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Glioblastoma (GBM) is the most malignant primary tumor in the central nervous system of adults. Temozolomide (TMZ), an
alkylating agent, is the first-line chemotherapeutic agent for GBM patients. However, its efficacy is often limited by innate or
acquired chemoresistance. Cancer cells can rewire their metabolic programming to support rapid growth and sustain cell survival
against chemotherapies. An example is the de novo serine synthesis pathway (SSP), one of the main branches from glycolysis that is
highly activated in multiple cancers in promoting cancer progression and inducing chemotherapy resistance. However, the roles of
SSP in TMZ therapy for GBM patients remain unexplored. In this study, we employed NCT503, a highly selective inhibitor of
phosphoglycerate dehydrogenase (PHGDH, the first rate-limiting enzyme of SSP), to study whether inhibition of SSP may enhance
TMZ efficacy in MGMT-positive GBMs. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), flowcytometry and
colony formation assays demonstrated that NCT503 worked synergistically with TMZ in suppressing GBM cell growth and inducing
apoptosis in T98G and U118 cells in vitro. U118 and patient-derived GBM subcutaneous xenograft models showed that combined
NCT503 and TMZ treatment inhibited GBM growth and promoted apoptosis more significantly than would each treatment alone
in vivo. Mechanistically, we found that NCT503 treatment decreased MGMT expression possibly by modulating the Wnt/B-catenin
pathway. Moreover, intracellular levels of reactive oxygen species were elevated especially when NCT503 and TMZ treatments were
combined, and the synergistic effects could be partially negated by NAC, a classic scavenger of reactive oxygen species. Taken
together, these results suggest that NCT503 may be a promising agent for augmenting TMZ efficacy in the treatment of GBM,
especially in TMZ-resistant GBMs with high expression of MGMT.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common malignant
primary brain tumor in the central nervous system in adults’.
Currently, the primary treatment option for GBM is maximal
surgical resection followed by adjuvant chemotherapy and/or
ionizing radiotherapy (Stupp’s regimen)**. Although great
research advances have been achieved in these treatment
modalities over the past decades, the prognosis of GBM patients
remains poor with a median survival of 12-15 months®. Rapid
disease recurrence and treatment resistance are the two main
obstacles to optimal patient outcomes®. Therefore, a better
understanding of treatment resistance mechanisms and improv-
ing treatment efficacies are urgently needed.

Temozolomide (TMZ), an orally bioavailable alkylating agent
featured with convenient route of administration, ready penetration
across the blood brain barrier, tolerable safety profile and manage-
able side effects, is the Food and Drug Administration-approved
first-line adjuvant chemotherapeutic agent for newly diagnosed

GBMs since 1999 that had significantly improved GBM patients’
survival®, TMZ exerts its antitumor effects by intermediate
metabolites which can transfer methyl groups to guanine residues
of DNA and trigger DNA damage and subsequent cell death®.
However, the clinical therapeutic value of TMZ is limited due to
innate or adaptive resistance®. O°-methylguanine DNA methyltrans-
ferase (MGMT), a DNA repair protein, is able to remove the methyl
adducts from the O° position of guanine residues and therefore
mediates the TMZ resistance in glioma cells’. MGMT expression is
controlled by epigenetic modifications: methylation and high
methylation in the promoter region may decrease gene transcrip-
tion and subsequent protein translation of MGMT®. Clinical studies
have also revealed that GBM patients bearing the absence of MGMT
protein or high methylation of the MGMT promoter would benefit
more from TMZ treatment®™"", indicating that high MGMT expres-
sion remains a main cause for poor TMZ-related chemotherapy
efficacy in GBM. Therefore, inhibition of MGMT expression holds
marked potential for counteracting TMZ resistance.
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Compared to normal cells, malignant tumor cells can rewire
metabolic programming to increased glycolysis regardless of
oxygen availability to produce macromolecules to support rapid
growth and antioxidants to defy oxidative stress, i.e., the “Warburg
Effect"’®. It is reasonable to speculate that rewired tumor
metabolism may also affect the response of tumor cells to
chemotherapeutic agents, and targeting specific metabolic path-
ways and/or key enzymes may be potential strategies to enhance
chemotherapeutic efficacy’>. De novo serine biosynthesis path-
way branches off from glycolysis and diverts the glycolytic
intermediate 3-phosphoglycerate to 3-phosphohydroxypyruvate
to support energy demand, cellular redox balance and one carbon
biosynthesis'2. This pathway has been reported to be highly
activated and condusive to tumor progression in multiple types of
cancers such as breast cancer', lung cancer'>'S, and glioblas-
toma'”. Several research groups also demonstrated that genetic or
pharmacological inhibition of phosphoglycerate dehydrogenase
(PHGDH), a key rate-limiting enzyme of the serine synthesis
pathway, could enhance chemotherapy efficacy or even reverse
chemoresistance in malignant tumors including hepatocellular
carcinoma'®, lung cancer'®, melanoma®?, and Burkitt lymphoma?'.
However, the roles of PHGDH in TMZ resistance in GBM remain
unknown.

Herein, we explored whether and how inhibition of PHGDH with
a highly selective inhibitor NCT503 could enhance TMZ chemo-
efficacy in GBM in vitro and in vivo. We show that NCT503 works
synergistically with TMZ in suppressing GBM growth and inducing
apoptosis both in vitro and in vivo. Mechanistically, NCT503
treatment inhibits MGMT expression possibly by modulating the
Whnt/B-catenin pathway and augmenting reactive oxygen species
(ROS)-mediated DNA damage.

MATERIAL AND METHODS

Cell lines and cell culture

U87, U251, D54, A172, LN229, T98G, and U118 glioblastoma cell lines were
purchased from the American Type Culture Collection (ATCC, Manasaas,
VA, USA). U87 and U251 cells were cultured in Minimum Essential Medium
a. D54 cells were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient
Mixture F-12 supplemented with glutamine (GlutaMAX™-). A172, LN229,
T98G and U118 cells were cultured in DMEM. All these media were
commercially available from ThermoFisher (Waltham, MO, USA) and
supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin/
streptomycin for cell culture at 37 °C in an incubator containing 5% CO,
under saturated humidity.

Antibodies and reagents

Mouse primary anti-MGMT antibody (sc-56432) was commercially available
from Santa Cruz (Dallas, TX, USA). Rabbit primary anti-LEF1 (A4473) and
anti-TCF1/7 (A3091) were from ABclonal (Woburn, MA, USA). Other primary
antibodies including PARP (9532T), Cleaved Caspase 3 (9661S), Bax (5023T),
Bcl-2 (4223T), B-catenin (8480T), c-Myc (18583T), Cyclin D1 (2936T), p-H2A.
X (9718T), and GAPDH (5174S) were all purchased from Cell Signaling (CST,
MA, USA). The PHGDH inhibitor NCT503 (HY101966), Tween-80 (HY-Y1891),
and polyethylene glycol 400 (PEG400) (HY-Y0873A) were purchased from
MedChemExpress (MCE, Monmouth Junction, NJ, USA) while dimethyl
sulfoxide (DMSO) (C6164) and N-Acetyl cysteine (NAC) (A0737) were from
Sigma-Aldrich (St. Louis, MO, USA). TMZ was obtained from Schering-
Plough (Kenilworth, NJ, USA), dissolved in DMSO at a concentration of
100 mM, further diluted to 10 mM in culture medium and stored at —20 °C.

Flowcytometry apoptosis assay

Apoptosis assay was performed with an apoptosis detection kit (Roche,
Basel, Switzerland) according to the manufacturer’s instructions. After drug
treatment, the medium was discarded and the cells were washed with 1x
PBS and trypsinized with EDTA-free trypsin. Single cells were then
collected, washed with 1x PBS for two times and incubated with
propidium iodide (Pl) and annexin V for 15 min at room temperature in
the dark. Cells were then filtered with 40 um cell strainer and subject to
flowcytometry analysis using the CytoFLEX S Flow Cytometer (Beckman
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Coulter, Indianapolis, IN, USA). The percentage of annexin V-positive cells
was acquired and subject to statistical analysis.

Cell viability assay

T98G or U118 cells were collected and seeded at 3000 cells/well in 96-well
plates. Following drug treatments at designated time points, the medium
was discarded and the cells were washed with PBS once. Fresh complete
medium (90 pL) supplemented with 10 L of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrigh) was then added to
incubate the cells for 3 h. After discarding the medium, MTT was then
dissolved in DMSO (100 pL) for 15 min on a shaker and the absorbance was
assessed by measuring the optical density at 570 nm using a microplate
reader (Thermo Fisher Scientific).

Colony formation assay

T98G or U118 cells were collected and seeded at 600 cells/well in 6-well
plates. After treatment with NCT503 alone or in combination with
temozolomide or NAC for 48 or 72 h, the medium was replaced with 2
mL of fresh medium and the cells were further cultured for 10-14 days.
Colonies were stained with 0.5% crystal violet, and the numbers of colonies
were counted and subject to statistical analysis.

Protein extraction and western blot

Total protein was extracted from fresh tumor sample or cultured cells
with 1x RIPA lysis buffer (Cell Signaling, MA, USA) supplemented with
cocktail protease inhibitor (Roche, Risch-Rotkreuz, Switzerland). Protein
concentrations were determined using protein assay reagents (Bio-Rad
Laboratories, Herclues, CA, USA) according to the manufacturer's
instructions. Twenty migrogram of each protein sample was then
subject to 10% sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis gel electrophoresis and transferred to polyvinylidene difluoride
membrane (Millipore). Membranes were blocked with 5% nan-fat milk
for 1 h at room temperature and then incubated with primary antibodies
all at appropriate dilutions at 4 °C overnight. GAPDH was used as loading
control. Next day, horseradish peroxidase-conjugated goat anti-rabbit/
mouse immunoglobulin G (1:5000) were used to incubate the
membranes at room temperature for 1h. After washing with 1x Tris
buffered saline with Tween 20 (TBST), immunoblots were developed by
enhanced chemiluminescence detection system with X-ray film in dark
room. Band densities were quantified by Image J software (Image J
1.43u; National Institute of Health, Bethesda, MD, USA). The relative
protein levels were determined by normalizing the densitometry values
of protein of interest to that of GAPDH.

DNA extraction, bisulfite treatment, and methylation-specific
polymerase chain reaction (MS-PCR)

Genomic DNA was extracted from T98G or U118 cells after 0.1% DMSO or
NCT503 (50 uM) treatment for 48 h using the Purelink™ Genomic DNA Mini
Kit (K182001, Thermo Fisher Scientific) according to the manufacturer’s
instructions. The DNA quality was measured using Nanodrop 2000
(Thermo Fisher Scientific). Genomic DNA (500 ng) was bisulfite-treated
using the EpiJET Bisulfite Conversion Kit (K1461, Thermo Fisher Scientific)
according to the manufacturer’s instructions to convert all unmethylated
cytosine to uracil and leave the 5-methylcytosine unaltered. Converted
DNA (2 uL) was subject to MS-PCR using 2 primer pairs designed for the
amplification of the methylated and unmethylated alleles of the MGMT
promoter. The primer sequences for unmethylated reactions were 5’-
TITGTGTTTTGATGTTTGTAGGTTTTTGT-3’  (forward) and 5-AACTCCA-
CACTCTTCCAAAAACAAAA-3' (reverse) while those for methylated reac-
tions were 5'-TTTCGACGTTCGTAGGTTTTCGC-3' (forward) and 5'-
GCACTCTTCCGAAAACGAAACG-3' (reverse). PCR was performed in a
SimpliAmp™ thermal cycler (Applied Biosystems, Waltham, MA, USA) and
the PCR conditions were as follows: 95 °C 5 min; (95 °C 30s,59°C 30, 72 °C
305s) x 42 cycles; 72 °C 5 min. Twenty microliters of PCR products (30 pL in
total) were loaded on 2% agarose gel and separated by electrophoresis.
The gel was incubated with 0.5 ug/mL ethidium bromide for 15 min at
room temperature and then visualized under ultraviolet illumination.

Immunofluorescence staining (IF)

5x10° T98G or U118 cells were firstly seeded in 96-well plates. After
treatment with 50 uM NCT503 or 800 uM TMZ alone or in combination for
48 h, cells were washed with 1x PBS, fixed with 4% paraformaldehyde
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(PFA) and permeabilized with 0.5% Triton-X-100. 3% bovine serum albumin
(BSA) was used for nonspecific blocking. Cells were then incubated with
anti-MGMT primary antibody at a dilution of 1:50 in 1% BSA overnight at 4
°C. Next day, after three washes with 1X TBST, cells were incubated with
mouse fluorescein-conjugated secondary antibody at a dilution of 1:500 in
1% BSA for 1 h at room temperature, followed by nuclear staining with
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Hoechst (1:100) for 1 h at room temperature. Immunofluorescence images
were acquired under a fluorescent microscope (EVOS, Life Technologies).

ROS measurement

Intracellular ROS levels were detected using the 2’-7-dichlorodihydrofluore
scein diacetate (DCFH-DA) Cellular ROS Detection Kit (ab113851, Abcam,
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NCT503 augments TMZ-mediated chemotherapy in MGMT-positive GBM cells. A MTT assay measured the toxic effects of a series of

concentration of NCT503 (0, 6.25, 12.5, 25, 50, 100, and 200 uM) and TMZ (0, 62.5, 125, 250, 500, 1000, and 2000 pM) on T98G and U118 cells.
B MTT assay measured the anti-proliferative effects of NCT503 or TMZ treatment alone or in combination on T98G and U118 cells at 0, 24,
48,72, and 96 h. N25: NCT503 25 pM; N50: NCT503 50 uM; TMZ: 1000 uM. C, D Flowcytometry apoptosis assay assessed the pro-apoptotic
effects of NCT503 or TMZ treatment alone or in combination on T98G and U118 cells for 48 h. E Western blot detected the expression levels of
apoptosis-related proteins including cleaved PARP (C-PARP), Cleaved Caspase 3 (C-C3), Bax, and Bcl-2. F, G Colony formation assay evaluated
the effects of NCT503 or TMZ treatment alone or in combination on clonogenicity of T98G and U118 cells. H, | MTT assay measured the
responses of T98G and U118 cells to different concentrations of TMZ (0, 62.5, 125, 250, 500, 1000, and 2000 pM) in the absence (DMSO) or

presence of NCT503 (25 and 50 pM). *P < 0.05; **P < 0.01; ***P < 0.001.
<

Cambridge, UK) according to the manufacturer’s protocol. Briefly, after
drug treatment the cells were trypsinized, washed with 1x PBS for two
times and then incubated with 10 uM DCFH-DA in PBS for 15 min at 37 °C.
Stained cells were filtered and then analyzed by flowcytometry. Acquired
data were analyzed by FlowJo Software (FlowJo).

Xenograft model

One cell-derived subcutaneous xenograft model (U118) and one patient-
derived subcutaneous glioblastoma xenograft (GBM#10 PDX) were included
to study the combinatorial effects of TMZ and NCT503 on tumor growth
according to previous reports. The authenticity of GBM#10 PDX was
validated by short tandem repeat DNA sequencing (Supplementary file 1).
Male athymic BALB/c nude mice or nonobese diabetic/severe combined
deficiency (NOD SCID) mice aged 4-6 weeks and weighed ~20g were
obtained from the Laboratory Animal Unit of the University of Hong Kong
for U118 or GBM#10 PDX xenograft model, respectively. For the establish-
ment of U118 and GBM#10 PDX subcutaneous xenograft models, U118 cell
suspension (1 x 10% mixed with Matrigel (356234, Corning) at 1:1 in a total
volume of 100 uL or small pieces of fresh GBM#10 tumor (50 mm?3) was
implanted into the right flanks of mice. When the volume of subcutaneous
xenografts reached 50 mm?3, mice were randomly divided into four groups:
Vehicle, NCT503, TMZ and NCT503 + TMZ. Temozolomide in 1x PBS was
oral-gavaged to the mice with Ora-Plus at 10 mg/kg/day every other day for
12 days while NCT503 in a vehicle containing 5% DMSO, 5% Tween-80 and
5% PEG-400 was injected intraperitoneally at 40mg/kg/day for 12
consecutive days. Tumor volume was calculated and recorded routinely
according to the formula: V = Y2ab?, with a and b representing the longest
and shortest diameter. Tumor weight was also measured immediately after
isolation at the end of treatment. Body weights of mice were recorded and
subject to statistical analysis.

Statistical analysis

In vitro experiments were repeated at least three times and the data were
expressed as mean *standard deviation. Comparisons between two
groups were performed by student’s t test while differences among three
or more groups were assessed by one-way analysis of variance followed by
Tukey's multiple comparison test. Statistical analyses were performed
using GraphPad Prism 7 (GraphPad Software, San Diego, CA) and SPSS
version 13.0 (SPSS Inc, Chicago, IL). Tests were two-tailed and P < 0.05 was
considered statistically significant.

RESULTS
NCT503 enhances temozolomide chemo-efficacy in MGMT-
positive GBM cells
The MGMT expression levels in seven human GBM cell lines (U87,
U251, D54, U118, T98G, A172, and LN229) and one human GBM
PDX (GBM#10 PDX) were firstly detected with western blot.
Consistent with previous reports®?, MGMT expression was present
in T98G and U118 cell lines while the human GBM PDX showed
present but relatively low MGMT protein expression when
compared to in T98G and U118 cell lines (Supplementary Fig. 1).
T98G and U118 cell lines were then selected for subsequent
in vitro experiments. The cytotoxic effects of NCT503 and TMZ
alone on human GBM cell lines T98G and U118 with MTT assay
were assesed.

As shown in Fig. 1A, after NCT503 and TMZ treatment for 72 h,
cell viabilities decreased in a concentration-dependent manner in
both cell lines with the ICs, of NCT503 being around 50 uM while
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that of TMZ being around 1000 pM. 25 and 50 uM of NCT503 and
1000 uM of TMZ were chosen for subsequent experiments. To test
whether inhibition of PHGDH could work synergistically with TMZ,
cells were treated with 0.1% DMSO, 25uM NCT503, 50 uM
NCT503, 1000 uM TMZ, and 25uM or 50 uM NCT503 together
with 1000 uM TMZ, respectively. Antiproliferative effects were
measured with MTT assay and showed that NCT503 treatment
alone inhibited cell growth in a concentration-dependent manner
and 50 uM NCT503 treatment achieved similar inhibitory effect as
1000 pM TMZ in both cell lines. Notably, combination of NCT503
and TMZ dramatically reduced cell viabilities in both cell lines also
in a dose-dependent manner compared with the NCT503 or TMZ
treatment alone groups (Fig. 1B). Flowcytometry apoptosis assay
was employed to evaluate the pro-apoptotic effects and demon-
strated that NCT503 treatment alone induced slight but not
significant apoptosis in T98G and U118 cells. TMZ treatment alone
induced 33.24% apoptosis in T98G cells but insignificant apoptosis
in U118 cells. Strikingly, when these two treatments were
combined, apoptosis was remarkably elevated in a dose-
dependent manner in both cell lines. For T98G cells, the
percentage of apoptotic cells was increased to 58.90% and
66.18%, respectively after the addition of 25 uM or 50 uM NCT503
compared to TMZ treatment alone (33.24%). For U118 cells, the
percentage of apoptotic cells was increased to 10.73% and
21.85%, respectively after the addition of NCT503 compared to
TMZ treatment alone (6.53%) (Fig. 1C, D). This observation was
validated by the expression levels of several well recognized
apoptosis-related proteins including cleaved PARP, cleaved
caspase 3, Bax, and Bcl-2 with western blot (Fig. 1E). Colony
formation assay was also included and showed that NCT503
treatment alone reduced colony numbers in T98G cells but not in
U118 cells while TMZ treatment alone significantly reduced colony
numbers in both cell lines. Consistent with the MTT and
flowcytometry apoptosis assay observations, combination of
NCT503 and TMZ more significantly inhibited colony formation
in both cell lines (Fig. 1F, G). To determine whether the addition of
NCT503 could lower ICsq of TMZ, T98G and U118 cells were
treated with a series of concentrations of TMZ with or without of
25 or 50puM NCT503 for 72h. MTT assay demonstrated that
supplementation of NCT503 treatment significantly reduced ICsg
of TMZ in a dose-dependent manner in both cell lines (Fig. TH, I).
These results suggest that NCT503 could enhance TMZ chemo-
efficacy in vitro.

NCT503 augments temozolomide chemo-efficacy in MGMT-
positive GBM in vivo

To test whether NCT503 could also enhance TMZ efficacy in vivo,
U118 subcutaneous xenograft model and GBM#10 PDX were
employed and treated with NCT503 and/or TMZ alone for two
weeks. In the U118 xenograft model, NCT503 alone or TMZ
treatment alone showed slight inhibitory effects which were not
statistically significant (vs NCT503, P = 0.1722; vs TMZ, P = 0.2103).
But when used in combination, xenograft growth was significantly
suppressed (vs Vehicle, P <0.001; vs NCT503, P =0.0059; vs TMZ,
P =0.0045) (Fig. 2A, Q). Similarly in the GBM#10 PDX model, slight
but insignificant inhibition of xenograft growth was observed with
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Fig. 2 NCT503 enhances TMZ efficacy in vivo. A, B Representative images of U118 and GBM#10 PDX subcutaneous xenografts after
treatment with NCT503 or TMZ alone or in combination for 2 weeks. C, D Xenograft size was recorded every 2 days with a caliper and
normalized to that on the day before treatment. Growth curves were plotted accordingly. E, F Xenograft weights were measured immediately
after isolation and subject to one-way ANOVA analysis. G, H Western blot detected the protein expression levels of apoptosis marker: cleaved
caspase 3. GAPDH was used as the internal control. Differences were analyzed by one-way ANOVA analysis. *P < 0.05; **P < 0.01; ***P < 0.001.

NCT503 treatment alone (P=0.1064). Of note, TMZ treatment
significantly inhibited the xenograft growth (P =0.0022). Strik-
ingly, combination of NCT503 and TMZ treatment almost ceased
xenograft growth (vs Vehicle, P < 0.001; vs NCT503, P =0.0011; vs
TMZ, P =0.0498) (Fig. 2B, D).

Xenografts were then harvested for further assays. The NCT503 +
TMZ group displayed the lowest tumor weights in both xenograft
models (U118 xenograft, P=0.0369; GBM#10 PDX, P =0.0005)
(Fig. 2E, F). Total protein from fresh U118 xenografts was extracted
and subject to western blot. In the NCT503 + TMZ group, cleaved
caspase 3 was significantly elevated (P=0.0219) (Fig. 2G, H).
Adverse effects of NCT503 and TMZ treatment were also evaluated.
No significant decrease in body weight was observed in both
xenograft models during the course of treatment (Supplementary
Fig. 2A, B). H&E staining showed no obvious organ damages
(Supplementary Fig. 2C). These results suggest that NCT503 could
augment TMZ chemo-efficacy in vivo without causing adverse
systemic side-effects.

SPRINGER NATURE

NCT503 inhibits MGMT expression in glioblastoma by
modulating Wnt/B-catenin pathways

To examine how NCT503 contributed to TMZ chemo-efficacy,
MGMT expression was firstly detected by western blot since the
presence of MGMT in glioma cell lines such as T98G and U118 cells
has been widely believed to be a major reason for TMZ resistance.
As shown in Fig. 3A, B, MGMT protein levels remained almost
unchanged when exposed to TMZ but was significantly reduced in
the presence of NCT503 alone or in combination with TMZ in both
T98G and U118 cells. This observation was further validated by
immunofluorescence staining on T98G and U118 cells (Fig. 3C)
and western blot with U118 xenografts after treatment with
NCT503 and TMZ (Fig. 3D, E). A recent study in Burkitt lymphoma
has reported that NCT503 treatment reduced serine production
and global DNA and histone methylation?'. Consistently, we found
that NCT503 treatment reduced global methylation level in GBM
cells in a dose-dependent manner evidenced by decreased H3
and H3K27M protein expressions (Supplementary Fig. 3A).
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Fig.3 NCT503 inhibits MGMT expression in MGMT-positive GBM cells and xenografts. A, B Western blot detected the protein expressions
of MGMT in T98G and U118 cells after treatment with NCT503 or TMZ alone or in combination for 48 h. GAPDH was used as the loading
control. N50: NCT503 50 uM. TMZ: 1000 pM. Differences were determined by one-way ANOVA analysis. C Immunofluorescence staining
measured the expressions of MGMT in T98G and U118 cells after treatment with NCT503 (50 uM) or TMZ (1000 uM) alone or in combination
for 48 h. D, E Western blot detected the protein expressions of MGMT in U118 subcutaneous xenografts after treatment with NCT503
(10 mg/kg/day) or TMZ (40 mg/kg/day) alone or in combination for 14 two weeks. N =3 for each group. GAPDH was used as the loading
control. Differences were determined by one-way ANOVA analysis. *P < 0.05; **P < 0.01; ***P < 0.001.

However, this contradicts the notion that decreased methylation
on the promotor region of MGMT would increase the expression
of MGMT. To clarify this, MS-PCR was performed and found that
the MGMT promoter methylation level remained almost
unchanged after NCT503 treatment in both T98G and U118 cell
lines (Supplementary Fig. 3B). These results suggest the involve-
ment of other regulatory mechanisms. Recent studies have shown
that the Wnt/B-catenin pathway could be involved in regulating
the expression of MGMT in cancers including GBM**?*, To
determine whether NCT503-mediated MGMT decrease, as
observed in this study, could be related to Wnt/B-catenin
pathway, western blot was performed and showed that fB-
catenin protein expression was suppressed by NCT503 treatment
in both T98G and U118 cells. In addition, two important
downstream transcription factors LEF1 and TCF1/2 and two target
genes c-Myc and Cyclin D1 also exhibited similar decreases to
those of MGMT and B-catenin (Fig. 4A-C). These results suggest
that NCT503 treatment may reduce MGMT expression through the
Wnt/B-catenin pathway.

NCT503 enhances TMZ efficacy partially via ROS-mediated
DNA damage

In the meantime, emerging studies have reported that oxidative
stress is also involved in chemotherapy resistance in many types
of cancer including glioma'®. The serine synthesis pathway
provides de novo serine synthesis along with the production of
nicotinamide adenine dinucleotide phosphate (NADPH), which is
the major antioxidant in cells, suggesting that manipulation of this
pathway might alter response of cancer cells to TMZ treatment.
We measured the intracellular ROS levels using flowcytometry
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after the cells were treated with NCT503 and/or TMZ for 72 h and
found that NCT503 treatment increased the ROS levels in both cell
lines (T98G, P<0.001; U118, P=0.0062) while TMZ treatment
increased the ROS levels in T98G cells (P <0.001) but not in U118
cells (P=0.8824). Notably, combination of NCT503 and TMZ
significantly elevated the ROS levels in both cell lines compared to
other groups (Fig. 5A). To determine whether increased ROS levels
contributed to the synergistic inhibitory effects of NCT503 and
TMZ, rescue assay was performed with the addition of 5 mM NAC,
a classic ROS scavenger. As shown in Fig. 5B, MTT assay showed
that NAC supplementation partially restored the cell viabilities
decreased by NCT50-plus-TMZ treatment in T98G and U118 cells.
Flowcytometry apoptosis assay demonstrated that addition of
NAC in part lowered the percentage of apoptotic cells from
48.86% (NCT503 +TMZ) to 28.72% (NCT503 + TMZ + NAQ)
in T98G cells, and from 41.78% (NCT503 +TMZ) to 31.25%
(NCT503 + TMZ 4+ NAC) in U118 cells (Fig. 5C, D). This was further
verified by western blot showing reduced cleaved PARP/PARP,
cleaved caspase 3, Bax/Bcl-2, and the DNA damage marker, p-H2A.
X (Fig. 5E). Colony formation assay showed that supplementation
of NAC partially rescued the colony formation capacity in both cell
lines (Fig. 5F, G). Finally, MTT assay was also included to assess
whether NAC supplementation could restore the 1Csq of TMZ. As
shown in Fig. 5H, |, ICso of TMZ was remarkably lowered to 655.0
MM and 669.2 pM in 98 G and U118 cell lines, respectively, when
combined with 50 uM NCT503 while further supplementation of
NAC partially restored 1C5o of TMZ to 846.3 uM and 886.5 uM,
respectively. Taken together, these results suggest that NCT503
could enhance TMZ chemo-efficacy at least partially through ROS-
induced DNA damages.
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Fig. 4 NCT503 inhibits Wnt/B-catenin pathway activity. A-C Protein expression levels of p-catenin, two downstream transcriptional factors
LEF1 and TCF1/7 and two target proteins c-Myc and Cyclin D1 were detected by western blot in T98G and U118 cells after treatment with
0.1% DMSO or NCT503 (50 uM) for 48 h and normalized to that of GAPDH for statistical analysis with student’s t test. *P < 0.05; **P < 0.01;

***P < 0.001.

DISCUSSION

TMZ is the first-line chemotherapeutic agent in GBM therapy.
Given the extensive roles of de novo serine synthesis pathway in
promoting tumor growth and inducing chemotherapy resistance
in multiple cancers, we explored whether pharmacological
inhibition of this way with a highly selective inhibitor NCT503
could enhance TMZ efficacy in GBM. We firstly showed that
combination of NCT503 and TMZ treatment synergistically
inhibited GBM cell growth, induced DNA damage and apoptosis,
and reduced ICsy of TMZ in a dose-dependent manner in vitro.
Subcutaneous xenograft models also demonstrated that NCT503
and TMZ inhibited GBM growth more significantly when used in
combination in vivo. Mechanistically, we found that NCT503
treatment enhanced TMZ efficacy by decreasing MGMT expres-
sion possibly through modulating Wnt/B-catenin pathway activity
and ROS-mediated DNA damages.

Cancer cells demand various nutrients for the synthesis of
biological macromolecules to support their proliferation and to
sustain survival. Serine, a non-essential amino acid, provides
precursors for the synthesis of nucleic acids, lipids and proteins
essential for the growth of cancer cells®®. Serine could be obtained
from exogeneous uptake or endogenous biosynthesis by the de novo
serine synthesis pathway, which consists of three rate-limiting
enzymes: PHGDH, PSAT1 and PSPH?. The relationship between
serine biosynthesis and cancer growth was first reported in liver
cancer in a rat model®’. In recent years, many studies have revealed
that the SSP pathway is highly active in promoting tumor
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development and progression in multiple cancers'*'"?%3', Further-
more, studies have reported that combination of PHGDH inhibitors
and chemotherapeutic drugs could enhance chemotherapy efficacy
or even overcome chemotherapy resistance in breast cancer®?,
myeloma*®®, melanoma®’, lung adenocarcinoma'®, renal cell carci-
noma>*, and hepatocellular carcinoma'®. Consistent with these
observations, our results showed that NCT503 treatment alone
induce no significant DNA damage and apoptosis but a mild anti-
proliferative effect in GBM cells. But when combined with TMZ, it
caused more significant DNA damage and apoptosis and markedly
lowered the ICsq of TMZ in a dose-dependent manner in T98G and
U118 cells. To our knowledge, our study is the first to demonstrate
that NCT503 may serve as a chemosensitizer of TMZ in GBM therapy.

The presence of MGMT is one of the major causes for TMZ
resistance in that it can remove the methyl adducts from the O°
position of guanine residues and hinder TMZ-induced DNA damage
and subsequent cell death’. Notably, methylation of the MGMT
promoter has emerged as a strong prognostic factor in the therapy of
GBM?™, Thus, efforts to inhibit MGMT expression holds the potential
to enhance TMZ efficacy in MGMT-positive GBMs. Serine biosynthesis
pathway produces serine, which enters the folate cycle and provides
one- carbon for epigenetic modification including methylation. It has
been speculated that inhibition of this pathway might lower the
global methylation status and increase the expression of MGMT in
GBM. Indeed, we found that H3 and H3K27M both showed a
concentration-dependent decrease after NCT503 treatment in T98G
and U118 cells. However, MGMT protein expression levels displayed

Laboratory Investigation (2022) 102:194 - 203



L. Jin et al.

A
5 5
2 2
; ;
2 2
= =
& &
&L $
& \@" & @,,{\‘Q
&
§
B To8G U118
4 6
- DMSO - DMSO
ER | = Nso 3 x 7 = NsO
g |, ™z S a i ™Z
a "
8, L|F = NsosTMZ S Tz = nsostmz
% 5|~ NsosTMZeNAC é " Tl — NsosTMZeNAC
3 14 3 ¥
o« 13
0 24 48 72 96 ] 24 a8 72 96
c Time (h) Time (h)
DMSO N50 T™Z N50+TMZ N50+TMZ+NAC
oousoes e R [ [
[aruca 1) T ORS oo [aruu 1o%) [z e a1z %) "STOR 719 aruLEz2%) "GRG ) [orous %) oA 9]
3.49% 369% . 9.46%) 8.86% b57759%
® o 1 H G e & R &
2 farusam gumoes] 2 {orweszn gunies] 2 {oruusman oizpe]  Flouusrme Borweszm ian o)
— . . R T
e I o I e s T T e
. 8.43%| 8.70% 3.44% 41.78% 131.25%
ut1s £ e 2 i i <
; mg o m - . g - g :
w ar-Luies o) QLIS 49%) Q1-LL(87.55%) = o180 oow) Q1488 97%) i nia 29u) Q1-LL(67 45%) ‘Gt 2en)
a 107 100 10t 10t 108 107 07100 104 0t 10t e 10710 10' 10t 100 90 07100 10 00 10f e
NN i W s
Annexin V ==
D E
T98G U118
T8G
. &
ATA ‘\‘gx\&
e g O o &2 o
i - ol SN el
g” H i SRS BN
H é C-PARP
4 % 19KD
| 25— g cc: [N N 03
&£ &S cax [N
£ & Bcl-2 wmeme - - PSS
K
caPDH [ E——
F
— EE DMSO
é 200 N50+TMZ
H FE* Kok
b3 Tk SRk = ™Z
O 150 FhE EXE]
5 kL] [ N50+4TMZ
S ns k%
g 100 4 NSO+TMZ:NAC
E
3 50
T98G U118
H
Te8G ut1s
15 15
6. ERiEE) -+~ DMSO
= NCT503 = NCT503
210 g a— £ 10 -+ NCT503+NAC
3 8
s >
3 os 3 os
.0+ T T T 1 0. T T T 1
0 500 1000 1500 2000 500 1000 1500 2000
™Z (M) ™Z (uM)
I
Te8G u11g
e
2000 Hr 20007 | a—— |
_ e —
g 1500 L glsnn-
N . S «
£ 1000: T £ 1000 T
s 5
& s00 & s
[ o
o o o & <
~ ,(a“" \ & & Ay
S 9 S
€ ,\,y"""\ < ‘.,&‘
& o

an entirely opposite trend. This contradiction drove us to measure the
promotor methylation level of MGMT and found that it remained
unchanged after NCT503 treatment, suggesting the involvement of
other regulatory mechanisms. Wnt/B-catenin pathway plays a critical
role in the development, progression and even recurrence of multiple
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malignant cancers®>~%, Interestingly, this pathway has recently been
reported to be also involved in the regulation of MGMT expression in
several cancers including GBM?***™*, Our results revealed that the
activity of Wnt/B-catenin pathway was significantly suppressed upon
NCT503 treatment, evidenced by the decrease in the protein
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Fig. 5 NCT503 augments TMZ efficacy partially by ROS-mediated DNA damage in MGMT-positive GBM cells. A Flowcytometry detected
the intracellular ROS levels after NCT503 (50 uM) or TMZ (1000 pM) treatment alone or in combination in T98G and U118 cells. B MTT assay
measured the anti-proliferative effects of NCT503 or TMZ treatment alone or in combination with or without NAC (5 pM) supplementation on
T98G and U118 cells at 0, 24, 48,72, and 96 h. N50: NCT503 50 uM. C, D Flowcytometry apoptosis assay assessed the pro-apoptotic effects of
NCT503 or TMZ treatment alone or in combination with or without NAC supplementation on T98G and U118 cells for 48 h. E Western blot
detected the expression levels of apoptosis-related proteins including cleaved PARP (C-PARP), Cleaved Caspase 3 (C-C3), Bax, Bcl-2, and p-H2A.
X. F, G Colony formation assay evaluated the effects of NCT503 or TMZ treatment alone or in combination with or without NAC
supplementation on clonogenicity of T98G and U118 cells. H, | MTT assay measured the responses of T98G and U118 cells to different
concentrations of TMZ (0, 62.5, 125, 250, 500, 1000, and 2000 uM) in the absence (DMSO) or presence of NCT503 (50 uM) with or without NAC

(5 uM) supplementation. *P < 0.05; **P < 0.01; ***P < 0.001.
«

expression levels of B-catenin, two important downstream transcrip-
tion factors LEF1 and TCF1/7, and two target genes c-Myc and Cyclin
D1, suggesting a possible association between NCT503 treatment and
Wnt/B-catenin pathway. To our knowledge, we have revealed for the
first time that NCT503 may inhibit MGMT expression by modulating
the Wnt/B-catenin pathway. However, the exact regulatory mechan-
ism between PHGDH and Wnt/B-catenin requires further
investigation.

DNA damage and repair can be affected by cell metabolism in
that the regulation of ROS through different metabolic pathways
can increase oxidative damage to DNA*. For instance, NADPH, a
major antioxidant, is produced when serine is neosynthesized,
with around 40% of total NADPH being generated by the folate
cycle with the conversion of serine into glycine®®. What is more,
nuclear factor erythroid 2-related factor 2 and glutathione have
been reported to be key chemoresistance mediators with respect
to TMZ in GBM*. These findings inspired us to speculate that
NCT503 may be involved in TMZ-resistance by modulating
oxidative stress. As expected, our results showed that NCT503
treatment increased the intracellular ROS levels especially when
combined with TMZ, and NAC supplementation partially rescued
the effects induced by NCT503 and TMZ. This is, to a certain
extent, consistent with the observation that NCT503 treatment
conferred oxidative disadvantage in several cancers such as
hepatocellular carcinoma'®, lung cancer'®, and melanoma®.

A few limitations of our study have to be mentioned here. For the
in vivo experiments, we were unable to establish the intracranial
MGMT-positive xenograft models using either the T98G and U118 cell
lines even with the help of Matrigel as reported® and only the
subcutaneous U118 and GBM#10 patient-derived subcutaneous
xenograft models were included in the study. Since subcutaneous
xenograft model may not reflect well the brain microenvironment®,
further validation of our finding with MGMT-positive intracranial
models is required. Besides, the cell lines and xenograft models
included in this study were all MGMT-positive. Whether NCT503 still
enhances TMZ efficacy in MGMT-negative models with acquired
resistance to TMZ remains unknown and needs further investigation.

In conclusion, our results demonstrate that pharmacological
inhibition of PHGDH, a serine synthesis pathway enzyme, with
NCT503 could synergistically work with TMZ in suppressing GBM
growth and inducing apoptosis via decreasing MGMT expression
possibly through interference with the Wnt/B-catenin pathway and
ROS-mediated DNA damage. Combinational administration of
NCT503 and TMZ may represent a novel and promising treatment
strategy to enhance TMZ efficacy in patients with MGMT-high GBM.
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