
cells (Supplementary Table S2). In addition, a time-course
antiproliferation assay showed that NG52 was able to inhibit
U87 cell proliferation after 1 day of treatment, which indicates the
high potency of this compound (Fig. 2c). Then, we investigated
the effects of NG52 on the clonogenic formation activities of the
glioma cell lines. We found that in both U87 and U251 cell lines,

treatment with NG52 significantly reduced the number of
the clones formed, providing more evidence for the antiprolifera-
tive effects of NG52 in glioma cells (Fig. 2d).

NG52 inhibits glioma cell proliferation through on-target
inhibition of PGK1
To exclude the possibility that NG52 caused cell proliferation
inhibition by affecting targets other than PGK1, we further
examined whether NG52 inhibits the proliferation of glioma
cancer cells by directly inhibiting PGK1. First, we constructed a
U87 cell line with reduced expression of PGK1 by virus-mediated
RNAi knockdown. Western blot analysis showed that the
expression of PGK1 in U87 sh#220 cells was significantly reduced
(Fig. 3a). We then performed long-term proliferation experiments
with this cell line, which showed that reduction of
PGK1 significantly inhibited glioma cell proliferation (Fig. 3b).
Clonogenic experiments further demonstrated that reduced
expression of PGK1 led to a reduction in clony formation (Fig. 3c).
These results indicate that PGK1 plays an important role in the
proliferation of glioma cells and that inhibition of PGK1 can
effectively impede the proliferation of glioma cells. In addition,
compared with parental U87 cells, we found that the proliferation
of U87 sh#220 cells with reduced PGK1 expression was less
sensitive to NG52 treatment (Fig. 3d). Taken together, these results
suggest that NG52 inhibits glioma cell proliferation by on-target
inhibition of PGK1.

NG52 reversed the Warburg effect in glioma cells
Anaerobic metabolism is a feature of cancers and plays a key role
in promoting their development. In glioma, PGK1 inhibits PDH
activity by phosphorylating PDHK1, which phosphorylates PDH

Fig. 2 Impact of NG52 on the proliferation of glioma cells in vitro. a Dose-dependent inhibition against the tumor cell lines with NG52, n=
3. b The antiproliferative activity of NG52 against primary glioma cells, n= 3. c The time course of the NG52-induced effects on glioma cells,
n= 3. d Effects of NG52 on glioma cell colony formation after incubation for 6 days. Quantification is shown in the right panel. Data are the
mean ± SD (n= 3). The results are the mean ± SD of three independent experiments; ns not statistically significant; *P < 0.05, **P < 0.01, and
***P < 0.001.
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and inhibits pyruvate from entering into the tricarboxylic acid
cycle; this thereby converts cells from undergoing aerobic
metabolism to undergoing anaerobic metabolism, resulting in
the inhibition of mitochondrial respiration and the production
ROS. We next investigated whether NG52 can reverse this
Warburg effect by examining the effects of NG52 on PGK1-
related proteins. Our results showed that NG52 potently
inhibits the phosphorylation of PDHK1 at residue Thr338 and
enhances the activity of PDH by inhibiting the phosphorylation of
PDH at residue Ser293, which causes more pyruvate to enter into
the tricarboxylic acid cycle (Fig. 4a). As expected, with reversal of
the Warburg effect, we also found that treatment with
NG52 inhibited the production of lactate (Fig. 4b), increased
mitochondrial respiration to produce more ATP (Fig. 4c) and
increased the production of ROS (Fig. 4d). Taken together, our
results showed that NG52 can reverse the Warburg effect in
glioma cells.

NG52 induces apoptosis and inhibits epithelial–mesenchymal
transition (EMT) in glioma cells
We next studied the effects of NG52 on apoptosis. Exposure of
U87 and U251 cells to NG52 for 3 days significantly increased the
Annexin V-positive cell populations, indicating that NG52 can
potently induce apoptosis in glioma (Fig. 5a). An increasing
number of studies have confirmed that the Warburg effect also
promotes tumor EMT [22]. Hence, reversing the Warburg effect
may inhibit tumor EMT [23]. We therefore examined the
expression of N-cadherin and vimentin, two main biomarkers of
EMT [24]. Western blot analysis indicated that NG52 could
downregulate N-cadherin and vimentin in both U87 and
U251 cells (Fig. 5b), indicating that NG52 reversed the EMT
phenotype in U87 and U251 cells.

NG52 potently inhibits glioma tumor growth in vivo
Next, we evaluated the antitumor activity of NG52 in vivo using a
glioma PDX model. NG52 potently inhibits the growth of
glioma PDX in a dose-dependent manner. Tumor growth

inhibition reached 100% at 150mg/kg in the PDX model.
These results indicate that NG52 potently inhibits the proliferation
of glioma in vivo (Fig. 6a, b). We also observed that the effects
of NG52 on the body weights of the mice were very
small, indicating that NG52 has high safety (Fig. 6c). Overall,
these results showed that NG52 potently inhibits the growth of
glioma in vivo.

DISCUSSION
The Warburg effect is the process by which glucose metabolism is
converted from aerobic metabolism to anaerobic metabolism,
even under normal oxygen concentrations [25]. Therefore, unlike
normal cells, tumor cells convert most of their glucose into lactic
acid rather than undergoing oxidative phosphorylation [8, 26],
which serves as an adaptive response that allows tumor cells to
produce ATP in the absence of oxygen [27–29], thus providing a
biosynthetic advantage for tumor cells.
Although attempts have been made to block aerobic glycolysis

in tumor cells using small molecules, these attempts have not
been successful thus far [30, 31]. Several new treatments targeting
different steps in the glycolysis process are currently being
evaluated, including inhibition of lactate dehydrogenase [32] and
pyruvate kinase M2 [9, 33–36].
Since normal cells also need glycolysis and subsequent

oxidative phosphorylation to provide energy, simply inhibiting
the glycolysis process will inevitably affect the physiological
functions of normal cells, resulting in toxic side effects. Therefore,
we proposed that reversing the Warburg effect to convert tumor
cell metabolism from anaerobic metabolism to aerobic metabo-
lism may be an effective method for the treatment of tumors.
PGK1 is a key enzyme in glycolysis and has also been shown to
play an important role in regulating cellular glucose metabolism
to undergo the oxidative phosphorylation pathway in glioma [14].
PGK1 can inhibit PDH activity by phosphorylating PDHK1, which
phosphorylates PDH, blocking the entrance of pyruvic acid into
the tricarboxylic acid cycle, and thus enhancing anaerobic

Fig. 3 NG52 inhibits the proliferation of glioma cancer cells by inhibiting PGK1. a Western blot analysis was performed to detect the
expression of PGK1 in U87 and U87 sh#220 cells. b Reduction of PGK1 inhibits the proliferation of U87 cells, n= 3. c Reduction of PGK1 inhibits
clony formation of U87 cells, n= 3. d Proliferation of U87 sh#220 cells with reduced PGK1 expression was less sensitive to NG52 treatment,
n= 3. The results are the mean ± SD of three independent experiments; ns not statistically significant; *P < 0.05, ***P < 0.001.
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metabolism. Therefore, targeting PGK1 not only inhibits the
glycolysis process but also restores PDH activity, prompts more
pyruvate to enter into the tricarboxylic acid cycle, and allows cells
to return to their normal metabolic processes. Hence, we propose
that the inhibition of PGK1 kinase activity is a good strategy for
the treatment of glioma.
Through a high-throughput screening approach, we discovered

a novel PGK1 kinase inhibitor, NG52. Importantly, NG52 inhibits
PGK1 kinase activity without affecting its phosphatase activity.
Antiproliferation assays showed that NG52 exhibited good
antiproliferative effects in both glioma cell lines and primary
glioma cells. A mechanistic study illustrated that NG52
can effectively inhibit the phosphorylation of PDHK1 at the
Thr338 site and the phosphorylation of PDH at the Ser293 site,
resulting in more pyruvic acid entering the tricarboxylic acid

cycle with increased production of ATP and ROS. Therefore, NG52
can reverse the Warburg effect by inhibiting PGK1 kinase
activity and switching cellular glucose metabolism from an
anaerobic mode to an aerobic mode, thereby inhibiting the
growth of tumor cells. These data indicated that inhibiting the
kinase activity of PGK1 might be a potential novel therapeutic
target for glioma.
Although our data showed that the small molecule NG52 can

impede the proliferation of glioma cells in vitro and in xenograft
models, NG52 is not an ideal PGK1 kinase inhibitor, and its
inhibitory effect needs further improvement. Nevertheless, this
study supports the notion that PGK1 is critical for the develop-
ment of glioma, and inhibiting PGK1 kinase activity may provide a
novel and effective therapeutic approach for the treatment of
glioma.

Fig. 4 NG52 reversed the Warburg effect in glioma cells. a Inhibition of NG52 on the phosphorylation of PDHK1 and PDH in glioma cells was
examined by Western blot after glioma cells were treated with NG52 for 12 h under hypoxic conditions. b Lactate production of U87 and
U251 cells treated with NG52 was examined using an EnzyChrom™ lactate Assay Kit after treatment with NG52 for 12 h under hypoxic
conditions, n= 3. c ATP levels in U87 and U251 cells were examined after glioma cells were treated with NG52 for the indicated times, n= 3.
d ROS production of U87 and U251 cells treated with NG52 was examined using a FACS Calibur (Becton Dickinson), and the results were
analyzed by FlowJo (Becton Dickinson), n= 3. The results are the mean ± SD of three independent experiments; ns not statistically significant;
*P < 0.05, ***P < 0.001.
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Fig. 6 NG52 potently inhibits glioma in vivo. a Comparison of the final tumor weight in each group after the 17-day treatment period with
NG52, n= 5. b Mice engrafted with PDXs received vehicle or NG52 for 17 days. Representative photographs of the tumors in each group are
shown, n= 5. c Body weight measurements from the mice after 17 days of NG52 administration. The initial body weight was set as 100%, n= 5.

Fig. 5 NG52 induces apoptosis and inhibits EMT in glioma cells. a FCM analysis of cells stained with Annexin V-FITC/PI after treatment with
various concentrations of NG52 for 3 days. Quantified values of apoptosis are shown, n= 3. b After treatment with or without NG52 for 12 h,
Western blot analysis was performed to detect the expression of N-cadherin and vimentin in glioma cells. The NG52 group was compared
with the DMSO group, and the significance of the difference is indicated; ns not statistically significant; ***P < 0.001.
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