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Abstract

Background. Glioblastoma-initiating cells (GICs) comprise a tumorigenic subpopulation of cells that are resistant
to radio- and chemotherapies and are responsible for cancer recurrence.The aim of this study was to identify novel
compounds that specifically eradicate GICs using a high throughput drug screening approach.

Methods. We performed a cell proliferation/death-based drug screening using 10560 independent compounds. We
identified dihydroorotate dehydrogenase (DHODH) as a target protein of hit compound 10580 using ligand-fishing
and mass spectrometry analysis. The medical efficacy of 10580 was investigated by in vitro cell proliferation/death
and differentiation and in vivo tumorigenic assays.

Results. Among the effective compounds, we identified 10580, which induced cell cycle arrest, decreased the ex-
pression of stem cell factors in GICs, and prevented tumorigenesis upon oral administration without any visible
side effects. Mechanistic studies revealed that 10580 decreased pyrimidine nucleotide levels and enhanced sex
determining region Y-box 2 nuclear export by antagonizing the enzyme activity of DHODH, an essential enzyme
for the de novo pyrimidine synthesis.

Conclusion. In this study, we identified 10580 as a promising new drug against GICs. Given that normal tissue
cells, in particular brain cells, tend to use the alternative salvage pathway for pyrimidine synthesis, our findings
suggest that 10580 can be used for glioblastoma therapy without side effects.

Key Points

Glioblastoma (GBM) is a malignant glioma with a median  chemotherapy, and radiotherapy, the overall survival rate
survival of approximately 15 months."?2 Despite the de-  of patients with GBM has not improved over the past few
velopment of multimodal treatments involving surgery, decades. The discovery of GBM-initiating cells (GICs) has
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Importance of the Study

Despite the tremendous efforts for developing new
therapeutic methods for glioblastoma (GBM), the
prognosis of GBM remains poor. One of the reasons
is the lack of methods that can eradicate GICs, which
show invasive ability, tumorigenicity, and resistance
to chemoradiotherapies. We established human
temozolomide-resistant GICs (GICRs), which are
thought to contribute recurrence. We performed a
large-scale drug screening using GICRs and identified

strongly affected the direction of GBM research, as these
cells have been shown to possess strong tumorigenic ability
and to be resistant to irradiation and anticancer drugs such
as temozolomide (TMZ).37 It is therefore crucial to charac-
terize GICs and to find new drugs that specifically target and
kill them. However, the identification of new compounds
through drug screening is problematic because bona fide
GICs have not been successfully maintained as a homoge-
neous population in culture.® We previously established
TMZ-resistant GIC lines (GICRs), in which bona fide GICs
are likely to be enriched, and performed a small-scale
drug screen using these cell lines; in this screen, we iden-
tified multiple drugs that killed both GICs and GICRs but
not normal neural stem cells (NSCs)."° Unfortunately, the
identified drugs were toxic to mice upon long-term admin-
istration. Herein, we screened a large number of drugs, in-
cluding uncharacterized compounds, and elucidated their
pharmacological mechanisms with the goal of identifying
compounds that eradicate cancer but are not toxic to mice.

Materials and Methods
Animals and Chemical Reagents

All experiments with mice were performed according
to protocols approved by the Animal Care and Use
Committees of Hokkaido University. The mice were
obtained from Hokudo, and chemicals and growth factors
were purchased from Invitrogen and PeproTech, respec-
tively, except as otherwise indicated.

Cell Culture

Human GIC lines, E3, E6, and E16, and GICR lines,
E3R, E6R, and E16R, were cultured as described previ-
ously.’" To examine cell proliferation, the cells were la-
beled with bromodeoxyuridine (BrdU; 10 uM) for 6 h,
fixed, and stained for BrdU as previously described.’
To prevent 10580-dependent cell death, E6 and E16 GICs
were cultured in the presence of the pan-caspase inhib-
itor benzyloxycarbonyl-L-valyl-L-alanyl-[(2S)-2-amino-3-
(methoxycarbonyl)propionyl] fluoromethane (Z-VAD-FMK)
(50 uM, Peptide Institute) for 2 days and then used for

a potential lead compound, 10580. We show here that
10580 specifically induced cell cycle arrest, apop-
tosis, and differentiation in GICs by directly inhibiting
DHODH, a key enzyme in the de novo pyrimidine syn-
thesis pathway. Given that normal tissue cells, in par-
ticular brain cells, tend to use the alternative salvage
pathway for pyrimidine synthesis, our findings sug-
gest that 10580 can be used for GBM therapy without
side effects.

MTT assay and sex determining region Y-box 2 (SOX2)
immunostaining.

Chemical Screening

In order to identify drugs that induced cell cycle arrest
or cell death in GICRs, we conducted chemical screening
using a Fujifilm library containing 10560 compounds
dissolved in dimethyl sulfoxide (DMSO) at 5 mM, as de-
scribed previously."This chemical library was constructed
with compounds, which were synthesized by a chemist at
Fujifilm, and consist of several classes of molecules such
as reducing agents and pigment compounds synthesized
in the construction of photography and printing
technology.

Ligand-Fishing and Sample Preparation for Mass
Spectrometry

In order to identify the binding proteins of the hit com-
pound, we designed and synthesized bait compounds
tagged with linker and FLAG epitope (positive probe) as
described previously.’® We also synthesized linker and
FLAG tagged inactive bait compound (negative probe),
which has a similar structure with the hit compound, for
identifying nonspecific interactors. The detailed method is
described in the Supplementary Methods.

Liquid Chromatography—MS/MS Analysis

Digested peptide samples were analyzed using a nano-
scale liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) system as previously described.’
The detailed method is described in the Supplementary
Methods.

DHODH Enzyme Assay

The enzymatic assay couples activity of dihydroorotate
dehydrogenase (DHODH) with bleaching of the dye
2,6-dichlorophenolindophenol. The detailed method is de-
scribed in the Supplementary Methods.



Immunochemistry

Tumors were sectioned at 10 pm thickness and
immunostained as described previously.”2 Detailed in-
formation of antibodies is described in the Supplementary
Methods.

Metabolite Quantification

E6 and E16 cells were treated in culture with 1 uM and
10 uM, respectively, of 10580 for 24 h. Cells were washed
with 5% D-mannitol (Wako Pure Chemical), and metabolites
were extracted with 70% ice-cold methanol and analyzed.
The detailed method is described in the Supplementary
Methods.

Vector Construction

Vectors have been constructed as previously described.”
The detailed method is described in the Supplementary
Methods.

Tumorigenesis

A tumor-bearing mouse test was performed as previously
described.” "> The detailed method is described in the
Supplementary Methods."°

Immunoprecipitation and Western Blotting

Immunoprecipitation and western blotting were per-
formed as previously described.'® Detailed information of
antibodies is described in the Supplementary Methods.
Protein quantification was performed using ImageJ soft-
ware (National Institutes of Health)."”

Statistical Analysis

Student's t-test was used to compare 2 paired groups.
Kaplan-Meier curves were used to estimate unadjusted
time-to-event variables. P-values less than 0.05 (two-sided)
were considered significant.

Results

Drug Screening Identified a Novel Chemotype
that Inhibits GICs/GICRs

We performed a drug screen to identify new compounds
that kill GICRs or inhibit their proliferation, as shown previ-
ously.'® In the first screen, we cultured E3R cells in the pres-
ence of various compounds at 10 uM (10560 independent
compounds) for 3 days and then examined cell viability
by MTT assay (Fig. 1A, B). We selected 319 compounds
that decreased E3R viability to less than 20% and exam-
ined their cytotoxicity against GICs (E3 and E6) and GICRs
(E3R and E6R) in the second screen (Fig. 1C). We further
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selected 302 compounds that decreased the viability of
GICs and EB6R cells to less than 50% and examined their cy-
totoxicity against normal NSCs and astrocytes in the third
screen (Fig. 1D). We identified 12 compounds, in which via-
bility of both NSCs and astrocytes in response to treatment
was over 75%. We further performed cell viability assays
using the compounds to calculate 50% growth inhibition
(Gl,) values and selected 7 compounds whose Gl,, against
E6R was less than 1 pM. Notably, the selected chemicals
have a similar structure with a carboxylic acid skeleton.
Among them, 2 compounds, 9700 and 10607, are structur-
ally highly similar and strongly prevented proliferation of
GICs (E6 and E16) as well as GICRs (Supplementary Table
1).Thus, we determined 9700 and 10607 as hit compounds.

DHODH Is the Target of the Hit Compounds

We focused on 10607, as its cytotoxic activity was greater
than that of 9700 (Supplementary Table 1). To identify the
binding proteins of 10607, we synthesized bait compounds
tagged with a linker, polyethylene glycol or C12, and a
FLAG epitope (positive control probe) and a control com-
pound (negative control probe) with a structure similar to
that of 10607 to exclude nonspecific interactions. We in-
cubated cell lysate with the positive and negative control
probes, purified the probe-protein complex using affinity
purification with the anti-FLAG antibody, digested the puri-
fied complexes with Lys-C endoproteinase and trypsin,
and directly analyzed the peptide mixture using nanoflow
LC-MS/MS."34 Differential analysis of the proteins that
interacted with the positive and negative control probes
led to the selection of candidate proteins (Supplementary
Table 2). To evaluate the binding specificity of candidate
proteins with 10607, we performed a competition assay, in
which cell lysate was incubated with the positive control
probe and FLAG-linker-free 10607 (at a 100-fold higher con-
centration than the positive control probe), and the pro-
teins that interacted with the positive control probe were
analyzed. Among the candidates, DHODH was determined
to be the target because its binding with the positive con-
trol probes was abolished in the presence of FLAG-linker-
free 10607 (SupplementaryTable 2).

We confirmed that 10607 and 9700 inhibited DHODH ac-
tivity using an in vitro enzyme inhibition assay. The half
maximal inhibitory concentration (IC,)) values of 10607
and 9700 were 28.6 and 120.3 nM, respectively, which were
similar to that of a traditional DHODH inhibitor, Brequinar
(BRQ) (IC50 11 nM). In addition, ChEMBL data (https://www.
ebi.ac.uk/chembl/) revealed that 10607 has 74.7% simi-
larity to DHODH inhibitors, which have a carboxylic acid
skeleton.

Pharmacokinetics-Based Selection of a DHODH
Inhibitor from a Compound Library

Since 10607 showed low stability in mouse liver micro-
somes, we screened a focused library of compounds
with the same chemotype as the DHODH inhibitor from
the Fujifilm library and identified 10580 showing high
stability in liver microsome. Both 10607 and 10580
have a 2-amino-5-cyclopropyl nicotinic acid moiety and
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Compounds

Identification of 10580 as a candidate compound for GIC/GICR eradication. (A) Summary of chemical screening. (B) E3R cell viability plots for

10560 compounds; 319 compounds that cell viability to less than 20% were entered into the second screen. (C) The cytotoxicity of 319 compounds
against E3 (gray column, upper panel), E3R (black column, upper panel), E6 (gray column, lower panel), and E6R (black column, lower panel). Then,
302 compounds that decreased both GIC and GICR viability to less than 50% were included in the third screen. (D) The cytotoxicity of 302 com-
pounds against NSCs (black column) and astrocytes (gray column); 9700 (dashed arrow) and 10607 (solid arrow) were selected as candidate com-

pounds by their Gl effects against GICs/GICRs and structural analysis.

indole moiety, which are important structures for potent
inhibition of GIC growth but do not exist in traditional
DHODH inhibitors (Fig. 2A). The pharmacokinetic pro-
file of 10580 (30 mg/kg) showed a sufficient area under
the concentration curve of 12230 (ngeh/mL) and a longer
blood half-life (T1/2 = 6.25 h), indicating that the ad-
ministration of 30 mg/kg keeps a sufficient concentra-
tion, over the predicted maximum Gl,, concentration of
25.8 ng/mL, in blood for 24 h, which is needed for an in
vivo efficacy study (Supplementary Figure 1). Notably,
10580 could be administered orally to test for in vivo ef-
ficacy. We then compared the cytotoxicity of 9700, 10607,
and 10580 in GICs and GICRs and found that 10580 had
the highest cytotoxicity among these compounds (more
than 56- and 47-fold higher than 9700 and 10607, re-
spectively) (Fig. 2B, Supplementary Table 1). We further
found that 10580-induced cytotoxicity against GICs was
higher than that of well-known DHODH inhibitors, in-
cluding teriflunomide, leflunomide, vidofludimus, and
BRQ (Fig. 2C). Thus, we identified 10580, a powerful
DHODH inhibitor, as a candidate drug for the eradica-
tion of GICs/GICRs.

10580 Inhibits the Cellular Metabolism of
Pyrimidine

To further clarify that 10580 inhibits DHODH activity,
we performed metabolome analysis and determined
the quantities of dihydroorotate (DHO), orotate, and its
downstream metabolites, which are used for pyrimi-
dine synthesis (de novo pathway), in 10580-treated GICs
(Fig. 2D). DHO levels greatly increased in 10580-treated
GICs compared with DMSO-treated control cells (596-
and 125-fold change in E6 and E16 cells, respectively),
while orotate levels decreased in 10580-treated E16
cells but slightly increased in 10580-treated E6 cells
(Fig. 2E, Supplementary Figure 2). The levels of all py-
rimidine nucleotides (UMP, UDP, UTP, CMP, CDP, CTP,
dCTP, and dTTP), which are downstream metabolites
of orotate, decreased in 10580-treated cells, whereas
levels of purine nucleotide (ATP, GTP, dATP, and dGTP)
did not change or increase in these cells (Fig. 2D,
Supplementary Figure 2). These data clearly indicated
that 10580 prevents de novo pyrimidine synthesis by
inhibiting DHODH activity.
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GICs/GICRs Depend on the De Novo Pyrimidine
Synthesis Pathway

Pyrimidine synthesis is regulated by both the de novo
and salvage pathways (Fig. 2D), raising a question of why
DHODH inhibitors effectively prevent GIC/GICR prolifera-
tion/survival. We examined the expression of DHODH and
uridine-cytidine kinases (UCKs), key regulators of the sal-
vage pathway, in NSCs, GICs, and GICRs and found that
both DHODH and UCKs were highly expressed in GICs
and GICRs compared with NSCs (Supplementary Figure
3A). The Cancer Genome Atlas revealed that DHODH
is more expressed in GBM than in lower-grade glioma,
while uck1 expression is lower in GBM (Supplementary
Figure 3B). Data from cBioPortal (http://www.
cbioportal.org/index.do?cancer_study_list=&cancer_
study_id=all&data_priority=0&case_ids=&gene_set_
choice=user-defined-list&gene_list=&clinical_param_
selection=null&tab_index=tab_visualize)'®'® suggested
that the prognosis of GBM patients with elevated DHODH

mRNA levels (red line, Z-score >2) was worse than the
other (blue line); median survival and median disease-
free survival of the patients with elevated DHODH (red
line) was 13.11 and 4.01 months, whereas those of the
other (blue line) was 14.19 and 7.59 months, respectively
(Supplementary Figure 3C). In addition, excess uridine
addition (500 uM) was needed to rescue 10580-induced
cytotoxicity in GICs (Supplementary Figure 3D). Taken to-
gether, these data suggested that pyrimidine synthesis
in GICs/GICRs largely depends on the de novo pathway
rather than the salvage pathway, despite the expression
of UCKs in the cells.

10580 Inhibits GIC Proliferation, Survival, and
Stemness

We investigated the proliferation, death, and differenti-
ation of 10580-treated GICs. A BrdU incorporation assay
confirmed that 10580 strongly blocked cell proliferation
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(Fig. 3A). Conversely, the number of active caspase-3
(CASP3)-positive cells increased over time in the presence
of 10580 (Fig. 3B, Supplementary Figure 4). To examine
cell differentiation, we immunolabeled 10580-treated cells
for NSC markers SOX2 and Nestin and for differentiation
markers, the neuronal marker Blll tubulin, the astrocyte
marker glial fibrillary acidic protein (GFAP), and the oligo-
dendrocyte marker galactocerebroside (GC). SOX2 pro-
tein was rapidly undetectable in 10580-treated GICs within
1 day, before the visible changes in cell death and differen-
tiation (Fig. 3C, Supplementary Figure 5A). In parallel, the
NESTIN and GFAP signals in the surviving 10580-treated
GICs disappeared over time. The number of plll tubulin-
positive cells gradually decreased with time, whereas the
population of GC-positive cells transiently increased and
then decreased at 4 days after 10580 treatment (Fig. 3C,
Supplementary Figure 5).

Using a DHODH-specific short hairpin RNA, we con-
firmed that DHODH knockdown decreased SOX2 levels
(58% and 55% in E6 and E16, respectively) and induced
CASP3 activation in GICs (44% and 47% in E6 and E16,
respectively) (Fig. 3D-F), similar to what was observed
in 10580-treated GICs. Taken together, these data re-
vealed that 10580 inhibits cell proliferation, survival, and
stemness by impeding DHODH activity.
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10580 Prevents GICR Tumorigenesis In Vivo

We examined the anti-tumor activity of 10580 in vivo. Since
10580 did not enter the brain parenchyma through the
blood-brain barrier (BBB), we transplanted GICRs, E6R and
E16R cells, subcutaneously into the hip, instead of the brain,
of NOD/SCID mice and allowed the tumors to reach a size
greater than 100 mm? before initiating the daily oral admin-
istration of 10580 for 11 days. As shown in Fig. 4A, 10580 ad-
ministration markedly blocked tumorigenesis of GICRs in
vivo compared with control, without any visible toxicity to the
mice. We removed tumors from the mice at day 12 after drug
treatment and sectioned and analyzed the tumor tissues.The
histopathological examination of similar-sized (E6R) and rep-
resentative (E16R) tumors from control and 10580-treated
mice showed that 10580 treatment significantly decreased
hypercellularity and the tumor mass (Supplementary Fig.
6A). Immunolabeling confirmed the decreased number
of SOX2-positive cells and the increased number of active
CASP3-positive cells in 10580-treated tumors compared with
control tumors (Fig. 4B, C; Supplementary Figure 6B, C). We
also examined the anti-GICR activity of BRQ, which was re-
cently demonstrated as an antitumor drug,?*?? and found
that BRQ also prevented tumorigenesis of GICRs similarly to
10580 (Fig. 4A). These data indicated that DHODH inhibitors
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are effective against GICR tumorigenesis and suggested
10580 as a potential new drug for GBM therapy.

UDP-GIcNAc Rescues SOX2 Reduction and Cell
Death in 10580-Treated GICs

We addressed how 10580 inhibits the stemness of GICs by
blocking the de novo pyrimidine synthesis pathway. Since
SOX2, an essential stem cell factor, quickly disappeared
in 10580-treated GICs before they died, we investigated

the mechanism by which DHODH inhibition decreases
SOX2 levels. Histopathological analysis showed SOX2
immunoreactivity in the cytoplasm rather than in the nu-
cleus in active CASP3-positive GICs (Supplementary
Figure 6B, C), suggesting that 10580 induced the nuclear
export of SOX2. Acetylation of SOX2 at lysine 75 (K75) in
the sex determining region Y-related high mobility group
domain has been shown to be essential for its nuclear ex-
port through interaction with chromosomal maintenance 1
(CRM1, also known as exportin 1).2324 Indeed, we observed
SOX2 accumulation in the nucleus of 10580-treated GICs
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Fig.5 Nuclear export of SOX2 is a part of 10580-dependent GIC death. (A) 0-GlcNAcylation of SOX2 through the 0GT/UDP-GIcNAc reaction. (B)
Proportion of SOX2+ cells among E6 and E16 GICs cultured in the presence of 10580 alone or in combination with UDP-GIcNAc. (C) Dose-dependent
effects of UDP (open circle) and UDP-GIcNAc (closed circle) in 10580 (10 uM)-treated E6 and E16 GICs. (D) 0-GlcNAcylation analysis of SOX2 in
E6 GIC that were cultured in DMSO alone (N), 10580 alone (-), 10580+UDP-GIcNAc (GlcNAc), or 10580+UDP. Immunoprecipitated cell lysates using
anti-FLAG M2 antibody were analyzed by western blotting (upper panel). 0-GlcNAcylated SOX2 level shown in upper panels was presented as fold
change against FLAG (lower panel). Protein quantification was performed using ImageJ software. (E) Proportion of nuclear SOX2-retaining GICs
expressing control, SOX2 wt, SOX2 K75A, or SOX2 S248A. (F) Proportion of survival/proliferating 10580-treated GICs in the presence (black column)
or absence (white column) of the pan-caspase inhibitor Z-VAD-FMK. (G) Proportion of nuclear SOX2+ GICs that were cultured in DMSO, 10580, or
10580+Z-VAD for 2 days. ns: not significant. All experiments were repeated at least 3 times with similar results. Error bar: +SD. Statistical signifi-

cance was determined by t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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in the presence of the CRM1 inhibitor leptomycin B (LMB)
(Supplementary Figure 7A), indicating that 10580 induced
SOX2 nuclear export in a CRM1-dependent manner.

We focused on O-GIlcNAcylation, an O-linked
N-acetylglucosamine (O-GlcNAc) modification, for the fol-
lowing reasons. O-GIcNAcylation was shown to regulate
the nuclear localization of transcription factors, such as (3-
catenin,?®?% and to play essential roles in cancer and stem
cells.?’-30 Our metabolite analysis showed a significant
reduction in uridine diphosphate N-acetylglucosamine
(UDP-GIcNAc), the substrate of O-GlcNAcylation, in
10580-treated GICs (Fig. 5A, Supplementary Figure 2D).
Furthermore, O-GlcNAcylation at serine 248 (S248) of SOX2
markedly decreased the differentiation of embryonic stem
(ES) cells, while substitution of serine for alanine at residue
248 (Sox2 S248A) changed its interactors and modulated
gene expression in ES cells: Wild-type SOX2 associated
with histone-deacetylase 2 and DNA methyltransferase 1,
whereas SOX2 S248A interacted with base excision and re-
pair factors.3' Taken together, these findings suggest that
O-GlcNAcylation regulates SOX2 localization and function
in GICs.

To examine this possibility, we cultured GICs with
10580 alone or 10580 plus UDP-GIcNAc for 2 days, and
immunolabeled the cells for SOX2 and NESTIN. The addi-
tion of UDP-GIcNAc to 10580-treated GICs rescued not only
the reduction in SOX2 (E6 cells: 1.5% for 10580 vs 49.5%
for 10580+UDP-GIcNAc; E16 cells: 4.6% for 10580 vs 45.4%
for 10580+UDP-GIcNAc) but also the cell death (Fig. 5B, C;
Supplementary Figure 7B). Because UDP is released from
UDP-GIcNAc in the process of O-GIcNAcylation, we exam-
ined whether UDP neutralizes 10580 cytotoxicity in GICs.
As shown in Figure 5C, UDP addition also prevented 10580
cytotoxicity in a dose-dependent manner, although the
rescue ability of UDP-GIcNAc was greater. UDP-GIcNAc re-
leases UDP in the process of O-GIlcNAcylation, while UDP
is a component of UDP-GIcNAc, indicating that it is cur-
rently impossible to pinpoint an O-GlcNAc-specific func-
tion during 10580 treatment. Nonetheless, the difference
between the addition of UDP and UDP-GIcNAc is likely a
direct function of O-GIcNAcylation.

We next examined O-GlcNAcylation of SOX2 in 10580-,
10580+UDP-, and 10580+UDP-GIcNAc-treated cells. We
cultured FLAG-tagged SOX2-expressing GICs in the pres-
ence of DMSO, 10580, 10580+UDP, or 10580+UDP-GIcNAc
and then analyzed O-GlcNAcylation of SOX2 by the
immunoprecipitation-western blotting method. We found
that 10580 alone decreased O-GlcNAcylation of SOX2 in
GICs, whereas addition of either UDP or UDP-GIcNAc re-
covered O-GlcNAcylation of SOX2 in 10580-treated GICs
(Fig. 5D).

To further examine the relationship between
0O-GIcNAcylation and SOX2, we cultured GICs in the
presence of OSMI-1, an inhibitor of O-GIcNAc trans-
ferase (OGT), and examined cell proliferation and SOX2
immunoreactivity. OSMI-1 inhibited GIC proliferation in
a dose-dependent manner and decreased the percentage
of SOX2-positive cells (E6 cells: 71% for control vs 32%
for OSMI-1; E16 cells: 65% for control vs 30% for OSMI-
1) (Supplementary Figure 8). Collectively, these data
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suggested that O-GIcNAcylation is essential for SOX2 nu-
clear accumulation and GIC proliferation.

10580 Separately Induces Cytotoxicity and SOX2
Nuclear Export in GICs

In order to address the relationship between 10580-de-
pendent nuclear export of SOX2 and the cytotoxicity, we
established 3 GIC lines expressing SOX2 wild-type (wt) or
2 mutant forms of SOX2, SOX2 K75A and SOX2 S248A,
which lack CRM1 binding and O-GIcNAcylation, respec-
tively. As expected, SOX2 K75A remained in the nucleus,
even in the presence of 10580 (63% and 58% in E6 and E16
cells, respectively), whereas SOX2 wt (36% and 22% in E6
and E16 cells, respectively) and SOX2 S248A (18% and 15%
in E6 and E16 cells, respectively) were exported (Fig. 5E,
Supplementary Figure 9A). SOX2 K75A-expressing GICs
were partially resistant to 10580-induced cytotoxicity com-
pared with control GICs and those expressing SOX2 wt or
SOX2 S248A, although overexpression of SOX2 K75A did
not completely rescue cell death (Supplementary Figure
9B). These results indicated that the de novo pyrimidine
synthesis blockage, but not SOX2 nuclear export, is the
main cause of the 10580-dependent cell death. Moreover,
addition of the pan-caspase inhibitor Z-VAD-FMK tran-
siently prevented 10580-dependent cytotoxicity against
GICs but did not block SOX2 nuclear export (Fig. 5F G).
These data indicated that 10580-induced SOX2 nuclear
export and cytotoxicity are independent phenomena and
SOX2 nuclear export is unlikely a consequence of cell
death.

Discussion

We have identified a potential candidate drug, 10580, that
inhibits GIC tumorigenesis by directly killing the cells but
does not show any toxicity to mice when orally adminis-
tered for 11 days. We demonstrated that 10580 eradicated
GICs/GICRs by inhibiting the activity of DHODH, which has
been shown to be a potential therapeutic target for malig-
nant tumors, including acute myeloid leukemia, pancreatic
cancer, and melanoma.?°-22To the best of our knowledge,
10580 is the most potent DHODH inhibitor, with an IC,
value of 9 nM, below those of other well-known DHODH
inhibitors, including BRQ (12 nM), teriflunomide (262 nM),
and vidofludimus (141 nM). Thus, these data suggest that
10580 is a new promising anticancer drug for many types
of malignant tumors.

Several DHODH inhibitors are used as antirheumatic
drugs in the clinical setting by suppressing the immune
system, indicating that immunosuppression may be a side
effect of these drugs. However, hematopoietic stem cells
from mice treated with BRQ were functionally equivalent
to those of untreated mice.3? Additionally, since 10580 cy-
totoxicity against GICs/GICRs was very strong, it may not
require long-term application. These results suggest that
the side effects of 105680 may be considerably minimal.
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The finding that 10580 specifically killed GICs/GICRs but
relatively spared normal cells, including NSCs, unveiled a
novel mechanism in which GICs/GICRs largely depend on
the de novo pyrimidine synthesis pathway for survival and
maintenance: DHODH is more highly expressed in GICs/
GICRs than in normal cells, including NSCs. DHODH knock-
down killed GICs. Whereas small amounts of UDP rescued
10580-induced cytotoxicity in GICs/GICRs, large amounts
of uridine were required to achieve the same results. In
addition, pyrimidine is synthesized mainly through the sal-
vage pathway in many types of normal cells and tissues,
including those in the brain in particular.3® Collectively,
these data also suggest that DHODH inhibitors exert strong
antitumor function with fewer side effects.

We unexpectedly found that 10580 dramatically de-
creased Sox2 levels in GICs in vitro and in vivo. This de-
crease was caused by the acceleration of CRM1-dependent
Sox2 nuclear export: Addition of the CRM1-specific inhib-
itor LMB completely blocked 10580-dependent Sox2 re-
duction in GICs. Sox2 K75A, which lacks CRM1 binding,
was retained in the nucleus of 10580-treated cells.
Furthermore, we found that O-GlcNAcylation was in-
volved in Sox2 nuclear retention: OSMI-1, an OGT inhib-
itor, decreased Sox2 levels in GICs, while Sox2 S248A,
an O-GlcNAc-deficient form of Sox2, was less in the nu-
cleus of 10580-treated GICs. O-GIcNAcylation of Sox2
was decreased by 10580, whereas UDP-GIcNAc addition
maintained O-GlcNAcylation of Sox2 and its nuclear local-
ization in 10580-treated GICs. Collectively, these findings
suggest that one of the essential O-GIcNAc functions is to
retain Sox2 in the nucleus by blocking either K75 acetyla-
tion, which is essential for CRM1 binding, or the associa-
tion between Sox2 and CRM1. It is currently impossible to
investigate this hypothesis, as there is no amino acid that
can mimic O-GlcNAcylated serine.

O-GlIcNAcylation has been shown to regulate many bio-
logical functions by modifying key molecules involved in
signaling, transcription, epigenetics, and other processes.
It is well known that cancer cells have increased uptake
of glucose, amino acids, fatty acids, and nucleotides, re-
sulting in the increased levels of UDP-GIcNAc and acceler-
ated O-GIcNAcylation of key factors, such as p53, nuclear
factor-kappaB, Myc, hypoxia-inducible factor 1, SOX2,
histone deacetylase 1, sirtuin 1, and phosphofructokinase
1, which play important roles in stemness and tu-
morigenesis.?®2834  Notably, the O-GlcNAcylation of
phosphofructokinase 1 increases UDP-GIcNAc by
escalating hexosamine biosynthesis, creating a positive
feedback loop for UDP-GIcNAc production. Thus, it is es-
sential that future research elucidate the detailed mech-
anism by which O-GIcNAcylation regulates the functions
of these key factors.

Here, we highlight the DHODH inhibitor 10580 as a new
potential compound that specifically killed GICs/GICRs
without any obvious side effects. Since 10580 did not pass
through the BBB, the next challenge is to develop a 10580
delivery system or to find novel DHODH inhibitors that can
cross the BBB for GBM therapy.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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