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Abstract

The transcriptomic classification of glioblastoma (GBM) has failed to predict survival and
therapeutic vulnerabilities. A computational approach for unbiased identification of core
biological traits of single cells and bulk tumors uncovered four tumor cell states and GBM
subtypes distributed along neurodevelopmental and metabolic axes, classified as proliferative/
progenitor, neuronal, mitochondrial and glycolytic/plurimetabolic. Each subtype was enriched
with biologically coherent multiomic features. Mitochondrial GBM was associated with the most
favorable clinical outcome. It relied exclusively on oxidative phosphorylation for energy
production, whereas the glycolytic/plurimetabolic subtype was sustained by aerobic glycolysis and
amino acid and lipid metabolism. Deletion of the glucose-proton symporter SLC45A1 was the
truncal alteration most significantly associated with mitochondrial GBM, and the reintroduction of
SLC45A1 in mitochondrial glioma cells induced acidification and loss of fitness. Mitochondrial,
but not glycolytic/plurimetabolic, GBM exhibited marked vulnerability to inhibitors of oxidative
phosphorylation. The pathway-based classification of GBM informs survival and enables precision
targeting of cancer metabolism.

Transcriptomic analyses have emerged as important approaches for the classification of
tumors into molecular subtypes with distinct clinical outcome and response to therapies?.
However, for certain tumors such as GBM, the transcriptomic classification has failed to
indicate prognosis and pharmacologic vulnerability?-3, especially when considering the
highly aggressive isocitrate dehydrogenase (IDH) wild-type group. In particular, the lack of
association between biologically defined subgroups of IDH wild-type GBM and survival has
hindered the discovery of the unique mechanisms that sustain tumor progression in
subgroups of patients.

Nat Cancer. Author manuscript; available in PMC 2021 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garofano et al.

Page 3

Recent data in single cells have shown that the transcriptomic subgroups used to classify
GBM are preferentially enriched in tumor cells exhibiting distinct lineage-specific cellular
states®. However, it remains untested whether fundamental biological activities of individual
GBM cells can be used to build a classification of bulk tumors that is also clinically
informative. Because pathway-based classifications of transcriptomic cancer data have
shown higher stability of biological activities and better performance than gene-based
classifiers®, we developed a computational approach to extract the core tumor cell intrinsic
biological states of individual GBM cells from GBM single-cell RNA-sequencing (SCRNA-
seq) data*®7 and bulk tumors. The analyses converged on four stable cellular states that
embody metabolic (mitochondrial and glycolytic/plurimetabolic) and developmental
(neuronal and proliferative/progenitor) attributes, and generated a new GBM classification.
The mitochondrial subtype is dependent on oxidative phosphorylation (OXPHQOS) and
stratifies patients with a more favorable clinical outcome. Multiomics analysis revealed that
the mitochondrial group of GBM contrasts with the poor-prognosis, glycolytic/
plurimetabolic subgroup that is sustained by concurrent activation of multiple energy-
producing programs, which confer metabolic versatility and protection from oxidative stress.
The mitochondrial subgroup of GBM exhibits unique sensitivity to inhibitors of
mitochondrial metabolism, thus providing insights into the selection of patients with GBM
who could benefit from targeted metabolic therapies.

Pathway-based analysis of single glioma cells identifies four cellular states

converging on two biological axes

To generate an unbiased classification of GBM that encapsulates cellular states fundamental
to glioma biology, we sought to identify key phenotypic patterns from scRNA-seq data
including 36 adult high-grade gliomas (17,367 single glioma cells; Supplementary Table 1)
from three independent datasets*®:7. To define the core biological state of individual glioma
cells, we developed an unbiased computational approach (single-cell biological pathway
deconvolution, scBiPaD) that scored the activity of 5,032 pathways in each cell and grouped
cells with similar biological pathway enrichment (Extended Data Fig. 1 and Supplementary
Note). We built a consensus clustering of all cells in each tumor and estimated the closeness
of individual tumor clusters. We assigned 91% of the cells to four distinct clusters, which we
defined as glycolytic/plurimetabolic (GPM, marked in red throughout the manuscript),
mitochondrial (MTC, green), neuronal (NEU, blue) and proliferative/progenitor (PPR, cyan)
based on the most active biological functions in each cluster (Fig. 1a,b and Supplementary
Table 2a). The same four-cluster distribution and biological membership was obtained when
the clustering analysis was applied independently to each scRNA-seq dataset
(Supplementary Table 2b—d and Fig. 3 within the Supplementary Note). The GPM cluster
was sustained by a large array of metabolic activities that, in addition to glycolysis/hypoxia-
related functions, included the metabolism of lipids, amino acids, steroids, iron and sulfur
but excluded mitochondrial/OXPHOS activities (Fig. 1¢c and Supplementary Table 2e). This
cluster was also enriched in mesenchymal and immune-related functions. Mitochondrial
metabolism and OXPHQOS were the hallmarks of the MTC cluster that also included fatty
acid oxidation and general mitochondrial functions (Fig. 1d and Supplementary Table 2g).
Most subunits of mitochondrial complex I that can be inactivated in cancer cells to generate
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the Warburg effect® were highly expressed in MTC compared to the other clusters (Extended
Data Fig. 2a and Supplementary Table 3a). The NEU cluster was uniquely characterized by
specialized neuronal functions such as axonogenesis and synaptic transmission (Fig. 1e and
Supplementary Table 2e). Multiple neurotransmitter receptors that have recently been
associated with the neuronal functions that promote glioma—neuron synapsis and brain
tumor aggressiveness® were specifically elevated in the NEU cluster (Extended Data Fig. 2b
and Supplementary Table 3b). Finally, the PPR cluster was enriched in pathways associated
with cell cycle progression, DNA replication, mitosis and DNA damage repair (Fig. 1f and
Supplementary Table 2e) and markers of neural stem/progenitor cells (Extended Data Fig.
2¢ and Supplementary Table 3c,d). Recently, ScRNA-seq has been used to deconvolute the
phenotypic states of GBM cells into six lineage-specific cellular identities: astrocyte-like
(AC), mesenchymal-like 1 (Mes1), mesenchymal-like 2 (Mes2), neural progenitor cell-like 1
(NPC1), neural progenitor cell-like 2 (NPC2) and oligodendrocyte progenitor cell-like
(OPC)*. We examined the relationship between pathway-based and lineage-specific cellular
states. The neurodevelopmental association of PPR and NEU states was evident from the
enrichment in NPC1, NPC2 and OPC signatures. Conversely, the GPM and MTC
transcriptional states exhibited preferential enrichment with the MES and AC cell state,
respectively (Extended Data Fig. 2d and Supplementary Table 4).

Next, we determined the stability of cell states within each of the 36 tumors by computing
the fraction of cells assigned to each state. Although each tumor contained four or three
different cell states (Extended Data Fig. 2e and Supplementary Table 5), most expressed a
dominant state together with variable, smaller cell fractions corresponding to different states.
The estimation of the frequency of coexistence of cell states within individual tumors
showed two distinct patterns characterized by the preferential coexistence of GPM with
MTC cells and PPR with NEU cells, respectively (Fig. 2a,b and Extended Data Fig. 2f).

To determine whether biological branches are spatially segregated within glioma tumors, we
analyzed 33 tumor core samples and 14 matched invasive rims obtained by precision
navigation surgery from nine patients in dataset 1 (Supplementary Table 1a). The percentage
of glioma cells with NEU features increased from 13 to 41 in the peripheral areas of the
tumor, whereas PPR and MTC cells decreased (Fig. 2¢). By tracing the evolutionary path of
the four biological glioma states at tumor core and rim with the STREAM algorithm19, we
obtained two fundamental axes characterized by neurodevelopmental PPR and NEU (S0-
S2) and metabolic MTC and GPM states (S1-S3), respectively (Fig. 2d,e). The
neurodevelopmental axis exhibited an evolutionary trajectory defined by a branch enriched
in core-derived PPR cells (S0-S1; Fig. 2d,e) expressing cell cycle genes (CCNEZ, CDK1
and CDKZ, Extended Data Fig. 2g) and the transcriptional program of intermediate
progenitor cells (EOMES, EMX1 and SSTRZ2) intermingled with NEU cells expressing
markers of newly born neurons ( 7BRZ; Extended Data Fig. 2h). Conversely, the tract
enriched in rim-derived cells (S1-S2; Fig. 2d,e) consisted of more mature NEU cells
expressing markers of specialized neuronal functions (LRRCANGLZ, SATB1, GABRB3
and CHRNA4, Extended Data Fig. 2i). The lack of expression of CCNEZ and other cell
cycle genes in TBRI-positive cells from core- and rim-enriched mature NEU cells indicates
that, regardless of the differentiation stage, NEU are mostly nonproliferating cells (Extended
Data Fig. 2g-i).
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Pathway-based classification of GBM recapitulates single-cell states with
the mitochondrial subtype exhibiting better survival

We designed a pathway-level analysis that could cluster primary GBM on the basis of shared
pathways associated with clinical outcome. Using 534 IDH wild-type GBM from the Cancer
Genome Atlas (TCGA) and the single-sample Mann—Whitney—Wilcoxon gene set test
(sSMWW-GST; Supplementary Note), we selected 192 of 5,032 pathways whose activity
(increased or decreased) was significantly associated with patient survival (P < 0.05, log-
rank test; Supplementary Table 6a,b). By the application of scBiPaD to single-cell datasets
(Extended Data Fig. 3a—f and Supplementary Table 7), we confirmed that this reduced
configuration of biological activities captured the dominant cell states with 92%
concordance when compared with the analysis of 5,032 pathways (Extended Data Fig. 4a—f).
Next, we classified 534 primary GBM by building a consensus clustering on pathway
enrichment score (Extended Data Fig. 5a and Supplementary Table 6c¢). We obtained four
GBM subgroups that included 304 tumors (62% of the cohort) defined by differentially
active, survival-associated pathways (Extended Data Fig. 5b and Supplementary Table 6d).
The biological functions of each of the four sets of pathways recapitulated the activities
identified by single-cell analysis, including NEU (blue), PPR (cyan), MTC (green) and GPM
(red) (Fig. 3a and Supplementary Table 6e). Consistently, genes upregulated in each cluster
were markers and effectors of the highlighted biological activities, including
neurotransmitter receptors and neural stem/progenitor cell markers for NEU and PPR single-
cell states, respectively (Extended Data Fig. 5¢c—f and Supplementary Tables 6f—j and 8a,b).
To evaluate the strength of the dominant state in bulk tumors, we computed a ‘simplicity
score’ for each sample as a continuous measure of the strength of the state3 within a four-
quadrant plot corresponding to the four transcriptomic states (Extended Data Fig. 5g). The
coherent quadrant/state clustering of tumors, colored according to enrichment of the
prevalent subtype, indicated that the analysis captured the dominant biological feature from
the bulk GBM transcriptome (Fig. 3b).

To determine the impact of the pathway-based classification on clinical outcome, we used
several parameters. First, Kaplan—Meier estimation and log-rank testing showed
significantly better survival for MTC GBM, either when all four subgroups were included in
the analysis or in pairwise comparison (Fig. 3c). Second, Cox proportional hazards models
including MTC, GPM, NEU and PPR activities as independent continuous covariates
showed that the only significant variable that predicted survival was MTC, with increasing
activity estimating a decreasing risk of death (hazard ratio (HR) = 0.87, Cox coefficient =
-0.14, P=0.0002; Fig. 3d). All other transcriptomic activities exhibited a trend for higher
risk of death, without reaching statistical significance. Third, in a multivariate analysis, the
impact of MTC state on survival was independent of age, gender and O-6-methyl guanine-
DNA methyl transferase (MGMT) methylation, factors that affect survival of patients with
IDH wild-type GBM (Supplementary Table 9a,b). We also failed to find significant
associations between the transcriptional subtypes and clinical and molecular characteristics
of GBM (Supplementary Table 9c). Using a 50-gene signature obtained from the ranked list
of each bulk GBM subtype, we confirmed the four-group classification and the more
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favorable clinical outcome of MTC GBM in three additional GBM datasets (Extended Data
Fig. 6a—f and Supplementary Table 10a—c).

To assess the intersection of the pathway-based classification with the two existing and
widely used GBM classifiers311, we compared subclass assignment of 304 GBM from
TCGA using each of the three classifiers (Supplementary Table 10d). The two previously
established classifications recognized three groups named after signature genes, including
mesenchymal and proneural subtypes, but they differ in the attribution of the third group as
proliferative in the classification of Phillips et al.11, and classical in the classifier by Wang et
al.3. The MTC subtype uncovered by the pathway-based classification was orthogonally
distributed across the three subgroups, suggesting that OXPHOS programs are not restricted
to a specific cell identity (Fig. 3e and Supplementary Table 10e). We also found a positive
association between the mesenchymal subgroups of both classifications and the GPM
subgroup, suggesting that mesenchymal identity and GPM activity are inseparable features
in GBM. Proneural and proliferative, and proneural and classical, subtypes of the two
classifications incorporated similar fractions of NEU and PPR, respectively. NEU and PPR
were mostly excluded from the mesenchymal groups. In contrast to the pathway-based
classifier, neither classification captured differences in survival in the TCGA IDH wild-type
GBM cohorts (Extended Data Fig. 6g—j).

To determine whether the transcriptomic state of tumor cells affects the extent and/or
composition of the tumor microenvironment (TME), we inferred the fraction of stromal/
immune cells and consequently tumor cell purity by applying ABSOLUTE2, GPM GBM
had the lowest tumor purity followed, in increasing order, by NEU, MTC and PPR
(Extended Data Fig. 7a). Next, we used sScCRNA-seq data to characterize the cellular
components of the TME in each GBM subtypel3-15. GPM was marginally associated with
macrophage and neutrophil infiltration, while the PPR subtype was associated with the
presence of oligodendrocytes (Extended Data Fig. 7b). To determine whether tumors
exhibiting high glycolytic or OXPHOS activity differ in the extent of infiltration of
macrophages and microglia, the predominant nonmalignant cells in the glioma TME7:16, we
scored myeloid cells for the relative expression of macrophage- and microglia-specific genes
in four samples from dataset 1, two containing >75% GPM tumor cells (S4_D1 and
S12_D1) and two predominantly composed of MTC tumor cells (S1_D1 and S5_D1;
Extended Data Fig. 7c and Supplementary Table 5). Consistent with previous findings’16,
the two cell types presented a continuum distribution. However, macrophage-like cells were
mainly restricted to the GPM TME whereas the less abundant MTC TME was enriched in
microglia-like cells.

Finally, to rationalize the biological variations imposed by tumor progression, we examined
61 matched primary and recurrent GBM17 (Supplementary Table 11a). The evolutionary
trajectory of recurrent GBM was marked by a reduction in PPR (from 39 to 21%) and gain
of NEU states (from 15 to 29.5%; Fig. 3f). Moreover, recurrent NEU GBMs had a
significantly higher neuronal NES than primary NEU (3.59 + 1.74 and 1.80 + 1.15 in
recurrent and primary tumors, respectively; 2= 0.005, two-sided MWW test; Supplementary
Table 11b) and a stronger enrichment in synaptic activities (1.60 + 0.39 and 1.42 £+ 0.36 in
recurrent and primary tumors, respectively; 2= 0.00005, two-sided MWW test;
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Supplementary Table 11c), implicating glioma cells with features of advanced neuronal
differentiation in tumor progression.

Biologically coordinated multiomics features are associated with GBM
subgroups

To establish the genomic alterations that drive each GBM subtype, we selected copy number
variations (CNVs) that impact gene expression in cis (functional CNV, CNV;
Supplementary Note) and somatic pathogenic single-nucleotide variations (SNVs)18 and
integrated fCNVs and SNVs. The analysis of association between genetic alterations of
established GBM driver genes and the four subtypes showed that the GPM subgroup was
enriched in deletions and mutations of PTEN, RB1 and NF1, and amplification of MDM4
(Extended Data Fig. 7d). Mutations of NRAS were exclusive of the MTC subgroup, and
amplifications of CDK4/MDMZ2were more frequent in this subgroup. ATRXand TET1
mutations were associated with the NEU subtype. Finally, the PPR subtype was associated
with amplifications and mutations of PDGFRA and EZHZ2. Amplification and mutations of
EGFR were more frequent in subtypes MTC and PPR.

Beside GBM drivers, each subtype harbored a specific repertoire of LNVs and SNV,
largely composed of alterations of biologically coherent genes (Fig. 4a and Supplementary
Table 12). Besides TN gain of the stem/progenitor cell drivers PDGFRA and EZH?Z, the
PPR group was enriched in amplification of activators of cell cycle and mitotic progression
(PCNA, SKP2, AURKA and PLKH4). Conversely, the NEU subtype was enriched in 1CN
gain of genes involved in either neuronal cell fate (MEURODS) or coding for
neurotransmitter receptors (GABRRZ2and HTR5A). It also harbored TN loss of genes that
normally function in the prevention of neuronal differentiation (HES2and PAX7). GPM and
MTC subgroups exhibited enrichment in biologically antagonistic genetic alterations (Fig.
4a,b). Thus, GPM GBM harbored fCN gain of genes implicated in glycolysis and
carbohydrate metabolism, lipid storage and metabolism and amino acid and reactive oxygen
species (ROS) metabolism, and of genes in the hypoxia response pathway, while genes
associated with similar metabolic activities were selected as CN loss in the MTC subtype.
In contrast, fCN gain in MTC GBM was enriched in OXPHOS and mitochondrial functions,
but genes in these categories harbored fCN loss in GPM GBM (Fig. 4b). Some of the genes
harboring recurrent and divergent genetic alterations in the GPM and MTC subgroups are
candidate drivers of the respective metabolic phenotypes. Notable examples include
NAMPT and HGF (fCN gain), TFAM (fCN loss) and PPARGCI1A (fCN loss and mutation)
in GPM GBM; and SDHB, NDUFAZ, NDUFA5, UQCRFSI1 (fCN gain), ENO1, H6PD,
SLCI16A3IMCT4, XBP1 (fCN loss) and PFKP (CN loss and mutation) in mitochondrial
GBM (Fig. 4a). The contrasting biology of the GPM and MTC states emerged also from a
focused analysis of MTC and GPM subgroups, showing that maximal activity of MTC
signature was associated with mimimal GPM signature activity (Spearman correlation p =
-0.6, P= 2.2 x 10716; Fig. 4c and Supplementary Table 13a), reciprocal 7CN gain of
mitochondrial and 7CN loss of glycolytic genes (Fig. 4c and Supplementary Table 13b) and
better clinical outcome (Fig. 4c). Conversely, the maximal activity of genetic GPM signature
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was associated with mimimal MTC signature activity, reciprocal fCN gain of GPM and CN
loss of MTC genes and shortest survival (Fig. 4c).

To determine the impact of DNA methylation, we analyzed TCGA GBM samples profiled
with the 450k DNA methylation array. The four GBM subtypes were associated with distinct
DNA methylation clusters exhibiting differential methylation of regulatory promoter
sequences (Extended Data Fig. 8a and Supplementary Table 14a) and subgroup-specific
DNA hypermethylation and transcriptional repression in promoters of genes linked to the
functional activity of the groups (Fig. 4d and Supplementary Table 14b).

We also identified subgroup-specific miRNAs (Extended Data Fig. 8b and Supplementary
Table 14c) and functional miRNA targets (Spearman, o < 0 and < 0.05; Supplementary
Table 14d). MTC GBM exhibited activation of the miR-30 family of miRNAs
(miR-30a-5p/3p and miR-30e-3p), which inhibit glycolysis, the Warburg effect and
lipogenesis and promote mitochondrial respiration (Fig. 4e)1%-21, Conversely, the GPM
subtype overexpressed miR-210 and miR-21 and downregulated their target genes (Fig. 4f),
promoting stress adaptation and suppression of mitochondrial respiration?2:23 and inhibiting
p53 and mitochondrial apoptosis tumor suppressor pathways24, respectively. miR-17-3p and
miR-17-5p emerged as regulators of the PPR subtype supporting stemness and cell
proliferation by suppression of PTEN and p21 (ref. 2%), whereas miR-137, a brain-enriched
miRNA with critical functions in neural development and differentiation28, was activated in
the NEU subtype (Extended Data Fig. 8c,d).

Finally, we explored the reverse-phase protein array (RPPA) platform of TCGA GBM
(Supplementary Table 14e). The transcription factor proteins XBP1 (ref. 27) and TAZ28,
which enhance glycolysis and metabolism of glutamine and lipids, were highly expressed in
GPM GBM (Extended Data Fig. 8e); BAX2?, master regulator (MR) of mitochondrial-
mediated apoptosis, accumulated in MTC (Extended Data Fig. 8f); KIT3?, a receptor with
essential functions in neurogenesis, in NEU (Extended Data Fig. 8g); cyclin B1 (ref. 31)
(CCNB1), the key cyclin regulator of mitosis, and FOXM1 (ref. 32), driver of stemness of
neural and glioma stem cells, in the PPR subtype (Extended Data Fig. 8h).

Metabolic GBM subtypes have divergent mitochondrial, glucose, glutamine

and lipid metabolism

We asked whether the classification of single cells and primary GBM could also be applied
to a cohort of patient-derived cellular (PDC) models of GBM. By using a random forest
machine learning classifier33, PDCs partitioned into four groups, each exhibiting enrichment
of the corresponding GBM subgroup signature (Extended Data Fig. 9a and Supplementary
Table 15a—c), coherent pathway activation (Extended Data Fig. 9a) and expression of
specific marker genes (Extended Data Fig. 9a). We used MTC and GPM GBM PDCs to
experimentally test the metabolic state of these cells using multiple metabolic metrics. MTC
PDCs exhibited higher basal, ATP-linked and maximal oxygen consumption rate (OCR)
compared with GPM PDCs (Fig. 5a and Extended Data Fig. 9b). Conversely, basal
glycolysis, as indicated by the extracellular acidification rate (ECAR) after glucose addition,
was 2.5-fold higher in GPM than in MTC PDCs (Fig. 5b and Extended Data Fig. 9¢).
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Consequently, MTC PDCs had an OCR/ECAR ratio >3.5-fold higher compared to GPM
PDCs (Fig. 5¢). GPM PDCs had a sixfold higher rate of glucose uptake and tenfold higher
production of lactate than MTC (£~ = 0.0028 for glucose uptake, 2= 0.0020 for lactate
production; Fig. 5d,e). Glutamine is one of the most important nutrients utilized by cancer
cells in the supply of carbon and reduction of nitrogen for biosynthetic reactions and redox
homeostasis34, and expression of the major glutamine membrane transporter SLCIA5 was
higher in primary GBM and PDC GPM than in MTC (Extended Data Fig. 9d.e).
Accordingly, estimation of glutamine consumption was higher in GPM than MTC PDCs
(5.3-fold, A= 0.000002; Fig. 5f).

Among the most prominent set of interconnected metabolic pathways activated in GPM
GBM cells and tumors were lipid metabolic activities, especially lipid synthesis and storage
(Fig. 59 and Supplementary Table 15d). In cancer cells, lipid synthesis and storage in lipid
droplets that primarily contain triacylglycerides promote survival and growth under adverse
conditions3®. Thus, we visualized lipid droplets in GPM and MTC PDCs using the lipophilic
fluorescent dye BODIPY38 (Fig. 5h) and measured triacylglycerides using a bioluminescent
assay (Fig. 5i). Both assays detected much higher triacylglyceride content in GPM than in
MTC cells (5.4-fold difference, 2= 0.0032; Fig. 5i).

SLC45A1 glucose-proton symporter on chromosome 1p36.23 has tumor

suppressor activity in MTC GBM

In addition to the wide spectrum of biologically coordinated genetic alterations driving
GBM subtypes, GISTIC2 (ref. 37) analysis performed to identify focal CNVs associated
with each subtype revealed that MTC GBM harbored recurrent deletions of chromosome
1p36.23 (Extended Data Fig. 10a and Supplementary Table 16a—d). Chromosome 1p36.23
was also the top-ranking homozygous deletion, including genes with TNV specifically
associated with MTC compared with the other GBM subtypes (Fig. 6a and Supplementary
Table 16e). The chromosome 1p36.23 locus harbors several genes with known functions in
glucose metabolism (ENO1, CA6, SLC2A5 GLUT5 and SLC2A71GLUT?7) among which
the passenger deletion of ENOI coding for the alpha-enolase glycolytic enzyme was found
to generate therapeutic vulnerability in GBM38. To identify tumor suppressor genes driving
1p36.23 deletion in MTC GBM, we scored genes included in the 1p36.23-deleted region of
MTC GBM with ComFocal, an algorithm that integrates recurrence with focality (Fig. 6b
and Supplementary Table 16f)39 and applied UNCOVER, a computational tool for the
identification of genetic alterations associated with cancer phenotypes* to the MTC profile
of primary GBM (Extended Data Fig. 10b). We also used Fisher’s exact test to globally
score those genes harboring functional homozygous deletions associated with MTC GBM
(Extended Data Fig. 10c and Supplementary Table 16g). The three approaches
independently identified SLC45A1 as the top-ranking gene focally and functionally deleted
in 1p36.23 in the MTC subtype. Consistently, the minimal 1p36.23 deletion in glioma cell
line H502 (ref. 1) encompassed SLC45A1 but did not affect ENOZ (Fig. 6¢).

To determine the mutation landscape of SLC45A1-deleted tumors, we integrated genomic
data of untreated IDH wild-type GBM from TCGA and GLASS*? and obtained a dataset of
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725 tumors, 20 of which harbored homozygous deletion of SLC45A1. We compared the
frequency of CNVs and SNVs in GBM driver genes in SLC45A1-deleted with that of
SLC45A1 wild-type GBM and found that EGFR, CDKNZA, PTEN, PIK3CA and LZTR1
were more frequently altered in tumors with SLC45A1 deletions, TP53, CDK4, ATRX,
PIK3C2B, KIT, RB1 and PDGFRA were targeted less frequently in SLC45A1-deleted GBM
whereas NF1and MDM? alterations occurred at similar frequency in both groups (Extended
Data Fig. 10d). We also tracked the timing of SLC45A1 deletion in GBM evolution by
determining the cancer cell fraction (CCF) in GBM harboring homozygous deletions of
SLC45A1. SI. C45A1 deletions were classified as clonal in each of the 20 tumors analyzed,
thus indicating that loss of SLC45A1 is an early event in GBM evolution (Extended Data
Fig. 10e). Matched recurrent samples were available from eight of the 20 SLC45A1-deleted
GBM, and deletions of SLC45A1 were retained at recurrence (Supplementary Table 16h).
To trace the evolutionary trajectory of SLC45A1-deleted GBM and determine the modules
of genetic alteration associated with initiation and recurrence, we explored patient
evolutionary trees and three-dimensional representation of alterations*3. We confirmed that
SLC45A1 deletions are truncal and that the truncal module of SLC45A1-deleted GBM
included EGFR amplification and alterations of CDKNZA, PTEN, PIK3CA and LZTR1.
The genetic alterations that were progressively more specific for recurrent tumors included
TP53, TEK, EGFR mutations, NF1, LRPI, ATRand P/IK3CZB (Fig. 6d and Extended Data
Fig. 10f).

SL.C45A1 encodes for a glucose-proton (H*) symporter that is specifically expressed in the
central nervous system and transfers glucose and protons into the intracellular space*. Loss-
of-function mutations of SLC45A1 lead to a disorder characterized by neurodevelopmental
disability due to impaired glucose transport#°. In cancer cells, the coupled intracellular
proton-glucose transfer by SLC45A1 is predicted to counter the characteristic reversed pH
gradient effected by multiple mechanisms of proton efflux that maintain an alkaline
cytoplasmic pH46. Most of the genes encoding for ion pumps and transporters that facilitate
proton extrusion from cancer cells (for example, SLC9A1, SLC16AIIMCTIand SLC16A3
MCT4and CA9) are downregulated in MTC glioma cells and tumors whereas they are
highly expressed in the GPM group (Fig. 6e and Supplementary Table 8c). Consistent with
this finding, intracellular pH (pHi) was lower in MTC than in GPM PDCs (MTC: pH 7.15,
confidence interval (Cl) = 7.0-7.3; GPM: pH 8.17, CI = 8.0-8.3; £=0.000004; Fig. 7a). We
speculated that, with an already acidic intracellular environment, MTC GBM may not
tolerate further decrease in pHi as result of the constant symporter activity of SLC45A1.
Indeed, lentivirus-mediated re-expression of SLC45A1 in H502 cells (Fig. 7b) decreased
pHi below 7.0 (Fig. 7c¢) and markedly impaired cell proliferation in colony-forming assays
and growth kinetics (Fig. 7d,e). Conversely, expression of SLC45A1 in U87 cells, which
harbor an intact SLC45A1 locus (Fig. 6¢), lacked discernible effects on either pHi or cell
growth (Fig. 7b—e). Next, we reintroduced SLC45A1 in MTC PDC-002 and -064, which
harbor homozygous deletion of SL.C45A1 (Extended Data Fig. 10g,h), and GPM PDC-078
lacking SLC45A1 alterations, and observed strong inhibition of gliomasphere formation in
PDC-002 and —064 but no effect in PDC-078 (Fig. 7f,g). Finally, we asked whether ectopic
expression of the SLC9AL1 proton extruder in PDC-002 would mitigate the negative effect on
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cell fitness caused by SLC45A1, and found that coexpression of SLC9AL rescued self-
renewal (Fig. 7h,i).

MTC GBM exhibits unique vulnerability to OXPHOS inhibition, increased
sensitivity to radiotherapy and higher intracellular ROS

The finding that subtypes MTC and GPM GBM harbor reciprocal deletions and exhibit
divergent metabolism suggested that the two metabolic GBM subgroups might harbor
distinct therapeutic vulnerabilities. At variance with the metabolic redundancy of the GPM
subtype, the exclusive reliance of MTC GBM upon OXPHOS for energy production
suggested that a specific vulnerability might exist in this subtype. Therefore, we tested the
sensitivity of 13 MTC and ten GPM PDCs to compounds that interfere with OXPHOS and
mitochondrial metabolism. We used two inhibitors of mitochondrial complex I, metformin
and IACS-010759, that decrease OXPHOS*7:48; tigecycline, inhibitor of mitochondrial
protein translation4?; and menadione, inducer of mitochondrial ROS and apoptosis®C.
Mitochondrial inhibitors reduced the viability of MTC PDCs, albeit with variable potency
and sensitivity in different PDCs (Fig. 8a—d). Conversely, GPM PDCs were resistant to all
four compounds (Fig. 8a—d). A sensitivity score that integrated the activity of the four
mitochondrial inhibitors not only separated MTC PDCs (responders) from GPM PDCs
(nonresponders; Fig. 8e and Supplementary Table 17) but also indicated that higher
sensitivity positively correlated with MTC transcriptional activity and negatively with GPM
activity (Fig. 8e). Furthermore, the complementary fCN gains and losses of MTC and GPM
gene sets robustly correlated with mitochondrial inhibitor sensitivity score (Fig. 8e).
Treatment of GBM PDCs with inhibitors of glycolysis (DEAB and FX-11)°1 had no effect
regardless of the metabolic class of PDC (Fig. 8f,g). This finding indicates that activation of
multiple metabolic pathways in GPM GBM probably creates a metabolic redundancy that
generates tolerance to inhibition of glycolysis.

To provide independent validation of the sensitivity of MTC GBM organoids to inhibitors of
mitochondrial metabolism, we interrogated the effects of silencing PGCla (PPARGCI1A), a
MR of mitochondrial biogenesis and metabolism®2. Interestingly, PGCla scored as MTC
GBM-specific MR from the differential analysis of MRs distinctly connected with the
biological functions activated in each single-cell and bulk GBM subgroup (Fig. 8h and
Supplementary Table 18). Silencing of PGCIa with two nonoverlapping ShRNA
lentiviruses* was incompatible with self-renewal and growth of MTC GBM, but had only
minimal effects in GPM PDCs (Fig. 8i), supporting the notion that mitochondrial
metabolism is essential for the survival and growth of MTC GBM.

Because mitochondria, rather than the nucleus, are the primary organelle determining the
effects of radiotherapy in cancer cells®3, we compared the sensitivity of MTC and GPM
PDCs to radiotherapy, the standard of care for patients with GBM. MTC cells exhibited
significantly higher sensitivity to radiotherapy treatment than GPM GBM (P = 0.0022; Fig.
8j). These findings provide a clue to the better survival of patients with MTC GBM.
Production of ROS by mitochondria is the primary source of oxidative stress induced by
ionizing radiation®*. Accordingly, intracellular ROS were, on average, twofold higher in

Nat Cancer. Author manuscript; available in PMC 2021 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garofano et al. Page 12

MTC than in GPM PDCs (P = 0.00006; Fig. 8k), illuminating the probable mechanism
responsible for the higher sensitivity of MTC GBM cells to oxidative stressors.

Discussion

In this study, we present a transcriptional classification of IDH wild-type GBM based on the
core biological functions denoting the identity of single glioma cells. A reproducible single-
cell and bulk tumor typing was obtained when analyzing multiple datasets using a
computational approach devised to measure pathway activities rather than gene signatures
and supported by multiomics analyses. The pathway-based classifier segregated single
glioma cells and primary GBM into four subtypes characterized by attributes of either
development (NEU and PPR) or metabolism (MTC and GPM). With the inclusion of three
separate sSCRNA-seq datasets, the computational approach was designed to overcome the
challenges of batch integration by analysis of each tumor independently while combining
downstream pathway measures. Nevertheless, the integrated analysis of ScRNA-seq data
obtained with different methods (droplet-based and full-length sequencing) remains a
difficult task. Furthermore, as our approach focused primarily on glioma-cell-intrinsic
biological states, future work will be required to explore in depth the heterogeneity within
myeloid and other nontumor cell populations associated with each GBM subtype.

The pathway-based classification presented here introduces metabolism-associated GBM
subtypes with prognostic and therapeutic implications for the MTC subgroup. It also adds an
in-depth knowledge of the dynamics of neural cells within the neurodevelopmental axis of
GBM. In this context, the PPR subgroup was enriched in tumor cells exhibiting neural
progenitor features that coexist with the active cell cycle. Conversely, cells in the NEU
subgroup expressed markers of neurons at various stages of maturation. Compared to
previously established GBM classifiers®11, the discrimination of PPR and NEU groups
paints a map of functions in GBM that recapitulate the transcriptional programs active at
different stages of neurogenesis in the normal brain, from TBR1-positive newly born to
differentiated neurons establishing synaptic connectivity®55. In contrast to a dynamic
developmental core, the metabolic axis of GBM comprises two diverging metabolic states
(MTC and GPM), sustained by opposing transcriptomic programs and genetic alterations
generating a distinct metabolic dependency. Whereas the GPM subtype exhibited partial
overlap with mesenchymal GBM, the MTC subtype defines a previously unknown glioma
state that conveys prognostic and therapeutic information and is distributed orthogonally
across the known subtypes. The hallmark features of two unique groups in the pathway-
based classifier, subtypes PPR and MTC, can be generally distinguished by computational
and metabolic analysis, respectively. For example, machine learning approaches were able to
extract stem/progenitor cell indices from pan-cancer transcriptomes®8. Conversely, in vivo
metabolic studies have been used to identify functional mitochondrial heterogeneity within
subtypes of lung cancer and it was proposed that these assays might also capture cancer
metabolic vulnerabilities®’.

The classic concept that oncogenic and tumor suppression functions are mainly executed by
genes targeted by focal CNVs has recently been challenged by observations documenting
much broader cancer-promoting activities by CNVs associated with gene expression
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changes in ¢/s®8-60, By identifying congruent genetic alterations in each GBM subgroup,
with TNVs and SNVs targeting genes directly effecting a distinct subgroup phenotype, our
work expands the definition of driver genes that in GBM have primarily been restricted to
focal alterations. We also identified deletion of chromosome 1p36.23 as a genetic alteration
distinctly associated with MTC GBM. The analysis of focality and experimental follow-up
implicated the proton-glucose symporter SLC45A1 in a previously unknown mechanism of
tumor suppression specific for the MTC state. We propose that activation of multiple proton
extruders in GPM cells maintains an alkaline pHi that reinforces glycolysis and confers
resistance to apoptotic signals. Conversely, a lower basal pHi renders MTC cells highly
sensitive to further pH reduction. In this scenario, deletion of the proton-glucose symporter
SLC45A1 is a necessary step to prevent unsustainable intracellular acidification.

The contrasting GPM and MTC subgroups of GBM are associated not only with gain-of-
function alterations in genes promoting each particular metabolic state, but also with
deletions and mutational inactivation of genes that implement the opposite phenotype. These
findings offered unexpected opportunities for synthetic lethal therapeutics in MTC GBM.
The obligate mitochondrial activity of MTC GBM boosted intracellular ROS, thus
contributing to explaining the higher sensitivity of MTC PDCs to irradiation and the better
clinical outcome in patients with MTC GBM. Conversely, the broad resistance of the GPM
GBM subtype to multiple treatment types underpins the protective redundancy of metabolic
activaties in these tumors. Prominent among these, lipid biosynthesis and storage in lipid
droplets represent a recognized protective mechanism in cancer cells3®.

The reciprocal MTC/GPM activity score captured the divergent biology of these GBM
subtypes and predicted the therapeutic response of MTC PDCs to OXPHOS inhibition. The
MTC/GPM activity score may be of general significance in multiple tumor types, and will
be incorporated into new clinical studies testing the effect of OXPHOS inhibitors in patients
with GBM.

scRNA-seq datasets and sequencing.

Single-cell gene expression profiles were collected from three datasets of primary human
high-grade IDH wild-type glioma for a total of 36 tumors (Supplementary Table 1). The first
dataset consists of nine grade IV gliomas (eight GBM and one gliosarcoma) and includes
multisector biopsies obtained by precision navigator surgery®. The second dataset includes
seven gliomas (six GBM and one grade 111 IDH wild-type glioma), four of which have
previously been reported’, plus three specimens not previously reported (PJ053, PJ069 and
PW032.706). The third dataset includes 20 adult IDH wild-type GBM specimens?. Single-
cell RNA-seq libraries in dataset 1 were constructed following the single-cell tagged reverse
transcription-seq protocol with minor modifications as previously described81-62, Dataset 2
included GBM specimens dissociated and applied to an automated, microwell-based
platform for scRNA-seq library construction’. Dataset 3 has been processed using Smart-
Seq2 whole-transcriptome amplification, library construction and sequencing®. Raw
sequencing reads of single cells were obtained from pooled library data by cell-specific
barcodes. Sequences containing poly-A tails, sequencing adapters or low-quality bases (/7
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bases >10%) were removed. Clean data were aligned to the GRCh38 human reference
genome with STAR (v.2.0.5)83. PCR redundant reads were eliminated by unique molecular
identifier sequences, and the number of unique mapped reads on each gene was calculated
with htseg-count84.

scRNA-seq data processing and quality control.

Quality control methods are described in the Supplementary Note accompanying the
manuscript. The final expression matrices include 4,227 cells (2,799 of which were
malignant) for dataset 1, 10,315 (9,652 of which were malignant) for dataset 2 and 5,742
(4,916 of which were malignant) for dataset 3. A multistep approach to distinguish tumor
from nontumor cells was applied (Supplementary Note).

Computational pipeline.

Methods for the definition of single-sample pathway activity, scBiPaD, characterization of
the biological states of single-cell subpopulations with single-cell gene metasignature, and
subtype classification multiomics analyses of primary GBM are included in the
Supplementary Note, along with analyses of PDCs.

Impact of GBM functional subclasses on clinical outcome.

Overall survival was calculated from the day of surgery to either the day of death or the end
of follow-up. Kaplan—Meier survival curves were compared using the log-rank test. Cox’s
proportional hazards models were generated using the normalized enrichment score (NES;
Supplementary Note) of each subtype as independent predictor. Cox’s proportional hazards
regression analysis was performed, including clinical and molecular covariates (age at
diagnosis, gender, MGMT methylation status and functional GBM subtypes) individually or
in combination.

The association between functional groups and the clinical and molecular characteristics of
GBM was performed using the ;(2 test for binary covariates (gender, Karnofsky performance
score, MGMT promoter status) and Kruskal-Wallis AH-test with post hoc correction by
Nemenyi’s test for multiple subtype comparison of continuous variables (age and mutation
count).

Validation datasets.

We used tumor samples from three independent GBM cohorts and assigned each tumor to a
distinct subtype on the basis of the highest significant score according to sSMWW-GST:
logit(NES) > 0.58 and FDR < 0.01.

The first dataset consisted of 146 primary TCGA GBM IDH wild-type profiled by RNA-seq,
of which 145 were available with survival data. Data were downloaded using the
TCGADbiolinks R/Bioconductor package8®. We applied GC content correction to the raw data
for the within-normalization step and upper quantile for the between phase, according to a
previously described pipeline®8. Out of 146 classified samples, 125 were also profiled with
Agilent chip G4502A and this cohort was used in the cross-validation. A total of 86% of
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tumors received the same subtype across different platforms (for concordance, the union of
unclassified samples in both platforms has been excluded from the total number considered).

The second dataset comprised 183 IDH wild-type GBM from the Chinese Glioma Genome
Atlas (CGGA) cohort profiled by RNA-seq, of which 175 had survival data available®’. Data
were extracted from two batches of 325 and 693 gliomas of varying grade and histology, and
corrected for batch effect using the COMBAT algorithm®8.

The third dataset included 219 GBM with available survival information (GEO: GSE13041)
profiled with three different Affymetrix platforms (U133A, U133 Plus 2.0 and U95 v.2)%°.
Probe intensities were converted to gene symbols, retaining only those genes covered by all
platforms. Batch effects were corrected using the COMBAT algorithm while survival
differences were assessed using the log-rank test.

Finally, we validated the 192 pathways associated with survival in the combined single-cell
datasets by building the individual tumor consensus clustering with the NES of 192 survival-
associated pathways. This analysis produced 103 subpopulations that clustered in K=4
groups according to the Calinski—Harabasz criterion. Cluster assignment was confirmed by
independent analysis of each single-cell dataset (~94% concordance). Moreover, single-cell
classification using a metasignature derived from the new subpopulation clusters revealed an
overall concordance of subtype classification between the 5,032 and 192 pathway analyses
of 91% for dataset 1, 93% for dataset 2 and 91% for dataset 3.

Analysis of the tumor microenvironment in GBM subclasses.

Tumor purity of bulk GBM was evaluated using the ABSOLUTE inference method?2.
Nontumor cells from single-cell cohorts were classified by sSMWW-GST using a collection
of gene signatures of immune and stromal cells assembled from published reports3.7:13.70.71,
The association between nontumor cell types and functional GBM cell states was evaluated
using Spearman’s correlation. Enrichment of microglia or macrophages in the
microenvironment of GPM and MTC tumors was tested in four GBM from dataset 1, two
containing >75% GPM tumor cells (S4_D1 and S12_D1) and two comprising >75% MTC
tumor cells (S1_D1 and S5_D1). For each individual myeloid cell, we defined a score
calculating the difference in the expression mean of macrophage- and microglia-specific
genes: S= Limacrophage — Mmicroglia- TO highlight the macrophage- and microglia-specific
genes whose differential expression mainly distinguished the two subpopulations, we
correlated the expression of each gene with the score Sacross all cells. We selected and
represented in the heatmap 25 genes with the highest (macrophage gene set) and the lowest
(microglia gene set) correlation.

Assembly of transcriptional interactomes and MR analysis.

To identify MRs of gene expression signatures activated in the four GBM subtypes, a
context-specific transcriptional network from the Agilent gene expression profiles of 534
IDH wild-type GBM was assembled using the RGBM algorithm’2. As input for the
construction of the transcriptional network, a list of putative transcription regulators/factors
(TFs) was derived from the Human Transcription Factors website including 2,765
proteins’3, a transcription factor list previously published’#, genes from the Ingenuity
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Pathways Knowledge Base and a list of known TFs from the TRANSFAC database’®. The
list of putative TFs was further manually revisited, retaining those for which scientific
evidence demonstrated their role as regulators of transcription. The list includes a total of
2,360 TFs expressed in the TCGA GBM IDH wild-type dataset. The transcriptional
interactome comprised 210,468 (median regulon size, 147) interactions between 1,450 TFs
(with at least 15 target genes) and 16,613 target genes. TF activity enrichment in each
individual tumor or cell was computed by ssMWW-GST, as described in the Supplementary
Note. We independently derived candidate MRs from the GBM TCGA cohort and the three
single-cell datasets, and retained as significant (two-sided MWW-GST, FDR < 0.01,
logit(NES) > 0.58; and two-sided MWW test for differential activity, FDR < 0.01) only
those MRs consistently activated in tumors and at least two single-cell datasets.

Plasmids, cloning and lentivirus production.

Complementary DNASs for SL.C45A1 and SLC9A1 were amplified by PCR and cloned into
vectors pLVX and PLX, respectively, in-frame with the tag FLAG or V5. Lentivirus was
produced by cotransfection of the lentiviral vectors with plasmids pCMV-AR8.1 and pCMV-
MD2.G into HEK293T cells, as previously described!?. Lentiviral vectors used for silencing
of PRPARGCI1A were previously published® and include the following sequences:

ShPPARGC1A-Hs-1:
GCAGAGTATGACGATGGTATTCTCGAGAATACCATCGTCATACTCTGC
ShPPARGC1A-Hs-2: CCGTTATACCTGTGATGCTTTCTCGAGA
AAGCATCACAGGTATAACGG.

Genomic DNA PCR.

Cell culture.

Genomic DNA from glioma cell lines and PDCs was assayed by semiquantitative PCR.
Primer sequences are:

SLC45A1: Fw 5'-AGGTCCCCATGGGATTGAGT-3’; Rv
5 - GCACAATTGACAGCTGGGTC-3’

ENOZ: Fw 5'-TCACCTGTTGGCTACACAGAC-3’; Rv
5 -CTTGGTGGAAAGTGAGGCGAG-3".

The human cell lines used were U87 (ATCC HTB-14), HEK293T (ATCC CRL-11268),
H502 and H423 (ref. 41). Cells were cultured as previously described!?.

Patient-derived cells were obtained using excess material collected for clinical purposes
from deidentified brain tumor specimens. Donors (patients diagnosed with GBM) were
anonymous. Work with these materials was designated as Institute for Research in
Biomedicine (IRB) exempt under paragraph 4, and is covered under IRB protocol (no. IRB-
AAAI7305) and Onconeurotek tumor bank certification (no. NF S96 900), and by
authorization from the appropriate ethics committee (CPP lle de France VI, ref. A391l) and
the French Ministry for research (no. AC 2013-1962). PDCs were cultured and transduced,
and gliomasphere assay was performed as described!4:76.

Nat Cancer. Author manuscript; available in PMC 2021 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garofano et al.

Page 17

Cell growth assay.—Time course analysis of the cellular growth of H502 and U87 cells
expressing SLC45A1 or the empty vector was performed by plating 1,000 cells per well in
DMEM in six-well plates containing 10% fetal bovine serum. Viable cells were counted
daily. Data are mean = s.d. of four replicates, and experiments were repeated twice. For
clonogenic assay, 1,000 cells were plated in 60-mm? dishes. Cells were fixed in methanol
and stained with crystal violet 2 weeks later. Photographs of one experiment performed in
duplicate are presented. Experiments were repeated twice.

Quantification of pHi.

Cells were plated at a density of 40,000-80,000 per 130 pl of medium (four replicates) on
opaque black 96-well plates. After 24-48 h, cells were stained using pHrodo Green AM
Intracellular pH Indicator (Invitrogen, no. P35373) for 30 min at 37 °C. Cells were washed
with Fluoro Brite medium (Gibco, no. A18967-01) and immediately assayed using a
multiplate fluorescence reader (VICTOR NIVO, Perkin Elmer) at 509-533-nm wavelength.
pH calibration was obtained using the Intracellular pH Calibration Buffer Kit pH 4.5, pH
5.5, pH 6.5 and pH 7.5 (Invitrogen, no. P35379).

Metabolic assays.

Measurement of OCR and extracellular acidification.—The extracellular flux
changes of oxygen and protons were measured using the XF96 Extracellular Flux Analyzer
(Agilent) as previously described4.

Basal glycolysis indicates a normalized value of extracellular acidification, rate 4-8 (after
glucose injection). Data are mean * s.d. from at least seven replicates in six MTC and six
GPM PDCs, each derived from an independent patient. Experiments were performed twice.

Intracellular glucose uptake, extracellular lactate concentration, glutamine
consumption, triacylgliceride accumulation, lipid droplet visualization and
ROS quantification.—Measurement of the rate of glucose uptake, lactate secretion,
glutamine consumption and triacylgliceride accumulation was performed using Glucose
Uptake-Glo Assay (PROMEGA, no. J1342), Lactate-Glo Assay (PROMEGA, no. J5022),
Glutamine/Glutamate-Glo Assay (PROMEGA, no. J5022) and Triglyceride-Glo Assay
(PROMEGA, no. J3161), respectively, according to the manufacturer’s instructions. Briefly,
cells were plated at a density of 7,000 per 130 pl (three replicates) of medium containing 8
mM glucose and 2 mM glutamine in opaque white 96-well plates. Glucose uptake and
lactate secretion were assayed 24 h after plating, while glutamine was measured at 36 h and
triacylglicerides at 96 h. Luminescence was recorded at 0.3-s integration on a GloMax
instrument. Data are mean = s.d. of triplicate observations from seven MTC and seven GPM
PDCs from one representative experiment for glucose uptake, lactate secretion and
triacylgliceride accumulation assays; and from two independent experiments for glutamine
consumption.

Quantification of ROS was performed using ROS-Glo Assay (PROMEGA, no. G8821)
according to the manufacturer’s instructions. Briefly, cells were plated at a density of 7,000
per 80 pl (three replicates) and assayed 48 h later. Luminescence was recorded at 0.3-s
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integration on a GloMax instrument. Data are expressed as mean relative light units (RLU) £
s.d. of triplicate observations from seven MTC and seven GPM PDCs from one
representative experiment.

For visualization of lipid droplets in GBM PDCs, 30,000 cells were plated on laminin-
coated glass coverslips; 96 h later, cells were washed with PBS and fixed in 3%
paraformaldehyde for 15 min at room temperature. After two washes with PBS and
quenching in 50 mM glycine, cells were stained with Bodipy 493/503 (Molecular Probes,
no. D3922) at a concentration of 2 ug mI~1 for 30 min at room temperature. Coverslips were
washed three times with PBS, counterstained with DAPI (Sigma) and mounted in Aqua
Poly/Mount (Polysciences). Images were acquired under a x60/0.9 numerical aperture
objective Olympus 1 x 70 microscope equipped with a digital camera.

Compound treatment of PDCs.

Cells were cultured in DMEM/F12 medium supplemented with N-2, B-27, EGF and FGF.
Cells were plated in 130 pl of medium in opaque white 96-well plates. Twenty-four hours
later, cells were treated for 72 h with two- to threefold serial dilutions of selected
compounds (Fig. 8) in six replicates. Viability was determined using CellTiterGlo assay
reagent (Promega, no. G7570) and the GloMax-Multi+ Microplate Multimode Reader
(Promega).

Mitochondrial inhibitor sensitivity score.

Patient-derived cells were treated with mitochondrial inhibitors (IACS-010759, metformin,
tigecycline or menadione). The integrated score representative of the combined effect of the
four drugs was obtained using the area under the curve (AUC) of dose-response for each
individual drug. The mitochondrial sensitivity score (MSS) was defined as

4
1 AUC,J
MSS; =
e ; max l—AUC )

where 7 (/= 1,...,/7) represents the th cell line, j(j=1,...,4) represents the jth drug and the

+ represents the normalized sensitivity score of the th cell line to the th

drug such that the most responsive cell line for that drug was assigned a value of 100%.

Irradiation treatment of GBM PDCs.

Patient-derived cells were plated in 96-well plates 24 h before radiation treatment. Cells
were exposed to various irradiation doses (2, 4 and 8 Gy at 1.0 Gy min~1) from a 137Cs
source (GammacCell 40 irradiator, Teratronics). Mock-irradiated cells were cultured in
parallel. Viability was determined 96 h later using CellTiterGlo assay reagent (Promega, no.
G7570) and the GloMax-Multi+ Microplate Multimode Reader (Promega). Data are
expressed as mean + s.d. of the viability ratio from six observations in five MTC and five
GPM PDCs. Experiments were performed at least twice. Statistical significance was
calculated from the value of slopes.
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Cells were lysed in RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
NP40, 0.5% sodium dexoycholate, 0.1% sodium dodecyl sulfate, 1.5 mM NazgVOy4, 50 mM
sodium fluoride, 10 mM sodium pyrophosphate, 10 mM B-glycerolphosphate and EDTA-
free protease inhibitor cocktail; Roche). Lysates were cleared by centrifugation at 15,000
r.p.m. for 15 min at 4 °C, then separated by SDS—polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membrane. Membranes were blocked in Tris-
buffered saline with 5% nonfat milk and 0.1% Tween 20, and probed with primary
antibodies overnight at 4 °C. Antibodies and concentrations were as follows: FLAG 1:1,000
(Sigma, no. F1804), V5 1:1,000 (Invitrogen, no. R960-25) and p-actin 1:4,000 (Sigma, no.
Ab441). Secondary antibody anti-mouse conjugated horseradish peroxidase was purchased
from Invtrogen (no. 31438), and either Enhanced ChemiLuminescence (Amersham, no.
RPN2209) or Super Signal West Femto (Thermo Scientific, no. 34095) was used for
detection.

Statistics and reproducibility.

In general, at least two independent experiments were performed with a minimum of three
biological replicates, as specified in figure legends. No statistical methods were used to
predetermine sample size. No data were excluded from the analyses, the experiments were
not randomized and the investigators were not blinded to allocation during experiments and
outcome assessment. Comparisons between two groups were analyzed by either Welch’s ¢
(two-tailed, unequal variance) or two-sided MWW-GST test. Comparison between three or
more groups was assessed by analysis of variance or Kruskal-Wallis test with Nemenyi post
hoc correction for multiple comparison. Enrichment analysis of biological pathways was
assessed using either two-sided MWW-GST or two-sided Fisher’s exact test. Correlation
analyses were performed using Spearman’s correlation. Association between two groups
was assessed by two-sided Fisher’s exact test; association between three or more groups was
assessed by the y? test. Survival differences were evaluated using the log-rank test or Cox’s
proportional hazards model. Results in graphs are expressed as either means + s.d. or means
+s.e.m., as presented in figure legends for the indicated number of observations. Box plots
span the first to third quartiles and whiskers show 1.5% interquartile range. All statistical
analyses were performed and P values obtained using either GraphPad Prism software 6.0, R
v.3.4.4, Jupyter Notebooks v.5.7.2 or Python v.3.6.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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Extended Data
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Extended Data Fig. 1 |. The computational framework of scBiPaD.
Step 1: identification of cell sub-populations of cells in each individual tumor that share

activation of similar biological functions; Step 2: determination of enriched biological
pathways in each cell sub-population by defining cluster-specific ranked-lists; Step 3:
identification of cell sub-populations that share coherent biological functions across multiple
tumors. In Step 1-i, the ranked list for each cell in each tumor is obtained by standardizing
and ranking genes. The activity matrix (NES) of all cells composing each tumor is obtained
by calculating the single-sample activity of all the 5,032 biological pathways with sSMWW-
GST (Step 1-ii) and used to generate the Euclidean distance between every pair of cells in
each tumor (Step 1-iii). Finally, the cell sub-populations of each tumor are identified by
applying the consensus clustering on the basis of the Euclidean distance of the NES (Step 1-
iv). In the following step (Step 2-i), the MWW-score is used to generate a cluster-specific
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ranked-list of genes for each cell sub-population by comparing the expression profiles of the
cells in the cluster with all other cells in the same tumor. The enriched biological pathways
of each cell sub-populations are derived in Step 2-ii by using MWW-GST as in Step 1-ii.
Each cell sub-population is then represented by a binary vector, with 1 indicating the
enriched biological pathways (Step 3-i) and the binary matrix is used in Step 3-ii to derive
the Jaccard distance. In the last step, 3-iii, cell sub-populations are clustered by Jaccard

distance using consensus clustering.
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Extended Data Fig. 2 |. expression of subtype associated markers and mapping of marker genes
on the population structure of neurodevelopmental subtype.

a, Rank order plot of changes in genes expressed in MTC cells versus the other groups.
Genes are ranked from left to right in increasing expression order. Red dots indicate
mitochondrial respiratory complex | genes differentially expressed in each single cell dataset
[n=2,799 cells for dataset 1, 7= 9,652 cells for dataset 2, 7= 4,916 cells for dataset 3;
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log,(FC) > 0.3 and FDR < 0.05, two-sided MWW test]. Representative genes upregulated in
at least two out of three datasets are shown. Colors indicate complex I structural classes. b,
Rank order plot of changes of genes expressed in NEU cells versus the other groups. Genes
are ranked as in a. Red dots indicate neurotransmitter receptors differentially expressed in
each single cell dataset [7= 2,799 cells for dataset 1, 7= 9,652 cells for dataset 2, 7= 4,916
cells for dataset 3; logo(FC) > 0.3 and FDR < 0.05, two-sided MWW test]. For each dataset,
upregulated genes representing distinct neurotransmitter receptor families are indicated by
different colors. ¢, Rank order plot of changes of genes expressed in PPR cells versus the
other groups. Genes are ranked as in a, b. Red dots indicate neural progenitor marker genes
differentially expressed in each single cell dataset [/7= 2,799 cells for dataset 1, 7= 9,652
cells for dataset 2, n= 4,916 cells for dataset 3; log,(FC) > 0.3 and FDR < 0.05, two-sided
MWW test]. Representative genes differentially expressed in at least two out of three single
cell datasets are indicated. d, Sankey diagram showing subtype assignment of single glioma
cells according to scBiPaD classification and the described cell states?. e, Bar plot of the
number of tumors and states in each of the 36 samples of the single cell cohort. f, Bar plot
showing functional cell state (at least 15% of cells in the sample) composition of 36 GBM
samples. g, Stream plots of proliferation markers expressed by the PPR cells at the tumor
core. h, Stream plots of neural progenitor markers. Expression overlaps with proliferation
markers and is excluded from the more differentiated cells at the tumor periphery. The newly
born neuron marker 7BR1 is expressed in a subset of cells of the neurodevelopment branch.
i, Stream plots of synaptic and neurotransmitter receptor genes in non-proliferative cells at
the invasive rim. Color scale indicates the log, normalized expression of the indicated gene.
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Extended Data Fig. 3 |. Analysis of survival-associated biological pathways in single glioma cells.
a, Consensus clustering of 103 cell sub-populations from the three single cell datasets

obtained using 192 biological pathways significantly associated with patient survival.
Columns and rows are cell sub-populations. Left track: red, GPM; green, MTC; blue, NEU;
cyan, PPR. b, Heatmap of the biological activities of cell sub-populations in a. Each group
was defined by shared activated pathways among the 5,032-pathway collection (n7= 103 cell
sub-populations; effect size > 0.3, FDR < 0.0001, two-sided MWW test). Columns are cell
sub-populations, rows are pathway activities. Pathway activity level is color-coded.
Representative pathways specifically activated in each of the four functional subtypes are
indicated. Left and top tracks are as in a. ¢, Enrichment map network of statistically
significant and not redundant GO categories [logit(NES) > 0.58 and FDR < 0.05, two-sided
MWW-GST] in GPM; d, MTC; e, NEU; f, PPR medoids. Nodes are GO terms and lines
their connectivity. Node size is proportional to number of genes in the GO category; line
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thickness indicates similarity coefficient. The right-hand side of the network in ¢ was
magnified 1.5-fold for a better visualization of the significant activities.
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Extended Data Fig. 4 |. t-SNe plot visualization of tumors and functional cell states in single
glioma cells.

a, +SNE plot of malignant cells colored by tumor from dataset 1; b, dataset 2; c, dataset 3.
d, £SNE plot of malignant cells from dataset 1 colored according to functional states; e, #
SNE plot of malignant cells from dataset 2 colored according to functional states; f, #SNE
plot of malignant cells from dataset 3 colored according to functional states. Cells
concordantly classified using 5,032 or 192 pathways are colored: red, GPM; green, MTC;
blue, NEU; cyan, PPR; grey, cells not concordantly classified.
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Extended Data Fig. 5 |. Characterization of biological subtypes of bulk primary GBM.
a, Consensus clustering of 534 GBM on the activity of 192 survival-associated pathways (o

< 0.05, log-rank test; p-value of individual pathways are reported in Supplementary Table
6b). Columns and rows are individual tumors. Left track: red, GPM; green, MTC; blue,
NEU; cyan, PPR; black, unclassified. b, Heatmap of pathway activity in 304 classified GBM
including 126 out of 192 survival-associated and differentially active pathways in the four
GBM subtypes (effect size > 0.3 and FDR < 0.01, two-sided MWW test). Columns are
individual tumors and rows are pathway activity. Pathways characteristically activated in
each core subtype are indicated. Left and top tracks: red, GPM; green, MTC; blue, NEU;
cyan, PPR. ¢, Heatmap of genes differentially expressed and upregulated in GBM subtypes
(n =304 tumors; Kruskal-Wallis analysis with post hoc correction by Nemenyi’s test for
multiple comparison; FDR < 0.01 and log,(FC) > 0.5). Columns are individual tumors, rows
are genes. Representative genes specifically upregulated in each GBM subtype are indicated.
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Tracks are as in b. d, Rank order plot of changes of genes expressed in GBM NEU. Genes
are ranked from left to right in increasing expression order. Red dots indicate
neurotransmitter receptors differentially expressed in NEU tumors and cells (7= 2,799 cells
for dataset 1, n= 9,652 cells for dataset 2, 7= 4,916 cells for dataset 3, 7= 304 tumors for
TCGA dataset; logo(FC) > 0.3, FDR < 0.05, two-sided MWW test). For each dataset,
upregulated genes in neurotransmitter receptor families are indicated by colors. e, Rank
order plot of changes of genes expressed in GBM PPR. Genes are ranked as in d. Red dots
indicate neural progenitor genes differentially expressed in each dataset (7= 2,799 cells for
dataset 1, n= 9,652 cells for dataset 2, 7= 4,916 cells for dataset 3, n= 304 tumors for
TCGA dataset; logy(FC) > 0.3, FDR < 0.05, two-sided MWW test). Representative genes
differentially expressed in at least three datasets are indicated. f, Heatmap showing the 50
highest scoring genes of the four GBM subtypes-specific signatures. Rows are genes and
columns are tumors (7= 304 tumors). Track are as in b, ¢. g, Two-dimensional
representation of GBM subtype enrichment scores (7= 304 tumors). Quadrant are GBM
subtypes, the position of dots (tumors) reflects the relative subtype-specific score of each
tumor as indicated by x- and y-axes, and their color the subtype simplicity score. Gray,
tumors that do not fall in the respective subtype quadrant.
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Extended Data Fig. 6 |. Validation of the biological classification of GBM and comparison with
established classifiers.

Subtype-specific gene signatures were used to classify GBM from independent cohorts. a,
Heatmap of GBM from the TCGA cohort profiled by RNA-seq (7= 129 tumors). b,
Heatmap of GBM from the CGGA cohort (7= 94 tumors). ¢, Heatmap of GBM®9 (7= 158
tumors). d, Kaplan-Meier of patients in a (128 out of 129 patients with survival data
available). e, Kaplan-Meier of patients in b (90 out of 94 patients with survival data
available). f, Kaplan-Meier of patients in ¢ (156 out of 158 patients with survival data
available). Patients were stratified according to the four biological subtypes; survival
differences were assessed using the log-rank test. g, Kaplan-Meier of patients with GBM
from the TCGA cohort profiled by Agilent microarray (n7= 302 patients, log-rank test) and
h, Patients with GBM from the TCGA cohort profiled by RNA-seq (n7= 145 patients, log-
rank test) classified according to mesenchymal, proneural and classical subtype. i, Kaplan-
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Meier of GBM patients as in g and j, patients as in h classified according to mesenchymal,
proneural and proliferative subtype.
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Extended Data Fig. 7 |. Analysis of the tumor microenvironment and GBM driver alterations in
the biological GBM subtypes.

a, Box plots of GBM subtypes tumor purity scores computed by ABSOLUTE; p-values:
Kruskal-Wallis test with Nemenyi post hoc correction for multiple comparison (7= 282
tumors). Box plots span the first to third quartiles and whiskers show the 1.5x interquartile
range. b, Correlation analysis of nontumor cell fraction in relationship with GBM cell state
fraction (7= 36 tumors; Spearman’s correlation; p=0.089 GPM versus macrophages; p =
0.067 GPM versus neutrophils; p=0.017 GPM versus oligodendrocytes; p=0.092 MTC
versus macrophages; p= 0.026 PPR versus oligodendrocytes; *p < 0.10; **p < 0.05). Rows
are GBM cell states. Columns are non-tumor cell types. Blue to red scale indicates negative
to positive correlation. ¢, Heatmap of the expression of the top 25 microglia- and
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macrophage-specific genes in nontumor cells from two GPM and two MTC GBM from
single cell dataset 1. Cells are ordered by gene expression fold-change of macrophage-
versus microglia-specific genes. The top horizontal track shows in red and green nontumor
cells from GBM whose tumor cells have a dominant GPM (S4_D1, n= 67 cells, and

S12 D1, n= 246 cells) or MTC state (S1_D1, n=65 cells, and S5_D1, n= 29 cells),
respectively. Representative microglia and macrophages marker genes are indicated. d, Bar
plots showing the frequency distribution of GBM driver genes grouped by signaling
pathways across GBM subtypes. Asterisks indicate the statistical significance (7= 496
tumors; two-sided Fisher’s exact test).
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Extended Data Fig. 8 |. Characterization of GBM biological states by multi-omics data analysis.
a, Heatmap of the M-values of the 100 probes most differentially methylated between GBM

subtypes (/7= 59 tumors; two-sided MWW test, p< 0.01 and absolute methylation log,(fold-
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change) > 0.58). b, Volcano plots of differentially expressed miRNA. Upregulated miRNAS
in each GBM subtype are indicated in red [7= 294 tumors; log,(FC) = 0 and p-value <
0.0005, two-sided MWW test]. Vertical and horizontal gray lines demarcate log,(FC) and p-
value cutoff, respectively. Representative miRNAs upregulated in each functional subtype
are indicated. c, Representative miRNA-gene targets networks significantly upregulated in
PPR and d, NEU GBM subtypes [7= 294 tumors; log2(FC) > 0 and p < 0.0005, two-sided
MWW test]. miRNA targets whose expression was anti-correlated with miRNA expression
are listed (7= 294 tumors; Spearman’s correlation, p < 0 and p < 0.05) and biological
pathways regulated by miRNA-target activity are indicated. Red nodes indicate miRNA
targets of interest for the biology of the specific GBM subtype. p-values of individual genes
in a-d are reported in Supplementary Table 14a, c, d, respectively. e-h, Box plots showing
the expression of selected proteins or phosphoproteins significantly up-regulated (7= 103
tumors; two-sided MWW test) by RPPA in e, GPM; f, MTC; g, NEU; h, PPR GBM. Box
plots span the first to third quartiles and whiskers show the 1.5x interquartile range.
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Extended Data Fig. 9 |. Genomic and metabolic characterization of GBM PDCs.
a, Classification of PDCs by random forest. Upper panel, bar plot showing mean + s.d. of

NES of subtype-specific biological activity in each PDC subgroup. Middle panel,
representative biological pathways exhibiting differential activity among subtypes [#7= 79
PDCs; logit(NES) > 0.3 and FDR < 0.05, two-sided MWW test]. Bottom panel,
representative genes differentially expressed in PDC subtypes (7= 79 PDCs; logy(FC) > 0.3
and FDR < 0.05, two-sided MWW test). Red, green, blue, and cyan indicate significant
pathway activation/gene up-regulation in PDCs classified as GPM, MTC, NEU or PPR,
respectively; gray, pathway activation/gene up-regulation in any other subtype; white, lack
of activation or up-regulation. b, OCR kinetics in 2 MTC PDCs each derived from an
independent patient and 2 GPM PDCs each derived from an independent patient shows
elevated OCR in MTC PDCs. Data are mean = s.d. from one representative experiment for
each PDC including n7>9 replicates (see Source Data Extended Data Fig. 9). ¢, ECAR
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kinetics in 2 MTC PDCs each derived from an independent patient and 2 GPM PDCs each
derived from an independent patient shows elevated glycolysis in GPM PDCs. Data are
mean + s.d. from one representative experiment for each PDC including 17>7 replicates (see
Source Data Extended Data Fig. 9). mpH, milli pH unit. Experiments were repeated two
times with similar results. d, Box plots showing the expression of SLC1A5in GPM (n= 67
tumors) and MTC (7= 108 tumors) primary GBM. e, Box plots showing the expression of
SLC1A5in GPM and MTC PDCs (n =21 GPM PDCs each derived from an independent
patient and /7= 25 MTC PDCs each derived from an independent patient); p-value: two-
sided MWW test. Box plots span the first to third quartiles and whiskers show the 1.5x

interquartile range.

a b c L&LE
— —— Homozygous deletions
—_ K lpsezs Wild type Gene weight stcasar @ © * p<0.10
i 0z 46
MTC activity (NES) I errrt @ *% p<0.05
SLC45A1 [ *%x%x p<0.01
L LRRC27 — rere @ p<0.
) [ 3a29 OKI —
. dases sucdin | zmvno11 @
—_— oMG —
b 2omiets | — enor @
| e — 9p21.3 cSMD1 ] pPers @
S== 106533 PPN =
E B qus'.g GLIS3 = NFE °
= i | 13q14.
_ 135314 “Tik8 - cootss @ @
CDKN2C
. biart | H omrra1 @ @
b i 22q13.32 PTPRD I s @ o @
e — CH25H 1
10D T8 110 1o, 1eE0 Sornary il : e e 109
q-value i TTC398 (-] o
p=0.034 ) 1013
Frequency DLEUT 100+
00 02 04 06 08 10 ° 1004
IFNAG 1550
steasat 1pse.2s | NNNNNNNNNNNNNNNNER ARHGAPS of
1000
£6FR 7p11.2 " . =
CDKN2A 9p21.3 [jj | m [ | s =
PTEN 10g32.31 mm [T an ] =+
PIK3CA 326.32 N : [ =
LZTR1 22q11.21 ] [ | =
SLC45A1 Del
NF117q11.2 - . B SLC45A1 wild type
MDM2 12q15 o a
P53 17p13.1 . =
CDK4 12q14.1 B-
ATRX Xg21.1
PIK3C2B 1q32.1 = il
KIT 4912 M Frameshift/trunc
RB1 13q14.2 5 in-frame indel
M Missense
n PDGFRA 4q12 s
2> 61 TCGA-06-0137 8 TCGA-08-0531 121 1cGA-02-0290 12| TCGA-12-0656 6 TCGA-08-0879
2 . s o
[ . . . &
o 2 2 3 3 %
o o ] o ) o B\ 0 s A = = 2.
G507 % 05 8 7o 0o 07 % 05 @5 10 "0 Gz 04 we 05 16 o0 Gz 64 66 05 10 05 0z 6% 06 8 10
> &) Toaa-12-0e20 4] Toaa-2-263 8 Teaa-12-3652 ©) Teaa-a2-1978 ©) Toar-n2-s222
£ s . . ‘
2. 2 .
8- . p 2 2
] —_—r o = L. 0d—ex e A A Y ]
G002 4 0 ws 1o do 02 a4 o6 as 7o "ob a2 04 e 0s 10 '0b oz 04 Gs 08 1o 09 oz 04 o 08 10
2 8] Toar-s1-ss10 © Tcor-28-6450 21 GLss-oK-0004 1 cuse-ox-oe 2) GLss-r-2s48
2, . .
2. ‘ . e
o 2 2 3
a: o\ s o\ ; o\o o\; .
o7 04 o6 ds 15 63 07 o4 Go 8 1o 0o 07 04 06 @8 16 03 0% 04 w6 08 10 05 0% o4 §e 0B 10
=0 B 0 \
2 e " Guss-uo-omz
B .
2 o bt
&: . 4 s
i =5 5 o o o o — o e
G507 ¥ 0 s 7o 0o 07 % 05 @5 10 oo 7 04 6 05 10 oo Gz 04 Ge 0 10 "0d 0z 04 o 9B 10
f CCF CCF CCF CCF CCF
GLSS-DK-0004 GLSS-DK-0014
scisnion sicisnion
80 EGFRAmp EGFRAmp.
Coron b es' GoutznBa
Erevirrm Frenesss g
Firs 388z582R%
© O O O O o o o
o (e 500 bp -
= [ooxioRsW) /o P
. s 100b
GLSS-MD-0045 GLSS-LU-00C4 GLSS-MD-0025 P
Sicnron 500 bp - GAPDH
e
SLo4saT o8l EGFRAZA4V. [y 200 bp -
o\ EorAmy o oo AR
v
s e h 002 _os4 o7
comuicwein inwessomp|  [erecsaster = 7 55T eV e
irsicsiae) - = s — s i vsic v sic o,
o FLAG-SLCA5A1. == =  w= .75
GLSS-HF-2548 GLSS- LU-0B13 GLSS-MD-0112
s Troer
Eor i sucisnion
s |imirs foe | [EEE -aclin e—-————
PO [inrssame it il
e = Cr—— o =

Extended Data Fig. 10 |. SLC45A1 is the target of chromosome 1p36.23 deletion in MTC GBM.
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a, Schematics of chromosome location peak deletions in MTC GBM (7= 153 tumors)
identified using GISTIC2 (Benjamini Hochberg FDR g-value < 0.01; ¢-value of
chromosome bands are reported in Supplementary Table 16b). b, The matrix of homozygous
deleted genes identified by UNCOVER as associated with MTC NES in primary GBM (n=
487 tumors; p = 0.034, permutation test). Top row, blue to yellow: higher to lower NES
values for samples (columns). Deletions in each sample are in dark blue; samples not deleted
are in yellow. The last row shows the alteration profile from the entire analysis. The bar plot
on the right side indicates the gene weight for each alteration. ¢, Association of homozygous
deletions in each GBM subtype. Circles are color-coded and their dimension reflects the -
logqg(-value) of the enrichment (7= 487 tumors; p-value, two-sided Fisher’s exact test; see
Supplementary Table 16g). Blue to red scale indicates positive to negative association. d,
Frequency of genetic alterations of GBM driver genes in SLC45A1-deleted (/7= 20 tumors)
compared to SLC45A1 wild-type GBM (7= 705 tumors). The bottom track indicates the
dataset (green, TCGA; blue, GLASS). Asterisk, p = 2.33e-03, two-sided Fisher’s Exact test
(n =725 tumors). e, Sample density plot depicting the relative frequency distribution of CCF
estimated for the genetic alterations occurring in SLC45A1-deleted GBM (/7= 20 tumors).
Blue dot, CCF of SLC45A1 deletion. f, Evolutionary trees of genetic alterations in primary
and recurrent SLC45A1-deleted GBM (/7= 8 matched primary and recurrent tumor pairs);
yellow, red and black branches are truncal, primary private and recurrent private alterations,
respectively; the length of branches is proportional to the number of genetic alterations.
GBM driver genes are indicated. g, PCR amplification of genomic DNA shows deletion of
SLC45A1in PDC-002 and PDC-064. h, Immunoblot of FLAG-SLC45A1 in PDC-002,
PDC-064 (harboring SLC45A1 deletion) and PDC-078 (SLC45A1 wild type). Experiments
in g, h were repeated two times with similar results. See Source Data Extended Data Fig. 10.
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Fig. 1 |. Identification of four core functional states in single glioma cells.
a, Consensus clustering generated from clusters of 94 single-cell subpopulations from

17,367 cells (36 GBM tumors). Columns and rows represent cell subpopulations. Color bar
on the left defines four cell clusters. Yellow-to-blue scale indicates low to high similarity. b,
Heatmap of biological activities of 94 single-cell sub-populations grouped by common
activated pathways (2,533 of 5,032 pathways; effect size >0.3, FDR < 0.0001, two-sided
MWW test). Columns represent cell subpopulations; rows are biological activities. Pathway
activity levels are color coded. Representative pathways specifically activated in each
subtype are indicated. Left and top color bars: red, GPM; green, MTC; blue, NEU; cyan,
PPR. c—f, Enrichment map network of statistically significant, nonredundant GO categories
(logit(NES) > 0.58, FDR < 0.05, two-sided MWW-GST) in GPM (c), MTC (d), NEU (e)
and PPR (f) medoids of each GBM state. ¢, The right-hand side of the network was
magnified 1.5-fold for better visualization of significant activities. Nodes represent gene
ontology (GO) terms and lines their connectivity. Node size is proportional to the number of
genes in the GO category, with range indicated by keys and line thickness indicating
similarity coefficient. EMT, epithelial-mesenchymal transition; FA, fatty acids; CNS, central
nervous system; ER, endoplasmic reticulum; TCA, tricarboxylic acid; nc, not classified.
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Fig. 2 |. Glioma cell states converge on metabolic and neurodevelopmental axes.
a, Spearman’s correlation of GBM cell states within individual tumors. Rows and columns

represent GBM cell states. The green-to-red scale indicates negative to positive correlation.
Left and top color bars: red, GPM; green, MTC; blue, NEU; cyan, PPR. b, Multidimensional
scaling of cellstate frequency in 36 tumors, discriminating two clusters according to
similarity: GPM-MTC (orange) and NEU-PPR (blue). Bar plots: frequency distribution of
cell states in each cluster. ¢, The percentage of cells in each subclass at the tumor core and
periphery is indicated, and the variation between core and rim is represented by arrows.
NEU cells are enriched at the rim (7= 2,799 cells; P= 2.2 x 10716, 42 test). d, Stream plot
showing cell density at tumor core and periphery from samples in c. The thickness of each
branch is proportional to the number of cells in the branch. Bar plot, significant enrichment
of cells from tumor periphery in branch S1-S2 (7= 2,799 cells; P=2.2 x 10716, 2 test). e,
Stream plot showing subclasses of cells at tumor core and rim. Bar plot, significant
enrichment of NEU cells at the tumor periphery (7= 2,799 cells; P= 2.2 x 10716, 42 test).
Arrows depict two largely independent branches of cell states, NEU-PPR
(neurodevelopment) and GPM-MTC (metabolic).
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Fig. 3 |. Classification of primary human GBM and clinical validation.
a, Heatmap of pathway activity in 304 GBM tumors using 2,792 of 5,032 pathways,

showing differential activity in the four GBM subtypes (effect size >0.3 and FDR < 0.01,
two-sided MWW test). Columns represent tumors; rows are pathway activities.
Representative pathways specifically activated in each GBM subtype are indicated. Left and
top color bars: red, GPM; green, MTC; blue, NEU; cyan, PPR. b, Two-dimensional plot of
GBM subtype enrichment scores (/7= 304 tumors). Each quadrant corresponds to one GBM
subtype, and the position of dots (tumors) reflects the relative subtype-specific NES of each
tumor as indicated on the xand yaxes; color intensity reflects NES value. Tumors that do
not fall within the corresponding subtype quadrant are colored gray. ¢, Kaplan—Meier curves
of 302 patients with GBM stratified according to the four biological classes. Patients in the
MTC subgroup exhibit significantly longer survival (log-rank test). d, Relative HR of 302
patients with GBM estimated by Cox’s proportional hazards model, including the activity of
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MTC, GPM, NEU and PPR as the covariate (shaded areas represent 95% CIl). e, Sankey
diagram of GBM subtype assignment (/7= 304 tumors) according to either pathway-based or
previously published classifications: left, Phillips et al.11; right, Wang et al.3. f, Functional
subtyping of primary and recurrent GBM (7= 61 tumor pairs). The transition plot of
primary and recurrent GBM subtypes shows an increased frequency of the NEU subtype at
recurrence (P=0.05, 12 test). The number of GBM in each class at diagnosis and recurrence
is indicated, and variations between primary and recurrent samples are represented by
arrows. Mes, mesenchymal; prolif, proliferative; pron, proneural; cl, classical; nc,
nonclassified.
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Fig. 4 |. Reciprocal MTC and GPM activities are associated with coherent gain- and loss-of-
function genetic alterations and predict risk of failure.

a, Mutations and/or CNVs significantly associated with GBM subclasses (/7= 496 tumors);
P<0.05, two-sided Fisher’s exact and ;(2 test; Pvalues of individual genes are reported in
Supplementary Table 12b—u). Columns represent tumors and rows are genes. Horizontal top
and vertical color bars: GBM subtypes; horizontal middle and bottom bars: white and gray,
samples with or without mutation (middle) or CNV (bottom) data, respectively.
Representative gene alterations specific to each GBM subtype are indicated by color: green,
mutation; red, amplification; blue, deletion; orange, mutation/amplification; cyan, mutation/
deletion. b, Metabolic pathway enrichment analysis of amplifications (left) and deletions
(right) in GBM subtypes. Red-to-blue scale, positive to negative enrichment (P value) of
gene alterations in the pathway; *P< 0.10, **P < 0.05, ***P< 0.01, two-sided Fisher’s
exact test. ¢, Top: HR for patients with GBM according to Cox’s proportional hazards
model, testing the difference between GPM and MTC activities as the covariate (7= 273
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tumors, P= 0.05; shaded area represents 95% CI). Middle: correlation analysis of MTC
(blue) and GPM (red) activities in individual GBM (n7= 273 tumors, Spearman’s correlation,
p=-0.6, P=2.2 x 10716, Bottom: fCNV gain and loss of mitochondrial- and glycolytic-
related genes in MTC GBM and GPM GBM. The number of genes amplified/deleted in each
tumor is color coded (amplifications, red to white; deletions, blue to white). In all panels, n
=153 MTC and n= 120 GPM tumors. d, Starburst plots comparing DNA methylation and
gene expression for 10,337 unique genes. Dashed lines indicate A= 0.01 (=59 tumors,
two-sided MWW test). The bottom right and top left areas of each plot include genes
significantly hypermethylated and downregulated (purple) or hypomethylated and
upregulated (orange), respectively, in the specific subtype. e,f, Micro RNA gene target
networks were significantly changed in subtypes MTC (e, green nodes) and GPM (f, red
nodes) (n7= 294 tumors; logy(fold change (FC)) > 0, < 0.0005, two-sided MWW test). For
each miRNA, we report targets whose expression was anticorrelated with miRNA expression
(n=294 tumors; Spearman’s correlation, p < 0 and £< 0.05). Highlighted are miRNA
targets of interest regarding the biology of subtypes MTC and GPM GBM. P values for
miRNAs and targets are included in Supplementary Table 14c. NFKB, nuclear factor kappa
B; Wnt, wingless-related integration site.
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Fig. 5 |. Divergent metabolic activities support MTC and GPM PDC subtypes.
a, Basal, ATP-linked and maximal OCR in MTC and GPM PDCs. Data are mean + s.d. of

one representative experiment, including 7= 6 MTC PDCs, each derived from an
independent patient, and 7= 6 GPM PDCs, each derived from an independent patient; *P=
0.0165 for ATP-linked OCR, **£ = 0.0063 for basal OCR and ***/ = 0.0024 for maximal
OCR. b, Basal glycolysis in MTC and GPM PDCs. Data are mean * s.d. of one
representative experiment, including 7= 6 MTC PDCs, each derived from an independent
patient, and 7= 6 GPM PDCs, each derived from an independent patient; *~=0.0129. mpH,
milli-pH. ¢, OCR/ECAR ratio of MTC and GPM PDCs. Data are mean = s.d. of one
representative experiment, including 7= 6 MTC PDCs, each derived from an independent
patient, and 7= 6 GPM PDCs, each derived from an independent patient; ***~= 0.0002. d,
Rate of glucose uptake in MTC and GPM PDCs. Data are mean * s.d. of 7= 3 independent
experiments for each PDC, each performed in triplicate. Bars on the right-hand side of the
graph indicate mean + s.e.m. of values observed in the two sets of PDCs; n=7 MTC PDCs
and n=7 GPM PDCs, each derived from an independent patient; ***P = 0.0028. e, Lactate
secretion by MTC and GPM PDCs. Data are mean = s.d. of 7= 3 independent experiments
for each PDC, each performed in triplicate. Bars on the right-hand side of the graph indicate
mean + s.e.m. of values observed in the two sets of PDCs; n=7 MTC PDCs and n=7 GPM
PDCs, each derived from an independent patient; ***/~ = 0.0020. f, Glutamine consumption
by MTC and GPM PDCs. Data are mean * s.e.m. of 7= 3 independent experiments for each
PDC, each performed in triplicate. Bars on the right-hand side of the graph indicate mean £
s.e.m. of values observed in the two sets of PDCs; n=7 MTC PDCs and n=7 GPM PDCs,
each derived from an independent patient; ***/~=0.000002. g, Enrichment map network of
statistically significant lipid metabolism-related GO categories (logit(NES) > 0.58 and FDR
< 0.05, two-sided MWW-GST) in GPM GBM. Nodes represent GO terms and lines their
connectivity. Node size is proportional to the number of genes in the GO category, while line
thickness indicates similarity coefficient. h, Microphotographs of MTC (top) and GPM
(bottom) PDCs stained by Bodipy 493/503 (green); nuclei were counterstained with DAPI
(blue). Insets show higher-magnification images of the outlined areas. i, Concentration of
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triacylglycerol in MTC and GPM PDCs. Data are mean + s.d. of 7= 3 independent
experiments for each PDC, each performed in triplicate. Bars on the right-hand side of the
graph indicate mean + s.e.m. of values observed in the two sets of PDCs; n=7 MTC PDCs
and n=7 GPM PDCs each derived from an independent patient; **/~ = 0.0032. a—c,
Experiments were assessed with a minimum of four technical replicates for each PDC. Each
of these experiments was repeated independently two times with similar results. In all
experiments, significance was established by two-tailed #test, unequal variance (Source data
Fig. 5).
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Fig. 6 |. The SLC45A1 glucose-proton symporter on chromosome 1p36.23 has tumor suppressor
activity in mitochondrial GBM.

a, Highest-scoring deletions of chromosomal regions significantly associated with GBM
subclasses (/7= 487 tumors). Circles are color coded and size reflects —log,g(# value) of
subtype enrichment; *P< 0.10, **£ < 0.05, ***P < 0.02, two-sided Fisher’s exact test. P
values for individual chromosome bands are reported in Supplementary Table 16e. Blue-to-
red scale indicates positive to negative enrichment. b, Top: raw copy number values of genes
located on 1p36.23; bottom: homozygous, heterozygous and functional or nonfunctional
events colored on a blue scale (lower right). Columns represent samples harboring at least
one deleted gene, ordered by SLC45A1 deletion status. Deletion score of each gene by
ComFocal (lower left). ¢, Genomic DNA PCR for ENOI and SLC45A1in U87, H423 and
H502 cells. GAPDH is shown as control (Source Data Fig. 6). d, Three-dimensional bubble
plot showing the frequency of driver genetic alterations in primary and recurrent GBM
harboring homozygous deletions of SLC45A1 (n= 8 matched primary and recurrent GBM
tumor pairs); left and right axes represent alterations occurring in primary and recurrent
tumors, respectively; top axis, alterations shared by both tumors. The size of each bubble is
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proportional to the number of alterations. e, Rank order plot of genes expressed in MTC
versus GPM groups. Genes are ranked from left to right in increasing expression order. Blue
dots indicate acid—base transporters differentially downregulated in TCGA GBM and single-
cell datasets (7= 175 tumors; n= 1,338 cells from dataset 1; 7= 5,604 cells from dataset 2;
n= 2,429 cells from dataset 3; log,(FC) < -0.3 and FDR < 0.05, two-sided MWW test). bp,
base pairs.
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Fig. 7 |. Analysis of SLC45A1 function in GBM cells.
a, Quantification of pHi in MTC and GPM PDCs. Data are mean * s.d. of /7= 3 independent

experiments performed in seven MTC and five GPM PDCs, each derived from an
independent patient and each assessed by four technical replicates (Source Data Fig. 7). Bars
on the right-hand side of the graph indicate mean * s.d. of the values observed in the two
sets of PDCs; n=7 MTC and n=5 GPM PDCs, each derived from an independent patient;
***p=0.000004. b, Immunoblot of FLAG-SLC45A1 in U87 (SLC45A1 wild type) and
H502 cells (SLC45A1-deleted). V, vector; SLC, SLC45A1. ¢, Quantification of pHi in H502
and U87 cells expressing either SLC45A1 or the empty vector. Data are mean + s.d. from n
= 3 independent experiments for U87 and = 4 independent experiments for H502, each
performed with three technical replicates (***/~= 0.0078 for vector versus SLC45A1 in
H502 cells; NS, not significant). d, Representative images of colony formation of H502 and
U87 cells treated as in c. e, Growth curves of independent cultures of cells expressing either
SLC45A1 or the empty vector. Data are mean + s.d from one experiment (17 = 4 independent
cultures; ***P=0.00001 for vector versus SLC45A1 in H502 cells. f, Representative
microphotographs of PDC-002 and —064 (SLC45A1-deleted) and PDC-078 (SLC45A1 wild
type) following ectopic expression of SLC45A1 or the empty vector. g, Quantification of
sphere-forming assay for cells treated as described in f. Data are from two independent
experiments, each performed with three independent infections (n= 6 independent
infections); ***/~=0.0000005 for vector versus SLC45A1 in PDC-002 and ***P=
0.0000001 in PDC-064). Box plots span the first to third quartiles, and whiskers show 1.5%
interquartile range. h, Immunoblot of FLAG-SLC45A1 and VV5-SLC9A1 in PDC-002
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(SLC45A1-deleted) expressing either SLC45A1, SLC9A1, SLC45A1 plus SLC9AL or the
empty vector. i, Quantification of sphere-forming assay for cells described in h. Data are
mean * s.d. from one representative experiment; 7= 3 independent infections; ***pP =
0.0004, vector (vec) versus SLC45A1; ***P=0.0001, vector/SLC45A1 versus SLC45A1/
SLC9AL. The experiment was repeated two times with similar results. In all experiments,
significance was established by two-tailed #test, unequal variance (Source Data Fig. 7).
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Fig. 8 |. MTC PDC:s are distinctly sensitive to mitochondrial inhibition.
a—d, Viability curves of 13 MTC and ten GPM PDCs each derived from an independent

patient treated with either IACS-010759 (a), metformin (b), tigecycline (c) or menadione
(d). Data are mean = s.d. of 7= 3 replicates for each PDC from one representative
experiment. e, Top: mitochondrial inhibitor sensitivity score for MTC (blue dots) and GPM
(red dots) PDCs (n= 13 MTC PDCs and 7= 10 GPM PDCs; Spearman’s correlation, p =
-0.74, P=17.563 x 107°). Middle: correlation analysis of MTC (blue) and GPM (red)
activity in PDCs (n= 25 MTC PDCs and =21 GPM PDCs; Spearman’s correlation, o =
-0.51, P=0.0003). Bottom: enrichment of fCNV gain and loss of mitochondrial and
glycolytic-related genes in MTC PDCs (/7= 25) and GPM PDCs (/7= 21). The number of
genes amplified/deleted in each tumor is color coded (amplifications, red to white; deletions,
blue to white). f,g, Viability curves of hine MTC PDCs and nine GPM PDCs, each derived
from an independent patient, treated with either FX-11 (f) or DEAB (g). Data are mean *
s.d. from n= 4 replicates for each PDC from one representative experiment. h,
Transcriptional regulatory network of GBM subtypes. Representative MRs with differential
activity (n= 304 tumors, n= 2,799 cells from dataset 1, 7= 9,652 cells from dataset 2 and n
= 4,916 cells from dataset 3; two-sided MWW test, FDR < 0.01) in TCGA and at least two
out of three single-cell datasets are shown (two-sided MWW-GST test, logit(NES) > 0.58,
FDR < 0.01). Nodes represent MRs and target genes, while lines represent interactions. i,
Quantification of sphere-forming assay for two MTC and two GPM PDCs, each derived
from an independent patient expressing two different short-hairpin RNAs for either
PPARGC1A or the empty vector. Data are mean = s.d. from one representative experiment
including 7= 3 independent infections for each PDC; **£=0.0010 and 0.0013 for PDC-002
shRNAL and shRNAZ2 versus vector, respectively; **£=0.0030 and 0.0023 for PDC-026
shRNAL and shRNA2 versus vector, respectively; *P= 0.0285 for PDC-078 shRNA1 versus
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vector; *P=0.0142 for PDC-021 shRNA1 versus vector. j, Cell viability after irradiation of
five MTC and five GPM PDCs, each derived from an independent patient. Data are mean +
s.d. of one representative experiment assessed by 7= 30 replicates for each PDC; **P=
0.0022. k, ROS quantification in MTC and GPM PDCs. Data are mean = s.d. of n=3
independent experiments for each PDC, each performed in triplicate. Bars on the right-hand
side of the graph indicate mean * s.e.m. of values observed in the two sets of PDCs; n=7
MTC PDCs and n=7 GPM PDCs, each derived from an independent patient; ***pP =
0.00006. Experiments in a—d, f, g, i and j were repeated two times with similar results. In all
experiments, significance was evaluated by two-tailed #test, unequal variance (Source Data
Fig. 8).
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