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Abstract

Glioblastoma stem cells (GSCs) reprogram glucose metabolism by hijacking high-affinity glucose 

uptake to survive in a nutritionally dynamic microenvironment. Here, we trace metabolic 

aberrations in GSCs to link core genetic mutations in glioblastoma to dependency on de novo 

pyrimidine synthesis. Targeting the pyrimidine synthetic rate-limiting step enzyme carbamoyl-

phosphate synthetase 2, aspartate transcarbamylase, dihydroorotase (CAD) or the critical 

downstream enzyme dihydroorotate dehydrogenase (DHODH) inhibited GSC survival, self-

renewal, and in vivo tumor initiation through the depletion of the pyrimidine nucleotide supply in 

rodent models. Mutations in EGFR or PTEN generated distinct CAD phosphorylation patterns to 

activate carbon influx through pyrimidine synthesis. Simultaneous abrogation of tumor-specific 

driver mutations and DHODH activity with clinically approved inhibitors demonstrated sustained 

inhibition of metabolic activity of pyrimidine synthesis and GSC tumorigenic capacity in vitro. 

Higher expression of pyrimidine synthesis genes portends poor prognosis of patients with 

glioblastoma. Collectively, our results demonstrate a therapeutic approach of precision medicine 

through targeting the nexus between driver mutations and metabolic reprogramming in cancer 

stem cells.

INTRODUCTION

Glioblastoma (World Health Organization grade IV glioma) is the most prevalent and lethal 

primary intrinsic tumor in the central nervous system (1). Current standard-of-care with 

maximal surgical resection followed by concurrent chemoradiation and adjuvant 

chemotherapy offers only palliation (2). Driven by genetic and epigenetic aberrations, 

intratumoral heterogeneity is an intrinsic and characteristic feature of glioblastoma (3). 

Glioblastoma stem cells (GSCs) enforce a pyramidal hierarchy of diverse cell populations 

through self-renewal and differentiation. The clinical significance of GSCs is supported by 

their relative resistance to conventional chemotherapy and radiation compared to 

differentiated glioblastoma cells (DGCs) (4, 5). GSCs have been implicated in tumor 

angiogenesis, invasion, and immune suppression, supporting the role of GSCs in tumor 

initiation and progression (6, 7). Understanding the regulation of GSCs may inform 

therapeutic approaches to improved clinical outcome for patients with glioblastoma.

Metabolic reprogramming, a hallmark of cancer, promotes tumor cell proliferation and 

survival (8). Genetic mutations and metabolic alterations interact bidirectionally (9, 10). 

Oncogenic signaling pathways, including phosphoinositide 3-kinases (PI3Ks) and epidermal 

growth factor receptor (EGFR), up-regulate anaerobic glycolysis, known as the Warburg 

effect, channeling carbon intermediates into anabolic synthesis to enable rapid cancer cell 

proliferation (10, 11). Metabolic reprogramming modulates the epigenome and global gene 

expression; for example, isocitrate dehydrogenase (IDH) mutations in gliomas generate the 

oncometabolite, 2-hydroxyglutarate, causing global histone and DNA hypermethylation to 
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promote oncogenesis (12–14). Therefore, links between cancer genetics and metabolism 

offer potential synergistic targeting strategies for enhanced anticancer therapeutic efficacy 

(9, 15).

We previously showed that metabolic stress, such as hypoxia or low glucose, maintains the 

GSC self-renewal and proliferation (16, 17). GSCs up-regulate the high-affinity glucose 

transporter GLUT3 to compete for glucose and adapt to nutritional fluctuation in the tumor 

microenvironment (16, 18). Downstream of GLUT3, the influx of carbon is channeled into 

de novo purine synthesis to promote GSC self-renewal and tumorigenesis (19). The 

delineation of metabolic reprogramming uncovers potential GSC dependency as a promising 

therapeutic target.

Large-scale genomic studies of glioblastoma, such as The Cancer Genome Atlas (TCGA), 

demonstrate high variation of the genetic mutation spectrum across different patients (20, 

21). In the era of precision medicine, the choice of appropriate targeted therapy based on the 

patient’s mutation profile has emerged as an attractive therapeutic approach (22). 

Personalized treatments may promote high value care by increasing therapeutic efficacy, 

avoiding unnecessary side effects, and lowering health care costs (23, 24). Here, we used in 

vitro analysis in GSCs and in vivo testing in rodent models to define the additional link 

between metabolic reprogramming and common genetic mutations in glioblastoma to 

discover therapeutic combinations to inform precision care.

RESULTS

GSCs up-regulate the de novo pyrimidine synthesis pathway

To discover metabolic pathways associated with increased malignancy in gliomas, we 

interrogated an in silico database with a comparative metabolomic analysis between bulk 

tumor specimens from grade II gliomas and glioblastoma (25), revealing enrichment of 

pyrimidine metabolites in glioblastoma (Fig. 1, A and B). Building on the connection 

between pyrimidine metabolism and increased tumor malignancy, we sought metabolic 

pathways specifically up-regulated in GSCs in an unbiased manner. Therefore, we profiled 

the genome-wide pattern of active promoters and enhancers using chromatin 

immunoprecipitation of histone 3 lysine 27 acetylation followed by deep sequencing 

(H3K27ac ChIP-seq) on two matched pairs (GSC23 and T3094) of patient-derived GSCs 

and DGCs. The differential quantities of H3K27ac at specific enhancer regions were 

compared between GSCs and DGCs (fig. S1). Unbiased enrichment analysis among all 

metabolic pathways identified specific up-regulation of pyrimidine synthesis pathway genes 

in both GSC models (Fig. 1C). We then performed focused analysis on the promoter regions 

of two key metabolic pathways: nucleotide and pyrimidine pathways. Active chromatin at 

the promoter regions of pyrimidine pathway genes, defined by higher amounts of H3K27ac, 

was increased in GSCs compared to matched DGCs (Fig. 1D). Collectively, these results 

demonstrate up-regulation of de novo pyrimidine synthesis in GSCs.
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Rate-limiting pyrimidine synthetic enzymes are essential for GSC maintenance

To determine the functional importance of de novo pyrimidine synthesis in GSCs, we 

interrogated the role of two rate-limiting steps in pyrimidine synthesis, catalyzed by 

carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, dihydroorotase (CAD) and 

dihydroorotate dehydrogenase (DHODH). The expressions of CAD and DHODH were up-

regulated in GSCs compared to matched DGCs with statistical significance (Figs. 2, A and 

B, and 3, A and B). We inhibited the pathway using a lentivirus-based vector to express 

either a control short hairpin RNA (shRNA) sequence that does not target any known 

sequence in the mammalian genome (shCONT) or independent, nonoverlapping shRNAs 

targeting CAD (shCAD-1 and shCAD-2) or DHODH (shDHODH-1 and shDHODH-2). The 

efficacy of shRNAs on mRNA expression was confirmed using quantitative reverse 

transcription polymerase chain reaction (RT-PCR) (Figs. 2C and 3C). Knocking down either 

CAD or DHODH inhibited GSC growth and cell proliferation in two different GSC models 

(Figs. 2, D and E, and 3, D and E). Conversely, overexpression of wild-type CAD or 

DHODH enhanced GSC proliferation (figs. S2, A to C, and S3, A to D). Targeting CAD or 

DHODH also impaired GSC self-renewal, as measured by neurosphere formation using an 

in vitro limiting dilution assay (Figs. 2, F to H, and 3, F to H). The functional significance of 

CAD and DHODH was further confirmed in GSCs from two primary glioblastoma tumors 

(figs. S4 to S6).

To interrogate the in vivo functions of CAD and DHODH in tumor propagation of GSCs, we 

transplanted two patient-derived GSC models transduced with specific shRNAs into the 

brains of immunocompromised mice. Mice bearing GSCs transduced with shCAD or 

shDHODH demonstrated increased survival compared to mice with respective GSCs 

transduced with shCONT [Fig. 4, A to D (for CAD) and E to H (for DHODH)]. The in vivo 

functional significance of CAD and DHODH was further confirmed in GSCs from two 

primary glioblastoma tumors (fig. S7). These results support the essential dependency of 

GSC on enzymes in the de novo pyrimidine synthesis pathway, specifically CAD and 

DHODH, which are required for GSC proliferation, self-renewal, and tumorigenesis.

Driver mutations differentially regulate pyrimidine synthetic enzyme function

Befitting its rate-limiting role in catalyzing the first three steps of de novo pyrimidine 

synthesis, CAD function is regulated at multiple layers, including allosteric regulation (both 

negative and positive), covalent regulation by phosphorylation, and metabolite channeling 

(26). Phosphorylation of CAD on the Ser1859 (CADS1859) site is regulated by mammalian 

target of rapamycin (mTOR)-S6K and promotes the oligomerization of CAD, leading to 

enhanced pyrimidine synthesis (27). In contrast, phosphorylation of on Thr456 (CADT456) is 

regulated by EGFR (28). As alterations in the PI3K-phosphatase and tensin homolog 

(PTEN)-mTOR and EGFR pathways are extremely prevalent in glioblastoma, we 

interrogated the relative activation of the pyrimidine metabolic pathway through a gene 

expression signature in the glioblastoma TCGA dataset. Pyrimidine metabolism, as 

determined by the pathway signature score, remained unchanged across glioblastoma 

specimens with different gene mutations/alterations, including EGFR, PTEN, TP53, 

CDKN2A, or CDK4 (Fig. 4I). Given the roles of EGFR and PI3K in CAD regulation, we 

parsed the association between pyrimidine metabolism and alterations of EGFR and PTEN. 
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Pyrimidine metabolism varied little among glioblastomas with both wild-type EGFR and 

PTEN, EGFR mutation/amplification alone, PTEN deletion alone, or combined EGFR 

mutation/amplification and PTEN deletion (Fig. 4J). Furthermore, the expressions of both 

CAD and DHODH were largely invariant across tumors, regardless of genetic aberrations 

(fig. S8).

Given the unchanged expressions of pyrimidine metabolism genes across different genetic 

backgrounds, we speculated that CAD may be differentially regulated through control of 

protein phosphorylation by upstream kinases. We leveraged our panel of patient-derived 

GSC models, which we characterized by exome sequencing (Fig. 4K). To distinguish the 

roles of EGFR and PI3K-PTEN in pyrimidine synthesis, we selected GSC models with 

dichotomized genetic backgrounds: PTEN deletion with wild-type EGFR (GSC23, MES20, 

and MES28) and EGFR amplification with wild-type PTEN (T1552, T3094, and T3028). 

CAD phosphorylation measured by immunoblot segregated with GSC genetics, with 

elevated CADS1859 phosphorylation in PTEN-deleted GSCs and elevated CADT456 

phosphorylation in GSCs with EGFR amplification (Fig. 4L). Functional significance of 

these two CAD phosphorylation sites was supported by the abrogated growth of PTEN-

deleted GSCs overexpressing CADS1859A mutant and EGFR-amplified GSCs 

overexpressing CADT456A mutant (fig. S3). Thus, regulatory mechanisms of pyrimidine 

synthesis reflect tumor genetics.

EGFR regulates CADT456 phosphorylation through the MAPK-ERK pathway

To directly link EGFR activity to CADT456 phosphorylation in GSCs, we treated two EGFR-

amplified GSCs (T3094 and T3028) with increasing concentrations of two EGFR inhibitors, 

lapatinib and gefitinib. Clinically achievable concentrations of lapatinib and gefitinib 

reduced phosphorylated CADT456, while phosphorylated CADS1859 remained unchanged 

(Fig. 5A and fig. S9A). Treatment with two specific inhibitors for downstream mediators of 

EGFR pathway, U0126 and GSK11202 for MAPK kinase (MEK), caused inhibition of 

CADT456 phosphorylation (fig. S9, B and C). Reciprocal gain-of-function studies were 

performed with the addition of epidermal growth factor (EGF) ligand, revealing elevated 

phosphorylated CADT456 (fig. S9D). Together, these results demonstrated EGFR as an 

upstream regulator of CADT456 phosphorylation.

Downstream intracellular mediators of EGFR signaling include the mitogen-activated 

protein kinase (MAPK)-extracellular signal-regulated kinase (ERK) and AKT pathways, 

which were both activated immediately upon EGF treatment in our two GSC models (fig. 

S9D). To determine the relative contribution of the downstream pathways to CADT456 

phosphorylation, GSCs were treated with EGF and inhibitors of the PI3K (LY294002), 

mTOR (rapamycin), and MEK (U0126) pathways. U0126 treatment inhibited the 

phosphorylation of MAPK-ERK and CADT456 after EGF treatment. In contrast, PI3K and 

mTOR inhibitors minimally altered CADT456 phosphorylation (Fig. 5B). Collectively, our 

data support EGFR as an upstream activator of CADT456 phosphorylation through the 

MAPK-ERK pathway, with minimal effects on CADS1859 phosphorylation.
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PTEN deletion promotes CADS1859 phosphorylation through the PI3K-AKT pathway

Given the lack of regulation of CADS1859 by EGFR signaling, we interrogated patient-

derived glioblastoma models with PTEN deletion without EGFR amplification, revealing 

elevated amounts of CADS1859 phosphorylation (Fig. 4L). Prior studies demonstrated that 

S6K1 directly phosphorylates CADS1859, which may promote the oligomerization and 

activation of the multienzyme CAD complex (27, 29). We, therefore, interrogated the 

upstream regulation of CADS1859 in two GSCs with PTEN deletions, GSC23 and MES20. 

Treatment with the PI3K inhibitor, BKM120 (buparlisib), decreased CADS1859 

phosphorylation, without change in CADT456 phosphorylation in both GSC models (Fig. 

5C). Another PI3K inhibitor, LY294002, demonstrated the same effect on the two 

phosphorylation sites on CAD (fig. S10A). Treatment with two specific inhibitors for 

downstream mediators of PI3K pathway, rapamycin for mTOR and PF-4708671 for S6K1, 

inhibited CADS1859 phosphorylation (fig. S10, B and C). Furthermore, insulin treatment of 

two GSC models harboring PTEN deletion without EGFR amplification induced 

phosphorylation of CADS1859, associated with activation of both AKT and MAPK-ERK 

(fig. S10D). Targeting PI3K (with LY294002) or mTOR (with rapamycin) reversed insulin-

induced CADS1859 phosphorylation, in contrast to the MEK inhibitor, U0126 (Fig. 5D). 

Torin1, the active site inhibitor of mTOR (both mTORC1 and mTORC2), inhibited 

CADS1859 phosphorylation, although knocking down RICTOR, a key component of 

mTORC2, showed no effect (fig. S11, A to C). This is consistent with previous report that 

mTORC1 coordinates nucleotide synthesis with nucleotide demand in cancer cells (30). 

Collectively, these results suggest that PTEN deletion stimulates pyrimidine synthesis by 

activating CAD through the phosphorylation of CADS1859, mediated by the PI3K-AKT-

mTOR-S6K pathway.

DHODH inhibitor teriflunomide combines with kinase inhibitors to block de novo 
pyrimidine synthesis in GSCs in a genetic context-dependent manner

To directly interrogate pyrimidine synthesis, we determined the amounts of metabolites in 

the de novo pyrimidine synthesis pathway in matched GSCs and DGCs harboring either 

PTEN mutations (MES20 and GSC23) or EGFR amplification (T3094). Consistently, 

concentrations of cytidine triphosphate (CTP), uridine monophosphate (UMP), and 

dihydroorotate were elevated in GSCs compared to DGCs (fig. S12A). Treatment of EGFR-

amplified GSCs with the EGFR inhibitor, lapatinib, resulted in only partial reduction of the 

products of pyrimidine synthesis (CTP and UMP) and the immediate product of CAD 

(dihydroorotate) (fig. S12, B and D). Similarly, treatment of PTEN-deleted GSCs with the 

PI3K inhibitor, BKM120, caused partial inhibition of pyrimidine synthesis (fig. S12, C and 

E). Direct inhibition of pyrimidine synthesis has also been used for the treatment of multiple 

sclerosis, with the DHODH inhibitor, teriflunomide (31). Teriflunomide is a particularly 

attractive choice of pyrimidine targeting strategy as it is orally available, well tolerated, and 

used to treat a central nervous system disorder (multiple sclerosis), supporting its delivery 

into the brain. Teriflunomide treatment of GSCs harboring either EGFR amplification or 

PTEN deletion partially inhibited pyrimidine intermediates (UMP and CTP), as expected, 

and elevation in the concentrations of dihydroorotate, which is the immediate substrate for 

DHODH (fig. S12, D and E). On the basis of the hypothesis that targeting the intrinsic 

pyrimidine synthetic enzymatic activity could cooperate with extrinsic enzymatic control, 
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we interrogated the efficacy of combining a DHODH inhibitor with targeting therapies 

against extrinsic control nodes for pyrimidine synthesis (EGFR or PI3K). Supporting this 

hypothesis, teriflunomide displayed combinatorial benefit with either lapatinib or BKM120 

in reduction of pyrimidine synthesis, as demonstrated by reduction of UMP and CTP (fig. 

S12, D and E). Together, our data demonstrated that upstream EGRF or PI3K inhibition only 

partially inhibits pyrimidine synthesis, even in the correct genetic context, but combined 

targeting of intrinsic synthetic enzymatic activity (DHODH) demonstrated combinatorial 

effects in pyrimidine synthesis.

Combined targeting of pyrimidine synthesis inhibits GSC tumor growth

Given the combined effect of teriflunomide and selective upstream signaling inhibitor 

(lapatinib or BKM120) in the inhibition of pyrimidine synthesis within the corresponding 

genetic context, we investigated the selective therapeutic efficacy of these agents. As 

anticipated, EGFR inhibitor therapy was more effective against EGFR-amplified GSCs, 

whereas PI3K inhibition was more effective against PTEN-mutated GSCs, with relatively 

similar efficacy of the DHODH inhibitor (fig. S13, A to C). When mixed populations of 

EGFR-amplified GSCs and PTEN-mutated GSCs were used, the therapeutic efficacy of 

EGFR inhibitor or PI3K inhibitor was partially negated (fig. S13, D and E). In addition, 

triple targeting of CAD, DHODH, and EGFR demonstrated combinatorial benefit for GSC 

inhibition (fig. S13F).

To determine the combinatorial benefit in vivo, we transplanted GSCs with PTEN deletion 

(GSC23) transduced with luciferase into the brains of immunocompromised mice to 

interrogate the effect of targeting DHODH and PI3K in tumor initiation in vivo. Mice 

bearing GSC23 GSCs were treated with one of the four arms: vehicle control [dimethyl 

sulfoxide (DMSO)], teriflunomide monotherapy (50 mg/kg every 2 days), BKM120 

monotherapy (50 mg/kg every 2 days), or the combination of teriflunomide (50 mg/kg every 

2 days) and BKM120 (50 mg/kg every 2 days). The in vivo efficacy of teriflunomide and 

BKM120 on the respective targets was confirmed with immunoblot (fig. S14A). As shown 

in Fig. 6A and fig. S14B, compared to DMSO control, tumor volume at 30 days as assessed 

by luciferase assay was minimally decreased in the teriflunomide group, moderately 

decreased in the BKM120 group, and markedly decreased in the group receiving the 

combination of teriflunomide and BKM120, associated with an extension in overall survival 

(P < 0.0001, log-rank test; Fig. 6, B and C). The improved overall survival was also found in 

the group receiving the combination of teriflunomide and BKM120 using GSCs from 

primary glioblastoma tumors (fig. S15A).

We next performed parallel studies with EGFR targeting in combination with DHODH 

inhibition. EGFR-amplified, PTEN wild-type T3094 GSCs were transduced with luciferase 

and implanted into the brains of immunocompromised mice, which were then treated with 

vehicle control (DMSO), teriflunomide monotherapy (50 mg/kg every 2 days), lapatinib 

monotherapy (50 mg/kg every 2 days), or the combination. The in vivo efficacy of 

teriflunomide and lapatinib on the respective targets was confirmed with immunoblot (fig. 

S14C). Treatment with teriflunomide or lapatinib each reduced tumor volume and extended 

survival, with greater effects from lapatinib than teriflunomide (Fig. 6D and fig. S14D). The 
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combination of lapatinib and teriflunomide yielded the greatest efficacy in tumor control and 

overall survival (P < 0.0001, log-rank test; Fig. 6, E and F). The improved overall survival 

was also found in the group receiving the combination of teriflunomide and lapatinib using 

GSCs from primary glioblastoma tumors (fig. S15B). Collectively, our data demonstrated 

that combined targeting of pyrimidine synthesis with DHODH inhibitor and an upstream 

kinase inhibitor pertinent to the genetic context inhibited in vivo GSC tumor growth.

Pyrimidine metabolism informs poor outcome in glioblastoma

To determine the clinical significance of pyrimidine synthesis in patients with glioblastoma, 

we used a Kyoto Encyclopedia of Genes and Genomes (KEGG) pyrimidine metabolism 

signature to quantify the overall expression of genes involved in pyrimidine synthesis. 

Within this signature, we performed a pairwise correlation and determined concordantly 

regulated biological processes in the TCGA glioblastoma dataset, revealing positive 

correlation of the pyrimidine metabolic signature with regulation of innate immune, 

apoptotic regulation and metabolism and negative correlation with neuronal development, 

supporting an association with a stem-like state (fig. S16). The single-sample gene set 

enrichment analysis (ssGSEA) score of pyrimidine metabolism signature was elevated in all 

TCGA glioblastoma specimens compared to nontumor brains in the same dataset (Fig. 7A). 

We then profiled the ssGSEA score of the pyrimidine metabolism signature across different 

pathological glioma grades in a combined low-grade glioma (LGG) and glioblastoma TCGA 

dataset, revealing a strong correlation between tumor grade and pyrimidine metabolism (Fig. 

7B). Molecular classification of gliomas has identified strongly divergent outcomes for 

patients with IDH1 or IDH2 mutations co-occurring with either codeletion of chromosomes 

1p and 19q (classified as oligodendrogliomas) or ATRX mutations (classified as diffuse 

astrocytomas) (32, 33). We interrogated the TCGA glioma database, mapping these and 

other mutations against expressions of pyrimidine synthetic enzymes and the KEGG 

pyrimidine metabolism signature. Concordant with the differential expression amounts in 

lower tumor grades, pyrimidine synthetic pathway genes were elevated in IDH wild-type 

gliomas (Fig. 7C). To determine a role in patient outcome, we found higher scores of KEGG 

pyrimidine metabolism associated with poorer overall survival of patients with glioma 

across six different datasets: TCGA glioblastoma (P = 0.0401; Fig. 7D) (34), TCGA 

glioblastoma-LGG RNA sequencing (RNA-seq) (P < 0.0001; Fig. 7E) (35), REMBRANDT 

(P < 0.0001; Fig. 7F) (36), Gravendeel (P < 0.0001; Fig. 7G) (37), Phillips (P = 0.0064; Fig. 

7H) (38), Freije (P = 0.1191; Fig. 7I) (39). Collectively, these results strongly link 

pyrimidine metabolism to poor survival for patients with glioma.

DISCUSSION

Metabolic reprogramming has long been recognized in cancer, but more recently, the altered 

molecular drivers of cancer metabolism have been elucidated and the discovery of cross-talk 

between metabolism and cancer epigenetics broadens the contributions of metabolic 

derangements to tumor initiation and maintenance. We and others have found that cancer 

stem cells, an epigenetically defined tumor cell population, display striking differences in 

their metabolism relative to the tumor bulk, suggesting points of fragility in this tumor cell 

population (18, 19, 40–45). As GSCs display preferential resistance to conventional 
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therapies, understanding of the regulation between signaling pathways and metabolic 

reprogramming may inform the design of precision treatment for patients with glioblastoma 

and improve outcome. Given the failed efficacy of targeting single genetic alterations in 

glioblastoma, the approach of targeted combination therapy based on patient-specific 

molecular profile has gained more attention in the era of precision medicine (46). Using 

unbiased genomic profiling, we found that GSCs up-regulate de novo pyrimidine synthesis 

to maintain self-renewal, proliferation, and tumorigenesis. Disrupting key pyrimidine 

synthetic enzymes, either CAD or DHODH, attenuated GSC maintenance. As the expression 

of pyrimidine synthesis genes remains grossly unchanged across glioblastomas with 

different mutation profiles, post-transcriptional regulation, including the phosphorylation 

pattern and activity of CAD, reflected differential regulation from oncogenic drivers, 

including EGFR and PTEN, which revealed genotype-specific molecular regulation 

amenable for precision-based therapy design. Simultaneous targeting of an altered upstream 

signaling pathway (such as lapatinib for EGFR amplification or BKM120 for PTEN 

deletion) and downstream pyrimidine synthesis resulted in combinatorial inhibition of GSC 

tumorigenesis in vivo (modeled in fig. S17).

The multifunctional enzyme CAD is a single polypeptide with three distinct enzymatic 

domains for the first three steps of pyrimidine synthesis: CPSase (carbamoyl-phosphate 

synthetase) domain, ATCase (aspartate transcarbamylase) domain, and DHOase 

(dihydroorotase) domain (47, 48). The first step, catalyzed by CPSase domain of CAD, is 

the rate-limiting step of de novo pyrimidine synthesis (49). In the resting state, the 

enzymatic activity of CPSase is subject to end product inhibition by uridine 5′-triphosphate 

(UTP) and allosteric activation by phosphoribosyl pyrophosphate (PRPP). Through the 

MAPK kinase pathway, EGFR phosphorylates CPSaseT456, abolishing UTP inhibition and 

enhancing PRPP activation on CAD (50), with the net effect as EGFR-regulated influx of 

metabolites through pyrimidine synthesis (49). CAD assembles into hexamer or higher 

oligomers to facilitate the concerted action of its three enzymatic domains (26, 51). The 

phosphorylation of Ser1859, mediated by PI3K-PTEN-mTOR-S6K pathway, has been shown 

to promote the oligomerization and activation of CAD (27, 29). Consistent with the distinct 

regulatory mechanism of EGFR and PI3K on the activation of CAD, we showed that neither 

treatment with an EGFR inhibitor nor PI3K inhibitor alone is able to completely inhibit the 

metabolic activity of pyrimidine synthesis, partially explaining the limited clinical efficacy 

of single targeted therapy in the treatment of glioblastoma (52–54).

Immediately downstream of CAD, dihydroorotate is oxidized to orotate by DHODH (48, 

49). Unlike other enzymes in de novo pyrimidine synthesis, DHODH is located on the 

outside surface of the inner mitochondrial membrane, linking nucleotide synthesis to 

mitochondrial electron transport chain (55). The inhibitors of DHODH, including 

leflunomide and its active metabolite, teriflunomide, are widely used as immunomodulatory 

medications in the management of autoimmune diseases, including rheumatoid/psoriatic 

arthritis and multiple sclerosis, respectively (31, 56). In acute myeloid leukemia, inhibition 

of DHODH induces myeloid differentiation, establishing the role of DHODH in maintaining 

self-renewing status of myeloblasts (57). Similar effects of DHODH on blocking 

differentiation were also seen in multipotent neural crest cells, an important precursor 

involved in melanoma pathogenesis (58). In GSCs, we showed that DHODH is essential for 
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the maintenance of stem-like phenotype including self-renewal, differentiation, and in vivo 

tumorigenesis. Targeting DHODH using teriflunomide caused reduction in GSC 

biosynthesis of pyrimidine. Several recent studies have demonstrated the unique benefit of 

targeting pyrimidine synthesis in tumors with reprogrammed nucleotide metabolism, 

including melanomas carrying BRAF(V600E) mutation treated with BRAF(V600E) 

inhibitor (58), triple-negative breast cancer treated with doxorubicin (59), and breast cancer 

with PTEN deletion (60). In glioblastoma, we observed combinatorial inhibition of 

pyrimidine synthesis using teriflunomide combined with an upstream kinase inhibitor in a 

context-dependent manner, such as lapatinib for GSCs with EGFR amplification or 

BKM120 for GSCs with PTEN deletion. This would reflect basal activity in pyrimidine 

synthesis independent of upstream EGFR mutation or PTEN deletion that is targeted by 

DHODH inhibitor teriflunomide. Such metabolic combination was further supported by the 

superior overall survival of combined treatment compared to single treatment using in vivo 

tumorigenesis assay.

Although our study offers a promising translational direction in treatment of a lethal cancer, 

there are potential limitations to combined targeting strategies. To date, glioblastoma 

xenografts have been relatively modest in predicting patient responses to therapy, but 

effective inhibition of primary glioblastoma cells was achieved with combined inhibitors at 

concentrations achievable in patients, suggesting that these paradigms can be translated into 

clinical trial. In the clinical management of patients with glioblastoma, alternate 

concentrations of inhibitors may be required to achieve therapeutic doses in the brain. 

Furthermore, in vivo tumor metabolism and epigenetic regulation are distinct from findings 

in culture. Last, increasing evidence supports the critical role of the immune system in 

mediating responses to therapy, including metabolic dependencies. Given the need for an 

immunosuppressive growth environment, patient-derived xenografts lack interactions with a 

fully functional immune system in the mouse model, which may not recapitulate the 

immune surveillance during therapeutic treatment.

In summary, we propose a novel therapeutic approach to delivering precision treatment to 

patients with glioblastoma. GSCs reprogram their pyrimidine metabolism to maintain the 

stem-like status to promote self-renewal and tumorigenesis. The exact mechanism used to 

up-regulate pyrimidine synthesis in GSCs depends on genetic context. Targeted approaches 

against both the upstream genetic mutation and metabolic enzyme critical in pyrimidine 

synthesis demonstrated sustained effect of tumor inhibition. Given the relative resistance of 

GSCs to chemotherapy, radiation, and immunotherapy, our genetics-based therapeutic 

approach may yield improved clinical outcome.

MATERIALS AND METHODS

Study design

The overall objectives were to define the link between metabolic reprogramming and 

common genetic mutations in glioblastoma and to develop optimal combinatorial therapies 

to inform precision care. We aimed to identify metabolic pathway with preferential up-

regulation in GSCs using genomic and metabolomic approaches. We found that GSCs up-

regulate pyrimidine synthesis and evaluated the mechanism of genotype-specific regulation 
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by upstream genetic mutations. We interrogated the efficacy of combined inhibition of GSCs 

through simultaneous targeting of upstream signaling pathway and downstream pyrimidine 

synthesis.

Patient-derived xenografts were generated and maintained as a recurrent source of tumor 

cells in our study to prevent culture-induced cell population drift, as previously described 

(19, 45). Briefly, tumor dissociation was performed using a papain dissociation system 

(Worthington Biochemical) immediately after xenograft removal from mice. Neurobasal 

medium (Life Technologies) supplemented with B27, L-glutamine, sodium pyruvate, basic 

fibroblast growth factor (10 ng/ml), and EGF (10 ng/ml; R&D Systems) was used to culture 

dissociated tumor cells for more than 6 hours to recover surface antigen expression. A 

combination of functional criteria to validate GSCs was used in our study because no marker 

is uniformly informative for GSCs. Both GSCs and DGCs were derived using prospective 

sorting followed by confirmatory assays for expression of stem cell marker, sphere 

formation, and secondary tumor initiation. Prospective sorting was performed using 

magnetic beads conjugated with CD133/1 antibody (Miltenyi Biotec). Validation of GSC 

phenotype was performed using expression of stem cell markers including OLIG2 and 

SOX2, self-renewal capacity with serial neurosphere passage, and tumor initiation through 

in vivo limiting dilution.

Statistical analysis

The choice of sample sizes is similar to those reported in previous studies (4, 16, 19). All 

grouped data were presented as box plot in figures. Two-sided Student’s t test was used to 

assess differences between two groups. One-way analysis of variance (ANOVA) with post 

hoc analysis was used to compare differences among more than two groups. Kaplan-Meier 

survival curves were generated using Prism software, and log-rank test was performed to 

assess statistical significance between groups. Correlation between gene expression and 

patient survival was performed through analysis of TCGA, Freije, Phillips, and 

REMBRANDT brain tumor datasets, downloaded from TCGA data portal or National 

Center for Biotechnology Information Gene Expression Omnibus (GEO) database.
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Fig. 1. Profiling reveals specific up-regulation of de novo pyrimidine synthesis pathway in GSCs.
(A) Comparative metabolomic analysis of grade II glioma (n = 18) versus glioblastoma (n = 

36). Volcano plot showing differential metabolite abundances from primary tumor samples 

between grade II glioma and glioblastoma (25). Red dots indicate metabolites that were 

increased [false discovery rate (FDR) P < 0.05] in glioblastoma compared to grade II 

glioma, whereas blue dots indicate those that were decreased (FDR P < 0.05). Orange dots 

indicate metabolites in the pyrimidine synthesis pathway. 2-HG, 2-hydroxyglutarate. (B) 

Metabolite pathway enrichment analysis of metabolites increased [FDR P < 0.05; fold 

change (FC) > 1] in glioblastoma compared to grade II glioma (25). Pathway impact refers 

to the importance of altered metabolites in the respective metabolic pathway, as calculated 

by Metabo-Analyst. (C) Enrichment analysis of all metabolic pathways up-regulated in 

glioblastoma stem cells (GSCs; red) versus differentiated glioblastoma cells (DGCs; orange) 

derived from differential H3K27ac in the GSC23 and T3094 glioblastoma models. NAD, 
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nicotinamide adenine dinucleotide. (D) Patient-derived GSCs (GSC23 and T3094) were 

cultured under serum-free conditions to maintain their GSC state or induced into DGCs and 

then subjected to histone 3 lysine 27 acetyl chromatin immunoprecipitation followed by 

deep sequencing (H3K27ac ChIP-seq). Comparative coverage plots between matched GSCs 

and DGCs illustrate the specific promoters of matched GSC23 and T3094 GSCs and DGCs 

for focused metabolic pathways. Heat maps are shown to depict H3K27ac signal, 

normalized to read depth, for ±5 kb surrounding enhancer peaks. Color scale indicates reads 

per kilobase per million mapped reads (RPKM). The y axis is also normalized H3K27ac 

read depth (RPKM). Transcriptional start sites (TSS) for selected metabolic genes were 

mapped for nucleotide and pyrimidine metabolism. Pathway enrichment was assessed using 

single-sample gene set enrichment analysis (ssGSEA) comparing pathway enrichment 

scores between GSCs and DGCs [GSC23: P < 0.0001 (nucleotide) and P = 0.0178 

(pyrimidine); T3094: P < 0.0001 (nucleotide) and P < 0.0001 (pyrimidine); sign test was 

used for statistical analysis].
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Fig. 2. CAD regulates GSC growth and self-renewal.
(A) H3K27ac ChIP-seq enrichment plot centered at the gene locus for CAD. Active 

chromatin was profiled by H3K27ac ChIP-seq for five primary glioblastoma tumors, five 

normal brain tissues, and three matched pairs of GSCs and DGCs from patient-derived 

glioblastoma specimens. Raw data from enhancer profiling of primary glioma tissues were 

downloaded from GSE101148. Matched pairs of GSCs and DGCs and normal tissues 

H3K27ac ChIP-seq data were downloaded from NCBI Gene Expression Omnibus 

GSE54047 and GSE17312. (B) Protein concentrations of CAD with normalized 

quantifications in matched pairs of GSCs and DGCs across human glioblastoma specimens 

GSC23, MES28, T3565, T456, T3094, and T1552 (n = 6 biological replicates; **P < 0.01, 

one-way ANOVA). (C) Quantitative RT-PCR assessment of CAD mRNA in GSC23 and 

T456 GSCs expressing a nontargeting control shRNA (shCONT), shCAD-1, or shCAD-2 (n 
= 6 independent experiments per group; **P < 0.01, one-way ANOVA). (D) Cell growth of 

GSC23 and T456 GSCs expressing shCONT, shCAD-1, or shCAD-2 was measured by 

CellTiter-Glo assay (n = 5 independent experiments per group; **P < 0.01, one-way 

ANOVA). (E) Growth of GSC23 and T456 GSCs expressing shCONT, shCAD-1, or 

shCAD-2 was measured by direct cell number count (n = 5 independent experiments per 

group; **P < 0.01, one-way ANOVA). (F) Sphere formation using an extreme limiting 

dilution assay (ELDA) was performed with GSC23 and T456 GSCs expressing shCONT, 
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shCAD-1, or shCAD-2 (GSC23, P < 0.01; T456, P < 0.01, ELDA analysis). (G) The number 

of spheres formed using GSC23 and T456 GSCs expressing shCONT, shCAD-1, or 

shCAD-2 was determined with ELDA per 1000 cells seeded (n = 6 independent experiments 

per group; **P < 0.01, one-way ANOVA). (H) Representative images of neurospheres 

derived from GSC23 and T456 GSCs expressing shCONT, shCAD-1, or shCAD-2. Scale 

bar, 400 μm. Each image is representative of at least five similar experiments.
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Fig. 3. DHODH promotes GSC growth and self-renewal.
(A) H3K27ac ChIP-seq enrichment plot centered at the gene locus for DHODH. Active 

chromatin was profiled by H3K27ac ChIP-seq for five primary glioblastoma tumors, five 

normal brain tissue, and three matched pairs of GSCs and DGCs from patient-derived 

glioblastoma specimens. Raw data for enhancer profiling of primary glioma tissues were 

downloaded from GSE101148. Matched pairs of GSCss and DGCs and normal tissues 

H3K27ac ChIP-seq data were downloaded from NCBI Gene Expression Omnibus 

GSE54047 and GSE17312. (B) Protein concentrations of DHODH with normalized 

quantifications in matched pairs of GSCs and DGCs across human glioblastoma specimens 

GSC23, MES28, T3565, T456, T3094, and T1552 (n = 6 biological replicates; **P < 0.01, 

one-way ANOVA). (C) Quantitative RT-PCR assessment of DHODH mRNA in GSC23 and 

T456 GSCs expressing shCONT, shDHODH-1, or shDHODH-2 (n = 3 independent 

experiments per group; **P < 0.01, one-way ANOVA). (D) Cell growth of GSC23 and T456 

GSCs expressing shCONT, shDHODH-1, or shDHODH-2 was measured by CellTiter-Glo 

assay (n = 6 independent experiments per group; **P < 0.01, one-way ANOVA). (E) Growth 

of GSC23 and T456 GSCs expressing shCONT, shDHODH-1, or shDHODH-2 was 

measured by direct cell number count (n = 5 independent experiments per group; **P < 

0.01, one-way ANOVA). (F) Sphere formation using an ELDA was performed with GSC23 

and T456 GSCs expressing shCONT, shDHODH-1, or shDHODH-2 (GSC23, P < 0.01; 

T456, P < 0.01, ELDA analysis). (G) The number of spheres formed using GSC23 and T456 
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GSCs expressing shCONT, shDHODH-1, or shDHODH-2 was determined with ELDA per 

1000 cells seeded (n = 6 independent experiments per group; **P < 0.01, one-way ANOVA). 

(H) Representative images of neurospheres derived from GSC23 and T456 GSCs expressing 

shCONT, shDHODH-1, or shDHODH-2. Scale bar, 400 μm. Each image is representative of 

at least five similar experiments.
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Fig. 4. CAD and DHODH are essential for GSC maintenance with glioblastoma driver mutations 
differentially regulating pyrimidine synthesis.
(A and B) Kaplan- Meier survival curves of immunocompromised mice bearing intracranial 

GSC23 (A) or T456 (B) GSCs transduced with either a control shRNA (shCONT) or one of 

two shRNAs targeting CAD (shCAD-1 or shCAD-2) [n = 5 for each group; P = 0.0002 

(GSC23) and P = 0.0004 (T456) using log-rank test]. (C and D) Representative images of 

hematoxylin and eosin-stained sections of mouse brains collected on day 20 after 

transplantation of GSC23 (C) or T456 (D) GSCs expressing shCONT, shCAD-1, or 

shCAD-2. Scale bar, 2 mm. (E and F) Kaplan-Meier survival curves of 
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immunocompromised mice bearing intracranial GSC23 (E) or T456 (F) GSCs expressing 

shCONT or one of two shRNAs targeting DHODH (shDHODH-1 or shDHODH-2) (n = 5 

for each group; P < 0.0001 for GSC23 and T456, log-rank test). (G and H) Representative 

images of hematoxylin and eosin-stained sections of mouse brains collected on day 20 after 

transplantation of GSC23 (G) or T3094 (H) GSCs expressing shCONT, shDHODH-1, or 

shDHODH-2. Scale bar, 2 mm. (I and J) Overall expressions of pyrimidine metabolism 

genes across the TCGA glioblastoma dataset with different gene mutations/alterations, 

including EGFR, PTEN, TP53, CDKN2A, or CDK4. Black: Glioblastoma with mutation in 

the designated gene (may also have other gene mutations). Cyan: Glioblastoma with 

mutation only in the designated gene. WT, wild type; AMP, amplification; HOMDEL, 

homozygous deletion. (K) Genetic alterations in PTEN and EGFR were analyzed using 

exome sequencing for each GSC model used in this study. Black dot represented nonsilent 

variants including nonsynonymous mutations and/or splice site variants predicted to have 

moderate to high impact on protein structure. Red and blue represented focal amplifications 

(log2 copy number ratio > 2 or > 1, if focal) and deletions (log2 copy number ratio < −2 or < 

−1, if focal), respectively. (L) Immunoblot assessment and normalized quantifications of 

phosphorylation at CADT456 and CADS1859 across patient-derived GSC23, MES20, MES28, 

T1552, T3028, and T3094 GSCs. Tubulin was used as a loading control (n = 3 biological 

replicates; *P < 0.05 and **P < 0.01, one-way ANOVA).
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Fig. 5. EGFR and PI3K/PTEN differentially activate CAD phosphorylation sites.
(A) Immunoblot assessment of phosphorylated EGFR, phosphorylated ERK, phosphorylated 

CADS1859, phosphorylated CADT456, and total CAD protein after treatment with the EGFR 

inhibitor lapatinib (1, 5, and 10 μM) for 48 hours in T3094 and T3028 GSCs. Normalized 

quantifications with tubulin as control were performed for phosphorylated CADS1859 and 

phosphorylated CADT456 (n = 2 biological replicates; *P < 0.05 and **P < 0.01, one-way 

ANOVA). (B) GSCs (T3094 and T3028) were treated with EGF (100 ng/ml) over a 30-min 

time course, together with inhibitors of the PI3K (LY294002), mTOR (rapamycin), or MEK 

(U0126) pathways. Amounts of phosphorylated CADT456, total CAD, phosphorylated 

EGFR, total EGFR, phosphorylated ERK, total ERK, phosphorylated AKTS473, total AKT, 

phosphorylated S6, and total S6 were assessed by immunoblot. Normalized quantifications 

with tubulin as control were performed for phosphorylated CADT456 (n = 2 biological 

replicates; *P < 0.05 and **P < 0.01, one-way ANOVA). (C) Immunoblot assessment of 
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phosphorylated CADS1859, phosphorylated CADT456, total CAD, phosphorylated AKTS473, 

and total AKT after treatment with the PI3K inhibitor BKM120 (0.1, 0.5, and 1 μM) for 48 

hours in GSC23 and MES20 GSCs. Normalized quantifications with tubulin as control were 

performed for phosphorylated CADS1859 and phosphorylated CADT456 (n = 2 biological 

replicates; *P < 0.05, one-way ANOVA). (D) GSCs (GSC23 and MES20) were treated with 

insulin (1 μM) over a 30-minute time course, together with inhibitors of the PI3K 

(LY294002), mTOR (rapamycin), or MEK (U0126) pathways. Amounts of phosphorylated 

CADS1859, total CAD, phosphorylated ERK, total ERK, phosphorylated AKTS473, total 

AKT, phosphorylated S6, and total S6 were assessed by immunoblot. Normalized 

quantifications with tubulin as control were performed for phosphorylated CADS1859 (n = 2 

biological repli cates; *P < 60.05 and **P < 0.01, one-way ANOVA).
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Fig. 6. Combined targeting of pyrimidine synthesis inhibits GSC tumorigenesis in vivo.
(A) GSCs (GSC23) were transduced with firefly luciferase before implantation into 

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) immunocompromised mice. In vivo 

bioluminescence imaging was performed on NSG mice bearing intracranial xenografts 

derived from PTEN-deleted GSC23 treated with vehicle control (DMSO), teriflunomide 

monotherapy (50 mg/kg per day), BKM120 monotherapy (50 mg/kg per day), or the 

combination of teriflunomide (50 mg/kg per day) and BKM120 (50 mg/kg per day) (n = 5 

independent experiments per group). (B) Kaplan-Meier survival curves of 

immunocompromised mice bearing intracranial tumors derived from PTEN-deleted GSC23 

from the four treatment groups in (A) (n = 5 for each group; P < 0.0001, log-rank test). (C) 

Representative images of hematoxylin and eosin-stained sections of mouse brains from six 

independent experiments per group collected on day 35 after transplantation of PTEN-

deleted GSC23 from the four treatment groups in (A). Scale bar, 2 mm. (D) In vivo 

bioluminescence imaging was performed on NSG mice bearing intracranial xenografts 

derived from EGFR-amplified T3094 GSCs treated with vehicle (DMSO), teriflunomide 

monotherapy (50 mg/kg per day), lapatinib monotherapy (50 mg/kg per day), or the 

combination of teriflunomide (50 mg/kg per day) and lapatinib (50 mg/kg per day) (n = 6 

independent experiments per group). (E) Kaplan-Meier survival curves of 

immunocompromised mice bearing intracranial tumors derived from EGFR-amplified 
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T3094 from the four treatment groups in (D) (n = 6 for each group; P < 0.0001, log-rank 

test). (F) Representative images of hematoxylin and eosin-stained sections of mouse brains 

from six independent experiments per group collected on day 35 after transplantation of 

EGFR-amplified T3094 GSCs from the four treatment groups in (D). Scale bar, 2 mm.
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Fig. 7. Pyrimidine metabolism informs poor clinical outcome in glioblastoma.
(A and B) KEGG pyrimidine metabolism signature ssGSEA score distribution between 

nontumor and tumor specimens in TCGA glioblastoma (GBM) HG-U133A (A) and among 

different grades in TCGA glioblastoma-LGG RNA-seq V2 datasets (B). (C) mRNA 

expression pattern of genes comprising the KEGG pyrimidine metabolism signature and 

corresponding ssGSEA score distribution in TCGA glioblastoma-LGG cohort (n = 667) 

stratified by TCGA DNA methylation cluster groups and associated molecular markers. G-

CIMP, glioma CpG island methylator phenotype. (D to I) Kaplan-Meier survival analysis 

based on KEGG pyrimidine metabolism signature ssGSEA scores stratified by the median of 

six different glioma datasets: (D) TCGA glioblastoma (34), (E) TCGA glioblastoma-LGG 

RNA-seq (35), (F) REMBRANDT (36), (G) Gravendeel (37), (H) Phillips (38), and (I) 

Freije (39).
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