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SUMMARY
The cortical microenvironment surrounding malignant glioblastoma is a source of depolarizing crosstalk fa-
voring hyperexcitability, tumor expansion, and immune evasion. Neosynaptogenesis, excess glutamate,
and altered intrinsic membrane currents contribute to excitability dyshomeostasis, yet only half of the cases
develop seizures, suggesting that tumor and host genomics, alongwith location, rather thanmass effect, play
a critical role. We analyzed the spatial contours and expression of 358 clinically validated human epilepsy
genes in the human glioblastoma transcriptome compared to non-tumor adult and developing cortex data-
sets. Nearly half, including dosage-sensitive geneswhose expression levels are securely linked tomonogenic
epilepsy, are strikingly enriched and aberrantly regulated at the leading edge, supporting a complex epistatic
basis for peritumoral epileptogenesis. Surround hyperexcitability induced by complex patterns of proepilep-
tic gene expressionmayexplain the limited efficacyof narrowly targetedantiseizuremedicinesand thepersis-
tence of epilepsy following tumor resection and clarify why not all brain tumors provoke seizures.
INTRODUCTION

Pathological cortical hyperexcitability in theglioblastomamicroen-

vironment is both an early warning and a lasting clinical legacy of

this aggressive brain cancer. Seizures are the presenting sign in

nearly one-half of patients with glioblastoma, may promote tumor

growth, and typically persist as pharmacoresistant epilepsy after

tumor resection,1 indicating a sustained restructuring of network

excitability in the surrounding host neocortex. While mechanisms

underlying acquired peritumoral epileptogenesis and its impact

on malignant cell invasion, cognitive impairment, and survival are

under active exploration,2 correcting this deleterious outcome,

particularly in view of treatment advances prolonging survival,3 re-

mains a foremost goal in the clinical management of brain tumors.

The early pathophysiology of tumor-related epilepsy (TRE) is

not fully explained by mass effect. While edema and increased

intracranial pressure might contribute at later stages, persis-

tence following tumor resection indicates that tissue compres-

sion alone is not required, and the large fraction of cases without

a seizure history supports the inference of genetic risk as a prin-

cipal component. Recent evidence in preclinical mouse glioblas-

toma models reveals that peritumoral synaptic imbalance and

cortical hyperexcitability are determined by the specific onco-

genes selected to drive tumor formation4 as well as intrinsic sus-

ceptibility to epilepsy,5 pointing to a process of gradual network

remodeling typical of acquired focal epileptogenesis that de-

pends upon tumor and host genomics and cortical location

rather than the space-occupying mass.
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While little is known about the in situ electrobiology of human

brain tumors prior to their clinical detection, serial studies of tu-

mor progression in a new generation of in utero electroporation

(IUE) mouse glioblastoma models are providing key insights

into tumor epileptogenesis. In these immunocompetent, co-

isogenic tumor models, hyperexcitability onset coincides with

the emergence of tumor cell subclones expressing mRNA pro-

files enriched with synapse-related genes.6 Alternative IUE tu-

mor driver genes significantly determine the TRE phenotype,

and epileptic tumors show a high ratio of excitatory to inhibitory

synaptic markers in the tumor margin absent in non-epileptic tu-

mors.4,7 Peritumoral network remodeling during this period is

also accompanied by a sequential loss of fast-spiking interneu-

rons, perineuronal nets, altered glutamate exporter expression,

microglial activation,5 and the emergence of glutamate-linked

microcircuit hyperactivity.8 These defects confirm earlier obser-

vations in immunodeficient xenograft models,9,10 indicating they

arise independently of changes in the adaptive immune

landscape.11

Far more is known about the gene determinants of cortical sei-

zures in the absence of brain tumor. Over 350 genes are causally

linked to monogenic epilepsy by virtue of their de novo recur-

rence in patients and populate clinical exome screening panels

in wide use for precision epilepsy diagnosis.12 These clinically

validated risk genes encode a broad array of ion channel sub-

units, transporters, synaptic proteins, and neuronal migration

factors, as well as oncogenic and intracellular metabolic path-

ways,13 invoking a spectrum of candidate network excitability
ust 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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mechanisms ranging from fast (msec) synaptic activity to slow

(minutes) paracrine signaling and ultraslow (hours) transcrip-

tional dysregulation. Both gain and loss-of-function mutations

in many of these genes are pathogenic, and, in some, haploid

dose alterations are also sufficient. To date, only a few candidate

genes have been implicated by differential expression in bulk

low-grade gliomas,14,15 but without spatial resolution or valida-

tion of a direct role in intact human network hyperexcitability.16,17

Given the biologically diverse pathways and molecular plasticity

within glioma microniches during tumor evolution,18 the relative

contribution of any single one of these genes to epileptic network

synchronization is unclear, and a simultaneous large-scale

spatial mapping of their regulated expression, case concor-

dance, and fold change relative to unaffected developing and

adult neocortex has not yet been performed.

Here, we analyze the mRNA expression of 358 genes for hu-

man monogenic epilepsy (Epi358) according to their anatomical

expression in human spatial and developmental transcriptome

databases (see methods for details). The extended analysis in-

cludes epilepsy gene sets linked to channelopathies, receptors,

transporters, exocytotic release, familial migraine with seizures,

molecular targets of autoimmune epilepsies, and somatic gene

mutations leading to epileptic focal cortical dysplasia. Our anal-

ysis reveals pathogenic patterns of spatial enrichment and

extensive dysregulation of epilepsy-linked genes at the tumor

leading edge (LE) when compared to the pure tumor cell region

and the healthy cortex. Across functional clusters, the transcrip-

tion profiles of genes for ion homeostasis and macromolecular

biosynthesis most closely resemble those in developing unaf-

fected cortex. The microvascular zone of tumor cell proliferation

andmigration encompassing the blood-brain barrier (BBB) is the

second most dysregulated region of proepileptogenic genes.

Most other tumor cell regions show little significant enrichment

compared to the pure cellular tumor. These complex patterns

of coordinate dysregulation may allow more precise matching

of tumor molecular excitability subtypes with antiseizure medi-

cines to direct future gene-guided clinical management of

glioblastoma.

RESULTS

Monogenic sources of epileptogenesis aggregate at the
tumor LE
To characterize the intratumoral heterogeneity of epilepsy-linked

genes, we first determined the comparative enrichment ratios

(ERs) of epilepsy gene transcripts for 6 anatomically and molec-

ularly defined tumor regions compared to the pure cellular tumor

(CT)19 (see Methods). Our analysis reveals the distinct arealiza-

tion of the excitability transcriptome and highlights the spatial

heterogeneity across tumor regions (Figure 1A).We found a large

proportion (157/358) of epilepsy genes enriched by 1.5-fold or

higher at the LE (containing only 1%–3% tumor cells), a similar

fraction (172/358) without significant change, and an interesting

subset (25/358) enriched in pure tumor cell regions relative to the

LE (high-resolution details in Figure S1; Table S1). At the LE-

adjacent infiltrating tumor (IT) (containing 10%–20% tumor cells),

118/358 genes are enriched but to a lesser magnitude as ex-

pected by the lower neuronal content of this region. Other intra-
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tumoral regions each contain less than 50 enriched genes as

compared to the CT. In contrast, both the LE and IT also contain

the fewest under-enriched genes (25/358 and 2/358, respec-

tively), while the microvascular proliferation (MVP) region con-

tains the most under-enriched genes within the tumor (113/

358). Genes enriched at the LE have the highest statistical signif-

icance and case concordance (Figure S1; Table S1). Only 19%of

Epi358 genes show low concordance at the LE (67/358), and

concordance is lower in other regions consistent with tumor

cell heterogeneity. To assess whether seizure status altered

regional RNA expression levels, we compared RNA expression

between cases presenting with seizures and those without

(FCsz) (Figure S2; Table S1). We found that despite a greater

than 10-fold elevation (FCsz) of FOSB, an immediate-early gene

sensitive to excess neuronal depolarization, relatively few

Epi358 genes are consistently amplified over 2-fold by a history

of seizures in this cohort.

Heterogeneous proepileptic pathways are enhanced in
distinct intratumoral zones
We then conducted a Gene Ontology analysis to classify the

Epi358 genes by biological processes and identified three major

categories, (1) cell growth and division (CGD), (2) ion channel and

transporter (ICT), and (3) macromolecule biosynthesis (MBS)

(Figure 1B). Intriguingly, 81% of the genes in the ICT category

are enriched at the LE, whereas the majority of MBS genes

show equivalent expression at the LE and CT. Approximately

50% of genes in the CGD category are enriched only at the LE

while the other half are expressed equally between the LE and

CT (Figure 1C). Thus, a significant number of epilepsy-linked

genes show specific enrichment at the LE, and their dysregu-

lated expression would be masked in a bulk tumor analysis (Fig-

ure 1D). For example, both deletions and heterozygous

missense mutations of SNAP25, a key regulator of transmitter

exocytosis, are proepileptic.20 Despite the low level originally re-

ported in bulk human glioma suggesting a role in tumor suppres-

sion,21 we found that SNAP25 is markedly enriched and upregu-

lated at the LE consistent with a high peritumoral synaptic

density but is not enriched in deep tumor regions (Figure S1),

where, in the absence of significant synaptic connectivity, it is

unlikely to contribute to aberrant network activity. Another

instructive example is LGI1, a gene so named upon its discovery

in bulk tissue as ‘‘low in glioma.’’22 LGI1was initially considered a

putative glioma suppressor with no known role in excitability, yet

it is now recognized as a presynaptic protein linked to potassium

channel function23 and autoimmune epilepsy.24 We consistently

find LGI1 strongly enriched and upregulated (Figure S1) at both

the LE and IT but not in other tumor regions. Thus, genes may

exert congruent or opposing network excitability and growth-

promoting effects, either singly or as a composite group, in

different spatial contexts that may be obscured in bulk tissue

analyses.

Tumor lobar location does not greatly affect
dysregulation of Epi358 genes at the LE
Next, we ascertained the relative magnitude of dysregulation at

the cortical tumor margin by comparing the mean expression

of the Epi358 genes at the LE to expression levels in anatomically



Figure 1. Monogenic sources of epileptogenesis aggregate at the tumor LE

(A) The LE is enriched for monogenic sources of epileptogenesis. Upper: heatmaps ordered by magnitude of enrichment at the LE compared to cellular tumor

zone. Nearly 50% of monogenic sources of epilepsy are either enriched specifically at the LE (157/358) or equally expressed in the LE and CT (172/358). Lower:

percent of cases enriched in each zone. Detailed gene list given in Figure S1.

(B) Epi358 genes are involved in diverse cellular processes. Circular tree plot of the Epi358 genes based on hierarchical clustering by biological function. Inner

circle: Gene Ontology analysis defined three broad categories: (1) cell growth and division (CGD), (2) ion channel and transporter (ICT), and (3) macromolecule

biosynthesis (MBS). Middle circle: the enrichment ratio (ER) for genes in the ICT category is almost exclusively enriched at the LE. Outer circle: regional RNA-seq

results in improved concordance for all categories compared to bulk tumor analysis. Detailed gene list given in Figure S1.

(C) Epilepsy-linked ion channels show the strongest enrichment at the LE. Bar plot quantifying the enrichment status of Epi358 genes at the LE compared to the

CT. A large percentage of genes in the CGD category and greater than 80% of genes in the ICT category show strong LE enrichment.

(D) Case concordance at the LE is greater for all functional categories as compared to bulk analysis. Bar plot quantifying concordance of gene expression of

Epi358 genes at the LE as compared to concordance from bulk tumor analysis. For genes in the CGD and MBS categories, there were 1.49-fold and 1.44-fold

more genes that display high-medium concordance at the LE compared to bulk analysis, respectively. Genes in the ICT category show the most improved case

concordance as compared to bulk tumor analysis with 3.57-fold more genes with high-medium concordance at the LE.

Article
ll

OPEN ACCESS
aligned, age-matched, healthy human frontal, temporal, or pari-

etal lobe cortical samples published in the Human Protein Atlas

database.25 The majority of genes show altered expression

levels at the LE compared to non-tumor cortex, suggesting

that although the neuronal, glial, and immune cells at the LE
aremicroscopically similar to healthy cortex, they are highly tran-

scriptionally remodeled. The Epi358 genes fall into multiple

distinct groups according to their intratumoral ER and fold

change (FCCx) profile per cortical lobe (Figure 2A, groups 1–

15). Intriguingly, the majority of epilepsy-linked transcripts
Cell Reports Medicine 5, 101691, August 20, 2024 3



Figure 2. Complexity and degree of dysregulation support an epistatic basis of epileptogenesis at the LE

(A) The majority of genes linked to monogenic epilepsy are similarly dysregulated across the frontal, temporal, and parietal lobes. Heatmap of the ER and FCCx of

Epi358 genes at the LE compared to different lobes of healthy human cortex. Lanes show samples from the frontal (FL), temporal (TL), parietal (PL) lobes, and

pooled cortex (Cx). The expression patterns were stratified according to congruence of ER and FC of tumors derived from different cortical lobes, forming 15

distinct groups (color coded). Groups 1–9 share a similar FCCx and ER pattern at the LE, whereas groups 10–12 and 13–14 share only a similar FCCx or ER pattern,

respectively. Group 15 genes show a variable ER and FCCx pattern. Forty-one of the Epi358 are validated pathogenic dosage-sensitive genes (rCNVs) (see

Figure S3 for more details on the 41 epilepsy-linked rare copy-number variants; rCNVs).

(legend continued on next page)
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show a high congruence between ER and FCCx despite the

different locations of the cortical tumors (Figure 2A, 218/358,

groups 1–9). Another large subset (Figure 2A, 85/358, groups

10–12) shows high congruence of fold change relative to the

native cortex but differs in intratumoral enrichment profile. The

high congruence of FCCx across cortical regions suggests that

for these epilepsy-linked genes, the tumor is similarly remodeling

the LE despite any intrinsic differences in the surrounding

cortical tissue. However, lobar synaptic connectivity differences

adjacent to the LE may also contribute to why some tumors pro-

voke peritumoral epilepsy.

Complexity and degree of LE dysregulation support an
epistatic basis of epileptogenesis
We further characterized the 218 genes that showed high

congruence of dysregulation at the LE across the frontal, tempo-

ral, and parietal lobes (groups 1–9). We conducted a Gene

Ontology analysis to cluster the genes according to similar bio-

logical function for groups 1–3 (enriched at the LE) and groups

4–6 (equal LE and CT expression), respectively (Figure 2B),

and then conducted a Kyoto Encyclopedia of Genes and Ge-

nomes (KEGG) pathway analysis of major clusters of these

genes. Our analysis shows striking dysregulation of multiple

genes involved in neuronal functions such as synaptic vesicle cy-

cle and GABAergic synaptic function at the LE. Although the ma-

jority of genes are downregulated compared to healthy cortex, a

subset in each pathway is aberrantly upregulated. Similar to the

genes enriched at the LE, those in group 4–6 show high dysregu-

lation, with a large proportion downregulated and a few aber-

rantly upregulated. Overall, the transcriptome profile at the LE

differs greatly from region- and age-matched healthy cortex,

indicating a complex dysregulation of multiple pathways and

an epistatic basis for peritumoral hyperexcitability and

epileptogenesis.

Dosage-sensitive genes validate the pathogenicity of
large fold changes at the LE
Although transcript-level changes only provide plausible evi-

dence of actual functional impact, many heterozygous nonsense

or missense mutations that lead to an equivalent loss or gain of

function cause seizures in patients,26 and the experimental liter-

ature is replete with overexpression and haploinsufficient seizure

models based on gene dosage. Important human examples of

epilepsy-linked dosage-sensitive genes include SCN1A,

SCN2A, CHD2, SYNGAP1, and DEPDC5. We determined that

41 of the Epi358 genes are known dosage-sensitive genes,

where allele haploinsufficiency and/or triplosufficiency in non-tu-

mor brain lead to epilepsy in human patients (Figure 2A second

column, genes listed in Figure 3). Aberrant dosage of any of

these genes alone is sufficient evidence of pathogenicity. We
(B) Genes from groups 1–3 (LE enriched) and groups 4–6 (LE equal to CT) were hie

of prominent clusters identified pathways dysregulated at the LE. The dysregulat

epistatic basis for epileptogenesis at the LE.

(C) Simultaneous dysregulation of multiple voltage-gated ion channels disrupts ion

the FCCx and sample-wise regional ER for voltage-gated sodium channel (VGSC),

(VGKC) subunits linked to epilepsy. Of the VGSCs, only SCN1A and SCN2A ar

downregulated except for a few calcium-activated potassium channels. Asterisk
therefore adopted a level of 0.5- and 1.5-fold change in transcript

density as a benchmark for prioritizing pathogenicity. We found

that 16/25 haploinsufficient genes are downregulated, and 2/26

triplosensitive genes are upregulated at the LE (Figures S3A and

S3B). Thus, 18/41 dosage-sensitive genes that have been inde-

pendently linked to clinical seizure and neurodevelopmental dis-

orders show dysregulated expression profiles sufficient for clin-

ical expression of epileptogenesis at the LE.

Homeostatic mechanisms of ion equilibrium are
pathologically remodeled at the LE
Ion channelopathy is the best understood class of monogenic

epilepsy, and each channel is linked to multiple variant-defined

clinical syndromes. We found that of the three major functional

gene categories, only the ICT group contains a majority of genes

that are enriched and dysregulated at the LE (Figures S3C–S3E).

Detailed functional and computational analyses in both heterol-

ogous cells and in situ cortical networks have established that

pathogenic channel variants with slight to major shifts in either

biophysical activation or deactivation properties lead to a range

of epilepsy phenotypes and antiepileptic drug sensitivities. Simi-

larly, impaired interactions with their regulatory subunits repro-

duce current defects across many channel subtypes.27 The

epistatic consequences of multiple gain or loss-of-function var-

iants are complex due to the cell type-specific roles of ion chan-

nels in sculpting excitability within synaptic microcircuits. The

combinatorial outcome of even two distinct epilepsy gene muta-

tions on a seizure phenotype depends on the specific network

affected and may either exacerbate or attenuate network hyper-

excitability.28,29 We find extensive levels of transcriptional dysre-

gulation within all major classes of voltage-gated ion channels

(details are in the following paragraph), highlighting the tumor-

induced departure from homeostatic mechanisms maintaining

excitatory and inhibitory equilibrium in the surrounding cortical

circuitry.

Sodium channels are enriched and dysregulated at the

LE

Voltage-gated sodium channels mediate depolarization in

response to changes in membrane potential, enabling the initia-

tion and propagation of action potentials. Four pore-forming

alpha subunits linked to epilepsy, SCN1A, 2A, 5A, and 8A, and

the regulatory subunit SCNB1 are all significantly enriched at

the LE and decreased elsewhere in the tumor (Figure 2C). How-

ever, only SCN1A and SCN2A have elevated expression

compared to healthy cortex, whereas SCN5A, 8A, and SCNB1

have reduced expression. Experimental studies of epilepsy-

linked clinical variants of these sodium channels indicate that

either gain or loss of function can contribute to network hyperex-

citability. Coordinate changes in channel genes may also reflect

local altered upstream transcription factors. For example, the
rarchically clustered according to biological function. KEGG pathway analysis

ion of multiple epilepsy-linked genes involved in diverse pathways supports an

homeostasis and supports pathological spreading depolarization. Heatmap of

voltage-gated calcium channel (VGCC), and voltage-gated potassium channel

e upregulated compared to wild type (WT). Almost all VGCC and VGKC are

s (*) denotes genes implicated in clinical cases of spreading depolarization.

Cell Reports Medicine 5, 101691, August 20, 2024 5
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NRSF/REST transcription corepressor silences sodium channel

transcription30 and thus decreased REST levels at the LE favor

elevated sodium channel transcripts at this location and sup-

pression where REST is more highly elevated, particularly at

the MVP (Figure 2C).

Calcium channels are enriched and uniformly

downregulated at the LE

PQ, N, and R-type channels (CACNA1A, CACNA1B, and CAC-

NA1E, respectively) mediate excitation-coupled vesicular

release at central synapses. We consistently found peritumoral

enrichment of these calcium channels (Figure 2C), along with

enriched expression of requisite presynaptic exocytotic ma-

chinery genes (Figure S4A), consistent with the excess synap-

togenesis at the tumor margin seen in experimental glioblas-

toma models,4,7,31 yet all presynaptic calcium channels are

uniformly downregulated compared to healthy cortex (Fig-

ure 2C). However if dysregulation of these channels is un-

equally distributed across a microcircuit of excitatory and

inhibitory neurons, the resulting excitatory:inhibitory release

imbalance can explain why both gain and loss-of-function var-

iants in these subunits may result in epilepsy.32 L-type calcium

channels mediate excitation-transcription coupling but are un-

common causes of epilepsy; their genes, CACNA1C and CAC-

NA1D, are enriched at both the LE and MVP zone (Figure 2C).

Low-voltage-activated T-type calcium channel genes CAC-

NA1G and CACNA1H mediate rebound bursting in thalamo-

cortical circuits and, when elevated, promote33 or, when low-

ered, prevent34 generalized spike-wave seizures. Their

downregulation at the LE is consistent with the absence of

this specific aberrant electroencephalography (EEG) pattern

in glioblastoma tumor cases.

Potassium channels are predominantly enriched and

downregulated at the LE

Potassium channel subunits comprise the largest class of epi-

lepsy channelopathy,35 with both gain and loss of function lead-

ing to prominent epilepsy phenotypes.36 These channels

exhibit complex combinatorial control over compartmental

membrane excitability in dendrites and axons,37 are modulated

by various factors (i.e., membrane voltage, calcium ions,

G-protein-coupled receptor [GPCR] signaling, and/or ATP),

and also mediate a diverse range of essential cellular functions,

including cellular homeostasis and membrane polarization. A

large subset of potassium channel genes is strongly enriched

at the peritumoral LE (KCNA1,2; KCNAB2; KCNC1; KCNH1,5;

KCNS1; KCNT1) compared to tumor regions (Figure 2C). In

contrast, KCNQ2, a gene encoding the non-inactivating Kv7

M-current does not show strong enrichment for any tumor re-

gion. Most of these genes are downregulated at the LE

compared to healthy cortex except for a subset of calcium-acti-

vated channels (Figure 2C). The calcium-activated potassium

channel subunit KCNMB1 is downregulated at the LE but en-

riched at the MVP, a region rich in actively migrating cells. In

contrast, the subunits KCNMB2,3,4 show strong enrichment

and upregulated expression at the LE. In neurons, mutations

of KCNMB1 and KCNMB4 lead to epilepsy, but their role in tu-

mor cells is unknown. However, the related calcium-activated

potassium channel, KCNN4, is involved in glioma cell migra-

tion.38 The enriched expression of potassium channel subunits
6 Cell Reports Medicine 5, 101691, August 20, 2024
at the LE with a known role in both intrinsic excitability

and cellular proliferation, so-called ‘‘oncochannelopathy

genes,’’39,40 merits further exploration.

Breakdown of peritumoral ion homeostasis facilitates

pathological spreading depolarization

Overall, our results indicate that multiple genes from different ion

channel classes are simultaneously dysregulated at the LE, facil-

itating the pathological breakdown of ion homeostasis. One such

pathological event is spreading depolarization. Spreading depo-

larization (SD) is a slowly propagating pathological wave of

neuronal and glial depolarization resulting from the breakdown

of membrane ion homeostasis and is implicated in neurologic

defects associated with brain tumor progression such as hypox-

ic brain injury and migraine aura syndromes.41 This glioblastoma

excitability biomarker was detected emanating from the tumoral

LE of glioblastoma mouse models.5,7 Three genes are linked to

SD threshold in monogenic syndromes of familial hemiplegia

(FHM1–3) with seizures, including PQ-calcium channel, CAC-

NA1A, in FHM1, astrocytic sodium potassium ATPase,

ATP1A2, in FHM2, and sodium channel, SCN1A, in FHM3. Func-

tional studies indicate that gain-of-function mutations in CAC-

NA1A42 and loss-of-function mutations in ATP1A243 and

SCN1A44 lower SD threshold. All three genes are enriched at

the LE (Figure 2C), and downregulation of ATP1A2 is consistent

with ATP1A2 loss-of-function mutations resulting in SD.

Although SCN1A is upregulated at the LE, its functional levels

depend on its regulatory subunit, SCN1B, which is strongly

downregulated at the LE, highlighting the epistatic interactions

between ion channel subunits. While gain-of-function mutations

of CACNA1A are associated with increased synaptic glutamate

release, we found a strong downregulation of CACNA1A at the

LE (Figure 2C). However, transmitter release might be enhanced

by upregulation of other ion channels such as HCN1. Hyperpo-

larization and ATP-activated cyclic nucleotide channels (HCNs)

conduct mixed cation (predominantly K+ and Na+) pacemaker

currents that regulate neuronal bursting, and a spectrum of mu-

tations inHCN1–4 has been identified in patients with epilepsy.45

We show thatHCN1 transcripts are strikingly enriched and upre-

gulated at the LE (Figure 2C; Table S1), leading the list of Epi358

channel genes. Interestingly, a search in the Ivy Glioblastoma

Atlas Project (GAP) for the strongest enrichment of all ion chan-

nel genes at the LE identified KCNS1, a potassium channel

linked to brain edema and increased intracranial pressure46 but

not yet linked to epilepsy (Figure 2C). This gene is strongly en-

riched at the LE and shows uniform downregulation compared

to healthy cortex. Overall, the complex dysregulation of ion

channel transcripts at the LE is supportive of a hyperexcitable

environment conducive to SD and other dysfunctions of ion

homeostasis.

Peritumoral remodeling of glutamatergic and
GABAergic signaling promotes hyperexcitability
Glutamate receptors show subtype-specific regional

dysregulation

Mesoscale imaging in experimental8 and human glioblastoma47

reveals extensive extracellular glutamate accumulation contrib-

uting to epilepsy,48 tumor progression,49,50 and cortical SD.5

High levels of glutamate are likely supplied by tumor cells and



Figure 3. Peritumoral remodeling of gluta-

matergic andGABAergic signaling promotes

hyperexcitability

(A) Dysregulation of glutamate signaling genes

supports abnormal glutamate signaling and ho-

meostasis. Ionotropic glutamate receptors show

subtype-specific regional dysregulation. Although

most NMDARs and AMPARs show strong enrich-

ment at the LE, only GRIA2 was upregulated, and

most other glutamate receptors are downregulated

in comparison to healthy cortex. Bottom: evidence

for increased transcript levels of vesicular gluta-

mate transport (SLC17A6,8) and astrocytic

(SLC7A11) glutamate transporter.

(B) Dysregulation of GABA signaling genes sup-

ports abnormal GABA signaling favoring hyperex-

citability. GABA synthesis genes are enriched and

upregulated. GABA transport to and from the

extracellular space are uniformly downregulated.

GABA receptor dysregulation and chloride mem-

brane gradient is conducive to depolarizing GABA

signaling. GABA receptors display a subtype-spe-

cific upregulation at the LE. Although SLC12A5

(KCC2) is uniformly enriched at the LE, it is

consistently downregulated as compared to

healthy cortex without a parallel increase in

SLC12A2 (NKCC1) expression, indicating a peri-

tumoral KCC2:NKCC1 ratio conducive to depola-

rizing GABA signaling.
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astrocytes51 and maintained by defective uptake,52 but the

involvement of receptors in this pathway has not been spatially

resolved. We detected extensive LE enrichment of ionotropic

(NMDA/GRIN, AMPA/GRIA), and metabotropic (GRM) gluta-

mate receptor subunits relative to tumor regions (Figures 3A

and S4B). NMDA (GRIN1, 2A, 3A, 2B, and 2C) receptor subunits

concentrating at the LE suggest a mechanism for excitotoxicity;

however, the FCCx values are uniformly depressed. In contrast,

AMPA receptor (GRIA1-4) expression shows extensive LE and

intratumoral enrichment consistent with a role in tumor

growth,53,54 although only GRIA3 is so far genetically linked to

epilepsy. GRIA2 uniquely shows a major FCCx increase at the

LE. Other members, including the extrasynaptic tonic glutamate

receptor d subunit gene GRID1, and kainate receptors show an

elevated LE and tumor enrichment profile, yet a low FCCx. Me-

tabotropic glutamate receptors (mGlur1–8) are strongly LE en-

riched and display subtype-specific downregulation compared

to healthy cortex (Figure S4B). Mutations in these genes have

not yet been linked to epilepsy.

Dysregulation of glutamate transport genes supports

abnormal glutamate homeostasis

Synaptically releasable glutamate is concentrated in vesicles by

proton-dependent (VGLUT1–3/SLC17A6–8) and zinc-depen-
Cell Reports
dent (ZNT3/SLC30A3) transporters. We

found upregulation of the vesicular trans-

porters, SLC17A6 and SLC17A8 at the

LE, but not SLC17A7 or SLC30A3 (Fig-

ure 3A). Similarly, the astrocytic cysteine-

glutamate exporter (XCT/SLC7A11) is en-

riched and upregulated at the LE and may
also contribute to elevated extracellular glutamate levels5 (Fig-

ure 3A). Three high-affinity neuronal and glial plasma membrane

transporters (SLC1A1–3, 6) are responsible for greater than 90%

of cellular glutamate uptake in healthy brain and are all linked to

epilepsy. These genes are LE enriched but expressed at healthy

cortical levels (Figure 3A). The increased expression of gluta-

mate exporters coupled with the lack of increase in cellular gluta-

mate uptake may contribute to the excess glutamate accumula-

tion seen in clinical and preclinical studies.

Evidence for increased GABA synthesis without parallel

increase in transport

GABA, the primary inhibitory neurotransmitter, is synthesized

from glutamate. Deficiencies in eitherGAD155 orGAD256 reduce

inhibitory GABA signaling, and both are strongly LE enriched

(Figure 3B). GABA can also be synthesized by outer mitochon-

drial membrane flavoenzymes, MAOA and MAOB. Like GAD1,

MAOA is also elevated at the LE. However, contrary to GAD1

deficiency, which can lead to seizures, duplication of MAOA

has been reported in a patient with epilepsy.57 Vesicular pack-

aging of GABA by VGAT/SLC32A1 and reuptake via plasma

membrane transporters via GAT1–3/SLC6A1,13,11 is strongly

enriched at the LE but is largely downregulated at the LE

compared to healthy cortex (Figure 3B).
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GABA receptors show uniform LE enrichment and

subtype-specific upregulation

Ionotropic GABA receptors are pentamers, and mutations in all

subunits are linked to human epilepsies.58 GABAergic transmis-

sion plays a critical role in network synchronization,59 stem cell

proliferation, migration, synaptogenesis, and immune cell func-

tion.60,61 GABA receptors are reduced in bulk glioblastoma tu-

mors compared to lower grade gliomas, and in deep glioblas-

toma tumor regions relative to the perimeter.62 However, we

detected uniform enrichment of all ionotropic a, b, and g subunits

at the LE compared to tumor cells, and a mixed FCCx pattern of

receptor expression compared to healthy cortex (Figure 3B).Me-

tabotropic GABA receptors (GABBR1,2) are also enriched at the

LE. However, these genes are largely downregulated. Metabo-

tropic GABA signaling is critical for epilepsy in non-malignant

focal epileptic cortical dysplasia, including tuberous sclerosis.63

The peritumoral membrane chloride gradient is

conducive to depolarizing GABA signaling

The effect of GABA on network excitability depends upon the

postsynaptic transmembrane chloride gradient. This gradient un-

dergoes a shift from depolarizing to hyperpolarizing during early

brain development as chloride exporter, KCC2 (SLC12A5),

expression increases, reversing the balance of Cl� import medi-

ated by NKCC1 (SLC12A2). KCC2 loss-of-function mutations

lead to epilepsy,64 and a knockin mouse of a KCC2 mutation

that prevents phosphorylation-dependent inactivation sup-

presses convulsant-induced seizures,65 validating the importance

of this pathway and serving as a reminder of the critical role of

posttranslational modulation for this and other genes. Analysis

of chloride transport dysregulation in glioblastoma has yielded

mixed results in human tissue and murine xenograft models.66–68

However, we consistently found KCC2 (SLC12A5) is enriched at

the LE but downregulated compared to healthy cortex (Figure 3B)

without a parallel increase in NKCC1 (SLC12A2), indicating a

KCC2:NKCC1 ratio that favors depolarizing GABA signaling,

which may contribute to peritumoral hyperexcitability.

The LE and MVP are distinct proepileptic zones
Our analysis identified the LE and MVP zone as the most proepi-

leptic tumor regions (Figure 1A). A closer examination of the

enrichment profile identified 32 epilepsy-linked genes enriched

at the MVP zone compared with the CT (Figure 4A). Approxi-

mately half of those genes are also selectively enriched at the

MVP compared to the LE andmay influence neurovascular reac-

tivity and BBB integrity.69 For example, the mechanosensitive

stretch non-selective cation channels PIEZO1 and PIEZO2 are

exclusively enriched at the MVP (Figure 4B), and upregulation

of both genes has been reported in a case of seizures with

cortical compression.70 While genomic variants are not as yet

linked to genetic epilepsy, THSN1, the gene encoding astroglial

thrombospondin1 was recently implicated in glioblastoma syn-

aptic remodeling31 and is also enriched at the MVP (Figure 4B).

Pathological astroglial-basedBBB alterations provide vasogenic

mechanisms for local inflammation leading to hyperexcitability,

as well as defective transport of antiepileptic drugs.71

Autoimmune epilepsy antigens are enriched at the LE

Autoimmune epilepsy is an uncommon result of pathogenic anti-

body binding to neuronal antigens leading to seizures72 and typi-
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cally diagnosed in the context of non-CNS cancers or no discov-

erable malignancy. Molecular targets of autoimmune antibodies

include NMDA, AMPA, GABA, and glycine receptors (GAD65,

GAD67, LGI1, HU/ELAV4, NEUREXIN1–3, and CASPR273), and

germline mutation of each of these targets is linked to mono-

genic epilepsy. Surprisingly, we found that genes for 22 autoim-

mune antigens show striking enrichment at the LE, while none

are enriched at the MVP, pointing to an unexplored immunolog-

ical pathway underlying glioblastoma-related epilepsy (Fig-

ure 4C). Glioblastoma is not currently recognized as one of the

causative tumors underlying autoimmune epilepsy,72,74,75

except in a single case report of seizures due to anti-glutamate

receptor cerebral spinal fluid antibodies subsequently found to

arise from an unrecognized glioblastoma,76 suggesting this

pathway merits further exploration.

Differences in the regulation of MTOR pathways at the

LE and MVP

Mutations in genes of theMTOR pathway are one of the primary

causes of focal cortical dysplasia (FCD), the most common

cause of MRI-detectable, pharmacoresistant epilepsy. Somatic

mutations of these genes generate localized cortical cell line-

ages and thus represent a model of non-malignant peritumoral

epileptogenesis, and some (KRAS, NF1, NIPBL, and PCDH19)

have been linked to cellular growth in glioblastoma.77–79 We

found that mostMTOR pathway genes show lowered expression

at the LE compared to healthy cortex, except for NPRL2, KRAS,

and PTEN, which show increased expression (Figure 4D).

Although KRAS and PTEN are upregulated, the MTOR repres-

sors, TSC1, TSC2, DEPDC5, NPRL3, RPTOR, and STRADA,

are all downregulated at the LE compared to healthy cortex,

highlighting how different MTOR downstream pathways may

be enhanced while others are repressed in glioblastoma (Fig-

ure 4D). PTEN is upregulated and enriched in both the LE and

MVP regions, but the repressor TSC1 is highly LE enriched yet

downregulated at the LE, highlighting their different regional

roles in tumorigenesis. MTOR inhibitors are effective antiseizure

therapy for FCD and suppress glioblastoma tumor cell prolifera-

tion in vitro,80 and their in vivo profile suggests further therapeutic

study of the effects of MTOR signaling on glioblastoma-related

epilepsy and tumorigenesis.

Epilepsy gene dysregulation at the LE partially
recapitulates early development
Finally, we sought evidence for the important hypothesis that tu-

mor-induced gene dysregulation may recapitulate patterns of

plasticity characteristic of early cortical development.81 We

compared the degree of dysregulation of 254 Epi358 genes

aberrantly expressed at the LE to healthy cortex during early pre-

natal and postnatal development (see Methods) and found that

54% of the LE dysregulated genes resemble a FCCx pattern

similar to that of at least one early developmental stage (Fig-

ure 5A). Suppressors of MTOR signaling are uniformly downre-

gulated at the LE and at all developmental stages tested (Fig-

ure 5B), suggesting that MTOR signaling itself is upregulated in

both tumor LE and healthy cortex during these early develop-

mental stages. Genes involved in neuronal migration are upregu-

lated in healthy cortex at the prenatal and infancy stage

compared to adult, as expected based on the high demand for



Figure 4. The LE and MVP are distinct proepileptic zones

(A) The microvasculature of proliferation is enriched in proepileptic genes. Scatterplot of the ER of the Epi358 genes for the LE andMVP regions. Based on the ER

at the MVP, 32 Epi358 genes were enriched at the MVP compared to the CT, but half of these genes were also enriched at the LE.

(B) The microvasculature is enriched in potential epileptogenic genes. Heatmap of MVP-enriched genes implicated in seizures or synaptogenesis.

(C) Autoimmune epilepsy antigens are enriched at the LE but not the microvascular of proliferation zone. Scatterplot of the FCCx plotted as a function of the ER

between the MVP and LE. Results show that no genes associated with autoimmune epilepsy are enriched at the MVP while nearly all of them are enriched at the

LE. Genes associated with dysplasia are enriched in both the LE and MVP regions.

(D) Differences in the regulation of MTOR pathways at the LE and the microvascular of proliferation zone. Heatmap of the FCCx and ER of genes related to

dysplasia. Growth-related genes for epileptic cortical dysplasia are dysregulated at the LE. KRAS is enriched and upregulated only at the LE whereas PTEN is

enriched at the LE andMVP. NPRL2 is also upregulated at the LE but shows no enrichment as compared to the CT. Most genes involved in cortical dysplasia did

not show strong regional tumor enrichment.

Article
ll

OPEN ACCESS
neuronal displacement (Figure 5B). Glioblastoma is more preva-

lent in older adults (>40 years of age), but many of the MTOR

signaling genes such as TSC1, DEPDC5, NF1, and NPRL2 all

showed expression levels at the LE, which more closely

resemble healthy earlier development as opposed to healthy

levels in adult cortex (Figure 5C). Overall, the data suggest that

the LE is upregulated for specific MTOR signaling pathways,

which are normally active during healthy cortical development.

Gene Ontology analysis also identified key differences in regu-

lation of membrane potential and postsynaptic membrane

signaling at the LE as compared to healthy development (Fig-

ure 5D). Most genes in these functions are similarly downregu-

lated. However, less coordinate upregulation is found among

pre- and postsynaptic membrane genes except in the vesicular

transport to synapse cluster, which shows a high similarity of

genes upregulated at the LE and in healthy development (Fig-

ure 5D). Different ion channel and transmitter subtypes modulate
different functions in the developing brain versus the adult

brain.82 For example, NMDA-dependent glutamate currents

enhance the survival of adult neural progenitor cells but are not

required for migration.83 On the other hand, embryonic GABA

and NMDA-dependent signaling is important for radial migration

of hippocampal neurons,84 whereas embryonic AMPA receptors

modulate prenatal tangential migration.85 Intriguingly, our anal-

ysis shows that all tested NMDA receptors are downregulated

similarly to prenatal stages, but none of the AMPA receptor sub-

units show expression patterns resembling early development

(Figure 5E). For example, GRIA1, the only AMPA receptor upre-

gulated in the early development of the healthy cortex (Figure 5E),

is downregulated at the LE (Figure 3A). Conversely, GRIA2, the

only AMPA receptor upregulated at the LE compared to the adult

cortex (Figure 3A), is considerably downregulated at all tested

developmental stages (Figure 5E). In vitro studies of 10–15 DIV

neuronal cultures show that both NMDA and AMPA receptors
Cell Reports Medicine 5, 101691, August 20, 2024 9



Figure 5. Peritumoral remodeling partially recapitulates early developmental programs

(A) A majority of dysregulated Epi358 genes recapitulates expression patterns in early development. Top: heatmap of the 254 dysregulated Epi358 genes (177/

354 downregulated, 77/358 upregulated) and the fold change at the LE and multiple developmental stages (EP, LP, IN, CH) compared to healthy adult cortex.

Geneswhere fold change at the LE resembles any of the tested developmental stages aremarked by a cyan bar (left most column). Bottom: bar plot of the percent

of dysregulated genes which resemble development (shades of cyan) stratified by the percent of genes from each functional cluster, MBS, ICT, and CGD.

(B) Recapitulation of early developmental TOR signaling at the LE. Bar plot of genes significantly enriched per growth/migration-related Gene Ontology biological

process. Positive y axis represents the number of genes upregulated and negative y axis represents genes downregulated.

(C) A subset of regulators ofMTOR signaling resembles early developmental patterns. Heatmap of the cortical developmental indices forMTOR signaling genes.

The genes in FL glioblastoma tumor and healthy FL per developmental stage were normalized using a cortical developmental index (CDI, seeMethods), revealing

trends in developmental expression. Asterisks (*) denote MTOR-related genes, which had LE expression similar to prenatal levels.

(legend continued on next page)
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can induce calcium ion influx into cells86 andmight be the source

of slow inward calcium currents seen in glioma co-culture as-

says. However, only AMPA receptor antagonists inhibit these

slow inward calcium currents in vitro.50 Thus, our analysis sug-

gests a predominant AMPA receptor-mediated slow calcium

current in peritumoral networks. In contrast to the age-specific

pattern seen in glutamate receptors, about half of the GABA re-

ceptor subunits resemble an early developmental stagewhile the

other half more closely resembled adult expression levels. In

healthy neocortex, the impact of GABA receptor signaling on

proliferation is mixed; these receptors limit proliferation of radial

glial type adult neural progenitor cells87 but promote proliferation

of a subset of type II adult neural progenitor cells with a higher

internal chloride ion concentration.88 Our analysis shows a

marked decrease in SLC12A5 (KCC2) at the LE (Figure 3A), but

no compensatory reduction in SLC12A2 (NKCC1), suggesting

a higher internal chloride ion concentration resembling type II

adult neural precursor cells. Thus, at the LE, SLC12A5 levels

resemble early development, but SLC12A2more closely resem-

bles adult levels, which may suggest that transcriptional dysre-

gulation at the LE suppresses SLC12A5 expression independent

ofSLC12A2 (Figure 5E). Overall, our data suggest peritumoral re-

modeling of a subset of genes involved in ion homeostasis re-

sembles early development, highlighting the importance of

viewing tumor-induced transcription profiles through the lens

of developmental programs and mechanisms.

DISCUSSION

Spatial analysis of RNA enrichment and dysregulation patterns

of genes linked to monogenic epilepsy phenotypes reveals an

unexpectedly complex molecular substrate for the emergence

of epistatic gene interactions in the glioblastoma cortical micro-

environment. A majority of clinically validated, proepileptic gene

pathways are strongly dysregulated at the tumor LE, identifying a

priority gene set underlying proepileptic and antiepileptic circuit

remodeling. Both gain and loss of expression in these genes,

each known to critically control the balance of network excit-

ability, define a rich network excitability dysregulome that can

modify seizure risk in patients with glioblastoma. This epistatic

complexity replicates the one previously reported for patterns

of genomic ion channel variants in non-tumor human epilepsy

cases, where computational modeling validated their combina-

torial pathogenic effects.29 The extent of epilepsy-linked tran-

script remodeling therefore provides a parsimonious explanation

for epilepsy risk in individuals with this brain tumor, as well as a

molecular basis for their pharmacoresistance to narrowly tar-

geted conventional antiseizure medicines. A better understand-

ing of epilepsy gene landscape patterns could identify potential

targets and help guide future antiepileptic therapy for glioblas-
(D) Pre- and postsynaptic genes showed subtype-specific changes at the LE co

cording to their related Gene Ontology biological process. Positive y axis repres

regulated genes.

(E) NMDA receptors and a subset of GABA receptors recapitulate early develo

glutamate and GABA receptor genes. The genes in FL glioblastoma tumor and h

developmental index (CDI, see Methods), revealing subtype-specific trends in de

prenatal levels.
toma. For example, none of the greater than 30 currently

approved antiseizure drugs target proepileptic GPCRs,89 which

are prominently upregulated at the LE.

The spatial arrangement of molecular plasticity is also informa-

tive. Unlike the ‘‘surround inhibition’’ motif characteristic of an

acute convulsant-induced cortical seizure focus,90 we find that tu-

mor-induced epileptogenesis, which evolves over weeks in glio-

blastoma mouse models,5 replaces this native inhibitory barrier

with surround excitation. Heterogeneous profiles identified within

tumor subregions distant from the margin suggest additional

distinct intratumoral excitability thresholds responsible for glioma

celldepolarizationaswellasmicrovascularBBBdefects thatcould

guide future clinical diagnostic classification and management.

We identified striking subtype-specific changes in glutamate re-

ceptors at the tumor margin and within the tumor, for example,

the strong upregulation of AMPA receptor subunits that resemble

the complex cortical layer-specific changes in temporal lobe epi-

lepsy tissue.91 We also identify candidate BBB defects enriched

at the MVP. These highly concordant patterns are masked in

bulk tissue samples,92 highlighting the value of regional analysis

of malignant peritumoral networks.

The transcriptional control mechanisms driving the striking het-

erogeneity of epilepsy gene dysregulation within regional tumor

excitability niches remain to be explored. Some genes dysregu-

late only in the LE, some in both the LE and tumor, and other

compartmental patterns are evident. Whereas voltage-gated so-

dium and calcium gene dysregulation is LE predominant, enrich-

ment of potassium channels and glutamate receptors extends

into the pure tumor zone, a region largely devoid of recurrent excit-

atory synaptic connections critical for seizure generation, where

they may nonetheless contribute to paracrine signaling affecting

glial, immune, and tumor cell biology. This source of non-synaptic

depolarization defines an alternative driver of tumor progression

independent of EEG-detectable seizure activity. Extracellular po-

tassium and glutamate excess in both compartments may also

combine to trigger SD waves identified in mouse glioblastoma

models.5,7 These spatial excitability profiles may also refine glio-

blastoma subtype classification. Isocitrate dehydrogenase (IDH)

genes are currently the primary classifiers of diffuse glioma sub-

types, and their role in hyperexcitability could overlap with many

metabolically linked epilepsy genes.13 IDH mutation status alters

normal oxidation of isocitrate to alpha-ketoglutarate in mitochon-

dria and affects oncogenesis. In Ivy GAP, IDH1 but not IDH2

expression is low at the LE; both genes are markedly elevated in

the tumor zone, and IDH2 is also elevated at the MVP. Interest-

ingly, IDH3a is a recent candidate risk gene for epilepsy.93,94

Limitations of the study
Aprincipal limitation to interpreting the pathological transcriptome

is the unclear relationship between transcript density, proteome
mpared to normal development. Bar plot of genes significantly enriched ac-

ents the number of genes upregulated and negative y axis represents down-

pmental patterns. Heatmap of the cortical developmental indices for major

ealthy FL samples per developmental stage were normalized using a cortical

velopmental expression. Asterisks (*) denote genes with LE levels resembling
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lifespan, and the plasticity of intrinsic membrane and synaptic

network firing properties, each of which varies in the brain across

multiple timescales. Both glioblastoma95 and healthy neurons96

display activity-driven circadian fluctuations in mRNA transcripts,

which, once alternatively spliced, may be toxic at some synapses

and imperceptible at others, and the levels themselves offer little

insight into the extent of cell type-specific posttranslational modi-

fications that couldmask their final impact. For example,migrating

glioblasts remodel more extensively than stationary tumor cells,97

and both episodic seizures98,99 and persistent depolarization100

alter these patterns, rendering the layers of neuron-tumor cross-

talk difficult to unravel. Further ambiguity resides in the potential

formalignant stemcell subclones toproducemultiple non-uniform

lineages, as shown by discordant regional case profiles, and the

age of their progeny may extend unevenly across tumor re-

gions.18,101,102 Therefore, even an anatomically segmented tran-

scriptome environment is challenging to summarize across space

and time and is only a molecular protomap of network hyperexcit-

ability. Despite these limitations, as a snapshot of malignant brain

tumor biology, this spatial portrait of excitability dyshomeostasis

provides an invaluable reference point and a rich source of candi-

date gene targets for therapeutic exploration aimed at returning

the peritumoral cortical landscape to its native excitability.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Ivy GAP Allen Brain Institute https://glioblastoma.alleninstitute.org/rnaseq/search/index.html

RNA TCGA cancer sample gene data,

Human Protein Atlas version 23.0,

Ensembl version 109

Human Protein Atlas https://www.proteinatlas.org/about/download

BrainSpan Allen Brain Institute https://www.brainspan.org/

RNA HPA brain gene data, The Human

Protein Atlas version 23.0 and Ensembl

version 109

Human Protein Atlas https://www.proteinatlas.org/about/download

RNA HPA PFC brain gene data,

The Human Protein Atlas version

23.0 and Ensembl version 109.

Human Protein Atlas https://www.proteinatlas.org/about/download

Software and algorithms

ggplot2 R https://cran.r-project.org/web/packages/ggplot2/index.html

Tidyverse R https://cran.r-project.org/web/packages/tidyverse/index.html

clusterProfiler Bioconductor https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

GOSemSims Bioconductor https://bioconductor.org/packages/release/

bioc/html/GOSemSim.html

STAT R https://cran.r-project.org/web/packages/STAT/index.html

tidytree R https://cran.r-project.org/web/packages/tidytree/index.html

ggtreeExtra Bioconductor https://bioconductor.org/packages/release/

bioc/html/ggtreeExtra.html
RESOURCES AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jeffrey

Noebels (jnoebels@bcm.edu).

Materials availability
This study did not generate any new reagents.

Data and code availability
Data used in this study are listed in the key resource table and are detailed in theMethodsDetails section below. No original codewas

generated for this study. All heatmaps were generated using ggplot2 and Tidyverse packages in R. Any additional information

required to reanalyze the data reported in this work is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study did not generate any new experimental models. Information about cases analyzed in this study are listed in references

detailed in the Methods Details section.

METHOD DETAILS

Cellular compartmentation and case complexity
The Ivy GAP19 database was generated by microscopically sampling 7 resected tumor regions, including the neuronal leading edge

(LE) and adjacent zones of infiltrating tumor (IT), dense tumor cells (CT), perinecrotic zone (PNZ), pseudopalisading necrosis (PAN),
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hyperplastic blood vessel in the cellular tumor (HBV) and microvascular proliferation (MVP). Each region was identified histologically

and validated with cell-type specific RNA-Seq population markers.

Histological definitions of tumor regions

The leading edge (LE) samples were selected to contain zones containing only 1–3 tumor cells per visual field reflecting peritumoral

neural networks, while the IT infiltrating zone composition was 10–20 tumor cells per visual field, and the CT tumor zone contained an

average of 300/1 ratio of tumor cells to normal cells. The PAN and PNZ zones were defined by aggregation of nuclei around necrosis

with or without pseudopalisading cells respectively. And the HBV and MVP zones were distinguished by blood vessels with either

hypertrophic thickened walls or sharing endothelial walls respectively.

Molecular validation of some Epi358 genes

The expression of only 9 of the Epi358 genes in the Ivy database have been validated by ISH at the LE and despite the uniform mo-

lecular genetic procedures used to build this database and evidence of clear segmentation in 6 of these genes (Figure S5), extended

analysis could reveal anomalies in compartmental values. In future studies, single cell RNAseq analysis of spatial samples will provide

validation as well as the identity of neuronal and glial subtypes for each gene.

Further genetic inclusion and exclusion criteria

Per the revised definition of glioblastoma published by the World Health Organization in 2021,103 we omitted samples derived from

patients with IDH1/2mutation, resulting in the exclusion of four patients. To facilitate interpretation of regional tumormechanisms, we

also excluded tumors which were derived frommultiple lobes in the brain (n = 6 patients excluded), resulting in a total of 163 samples

from 29 patients which were each probed for 25,873 genes. A summary of the number of patients and samples collected for each

region of the tumor and full methodological details are available at the Allan Brain Atlas/Ivy GAP website: https://help.brain-map.

org/display/glioblastoma/Documentation.

Calculation of enrichment ratio per tumor region
The enrichment ratio is an intra-tumoral comparison which highlights tumor heterogeneity and can be used to identify genes enriched

per tumor region. Regional RNA-Seq was downloaded from Ivy GAP19 database, and samples were segregated by tumor lobar loca-

tion. Per frontal, temporal, and parietal lobar locations, the enrichment ratio was calculated for six anatomically defined tumor regions

LE, IT, PNZ, PAN, HBV, and MVP as compared to expression levels at the CT. We defined an ER of R1.5-fold as enriched in the

region of interest (ROI) as compared to the CT, and an ER of %0.5 as enriched in the CT compared to the ROI.

ERregion of interest =
Avg RNAregion of interest

Avg RNA pure tumor cell region

In order to compare the enrichment ratios across cortical regions, we determined that the relative expression of the Epi358 genes

did not vary greatly amongst the frontal, temporal, and parietal lobes in healthy adult brain (Figure S6, lane 1). Comparison of the

tumoral enrichment ratios per lobe demonstrated that the majority of genes also showed a similar enrichment ratio regardless of

cortical regions (Figure S6, lanes 2–6). Due to the high congruence of enrichment ratios from tumors derived from different cortical

regions, we display the average enrichment ratio across the frontal, temporal, and parietal lobes per tumor region in Figure 1A.

To display the heterogeneity within the cellular tumor, we calculated the enrichment ratio of the average RNA of all samples per

patient for each region of the tumor as a function of the lobar-matched average expression of the cellular tumor.

ERper patient =
RNApatient X

Avg RNA Lobar matched CT
Calculation of case concordance
We used the coefficient of variation (stdev/average) as a measure of case concordance and defined a low concordance as a CV R

0.50, a high concordance as a CV% 0.25, and amedium concordance as intermediate values between 0.25 and 0.50. Regional RNA-

Seqwas downloaded from Ivy GAP database, and TCGA bulk RNA-Seqwas downloaded from the Human Protein Atlas website. The

coefficient of variation was first determined per lobar location before averaging for the final coefficient of variation displayed in Fig-

ure 1.

Coefficient of Variation ðCVÞ = AvgðCVFL;CVTL;CVPLÞ
Calculation of fold Change between cases with and without seizures (FCsz):

We stratified the Ivy GAP RNA-Seq according to patient history, forming two groups, cases with seizures and cases without sei-

zures. We then determined the fold change between these two groups per tumoral region.

FCsz =
Avg RNAseizure cases

Avg RNA non� seizure cases
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Hierarchal clustering of the Epi358 genes into functional groups based on biological process
To hierarchically cluster the Epi358 genes based on their biological processes listed in the Gene Ontology Database, we used the

godata function of GOSemSims R Package to generate a semantics similarity database for the Biological Processes (BP GO) of hu-

man genes listed in the Gene Ontology Database. ThemgeneSim function from theGOSemSim package was then used to calculate

the pairwise semantic similarities of the Epi358 genes based on their BP GO semantic annotations using the Wang method.104 The

hclust function from the STATS package in R was then used to hierarchically cluster the Epi358 genes based on BP GO semantics

similarity matrix scores using the ward.D method. Hierarchical clustering was successful for 349/358 Epi358 genes, resulting in 3

major clusters. We conducted a GO over-representation analysis105 of the BP for each of the clusters using the clusterProfiler pack-

age106 to assign the major categories displayed in Figure 1: (1) Cell Growth and Division; (2) Ion Channel and Transport; (3) Macro-

molecule Biosynthesis. The hierarchal cluster was then converted into a phylo object used for phylogenetic analysis in R using the

as.phylo function in the tidytree package.107 The phylogenic object based on the BP GO of the Epi358 genes were then visualized

using ggtreeExtra package107 in R as a fan tree diagram with an open angle of 30�. For the circular dendrogram in Figure 1, we an-

notated the circular dendrogram with the ER and CV per tumor region using the geom_fruit, and geom_tile function in ggtreeExtra.

Calculation of fold change of epilepsy genes at the peritumoral LE vs. healthy cortex
To compare LE expression to healthy human brain, we downloaded region matched healthy human cortical RNA-Seq datasets from

the Allen Brain Institute Brain Span Project108 and the Human Protein Atlas25 Brain and Pre-frontal Brain Gene Data. To compare LE

and cortical tissue RNA-Seq across different datasets, we normalized all genes by five genes which showed invariant expression

across multiple cortical regions in both the Allen Brain Atlas and Human Protein Atlas healthy cortical datasets (RNF10, M6PR,

AIFM1, APEX1, CNDP2). We determined the expression fold change for each lobar location of the derived LE (i.e., FL, TL, PL), as

well as the pooled cortical sample (Cx), which included gene expression at the frontal lobe, temporal lobe, and parietal lobe.

FCCx =
Avg RNALE per FL;TL;or PL

Avg RNA Healthy Fl;TL;or PL

To determine the congruence across the ER and FC across the FL, TL, and PL, we categorized the data roughly into those with ERs

or FCs >1.5, <0.5, or between those two threshold values, assigning them as enriched, under-enriched, no change for ERs and then

upregulated, downregulated, no change for FCs. The categorized variables were then sorted for genes which showed identical cat-

egorical ERs and/or FCs, forming 15 groups displayed in Figure 2.

Identification of pathogenic copy number variants that are epilepsy linked
A prior study conducted a meta-analysis of rare copy number variants on the 22 autosomes, cumulating data from 17 different sour-

ces.109We extracted data from this resource and determined which genes located on these rare copy number variants were clinically

validated as epilepsy linked, resulting in a panel of 41 genes. We then determined the ER and FCCx for these epilepsy-linked genes

located within pathogenic copy number variants.

Curation of gene set of disease-linked genes and presynaptic genes
Relevant epilepsy linked genes were compiled from a diagnostic panel of 320 genes (https://www.invitae.com/en/providers/test-

catalog/test-03401) and recent literature, resulting in 358 epilepsy/dysplasia-linked genes (Table S1). Dysplasia/cortical malforma-

tion genes were identified from a panel of genes linked to malformations of cortical development.79 Presynaptic genes were curated

from the literature for genes involved in the cytoskeletal matrix assembled at the assembly zone (CAZ), SNARE family proteins

including synaptotagmins (SYT) and synaptobrevins (VAMP), synaptic vesicle proteins such as clathrin and syntaxins, and adaptor

proteins which may regulate synaptic vesicle composition (AP complexes). In addition, murine gene ontology annotations for synap-

tic exocytosis processes (GO:0140029) was included for further consideration if involved in priming, docking, fusion or targeting of

synaptic vesicles.

Comparison of FCCx at the LE to expression levels during healthy early development
Human RNA-Seq at the frontal, temporal, and parietal lobes for different developmental stages was downloaded from the Allen Brain

Institute BrainSpan Project (https://www.brainspan.org/).108 To make comparisons across the BrainSpan and HPA RNA-Seq data-

sets, we first normalized the BrainSpan data to adult cortical levels within the BrainSpan dataset (Adult.A). Next, we normalized

Adult.A levels from BrainSpan and Adult.B expression levels from HPA using five genes which showed invariant expression across

multiple cortical regions in both the Allen Brain Atlas and Human Protein Atlas healthy cortical datasets (RNF10, M6PR, AIFM1,

APEX1, CNDP2). A ratio was formed using normalized Adult.B/Adult.A levels per cortical lobe. We then determined the FCCx

compared to healthy adult cortex for each early developmental stage per FL, TL, and PL using the equation for FCcx below. Due

to the high congruence of expression of Epi358 genes across the FL, TL, and PL, we displayed the average FCCx for these three lobes

in Figure 5.

FCDev:norm =
Avg RNADev Stage per FL;TL;or PL

Avg RNA Adult:A per FL;TL;or PL
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FCAdult:norm:ratio =
Avg RNAAdult:B per FL;TL;or PL

Avg RNA Adult:A per FL;TL;or PL

FCCx =
FCDev:norm per FL;TL;or PL

FC Adult:norm:ratio per FL;TL;or PL
Overrepresentation analysis of development related functions
The Epi358 genes were stratified into genes which were upregulated and downregulated per LE and early developmental stage,

forming 10 expression groups. We then conducted a Gene Ontology over-representation analysis105 of the biological process for

each of the expression groups using the clusterProfiler package.106 A significance level of less than 0.05 for the adjusted p-value

was used to filter for significant results. We then prioritized developmentally relevant Gene Ontology terms involved in growth

signaling, migration, and pre- and post-synaptic functions.

Prioritized GO terms:

Growth signaling: GO:0032007.

Migration: GO:0001764.

Presynaptic Function: GO:0042391, GO:0007416, GO: 0099003.

Postsynaptic Function: GO: 0099565, GO: 0060079.

Determination of cortical developmental index for fold changes compared to WT
The Cortical Developmental Index (CDI) is a modified strategy for comparing developmental stages which was previously tested in

fast-spiking interneurons110 andmicroglia.111 The CDI normalizes expression across different stages so that the condition with a zero

CDI score represents the minimum value of all the tested conditions and a score of 1 equals the maximum CDI value of all the con-

ditions tested. To facilitate comparison across Ivy GAP LE and BrainSpan datasets, we normalized FL expression by genes which

showed invariant expression across all developmental stages at the FL (ARFGAP2, BSDC1, DMAP1). The CDI was then determined

for the normalized expression at LE samples derived from the FL and normalized FL expression in healthy cortex from various devel-

opmental stages.

CDI =
FCxstage � FCxminimum across all stages

FCxmaximum stage
� FCxminimum across all stages
QUANTIFICATION AND STATISTICAL ANALYSIS

An unpaired two-sample t-test and Welch’s t-test was used to determine statistical significance of intratumoral enrichment ratio for

samples with and without equal variances respectively. A threshold p-value of 0.05 was used to determine statistical significance.
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