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Haploinsufficiency of NFKBIA reshapes
the epigenome antipodal to the IDHmutation
and imparts disease fate in diffuse gliomas
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Laura Solé,2 Aran Merati,1 Surya Nagaraja,9 Sindhu Nair,1 Jaclyn J. White,11 Nanda K. Thudi,1 Jessica L. Fleming,6

(Author list continued on next page)

SUMMARY

Genetic alterations help predict the clinical behavior of diffuse gliomas, but some variability remains uncor-

related. Here, we demonstrate that haploinsufficient deletions of chromatin-bound tumor suppressor NFKB

inhibitor alpha (NFKBIA) display distinct patterns of occurrence in relation to other genetic markers and are

disproportionately present at recurrence. NFKBIA haploinsufficiency is associated with unfavorable patient

outcomes, independent of genetic and clinicopathologic predictors. NFKBIA deletions reshape the DNA and

histonemethylome antipodal to the IDHmutation and induce a transcriptome landscape partly reminiscent of

H3K27M mutant pediatric gliomas. In IDH mutant gliomas, NFKBIA deletions are common in tumors with a

clinical course similar to that of IDHwild-type tumors. An externally validated nomogrammodel for estimating

individual patient survival in IDHmutant gliomas confirms that NFKBIA deletions predict comparatively brief

survival. Thus, NFKBIA haploinsufficiency aligns with distinct epigenome changes, portends a poor prog-

nosis, and should be incorporated into models predicting the disease fate of diffuse gliomas.

INTRODUCTION

Gliomas are the most frequently occurring primary brain tumors.

Comprehensive genome-wide characterization has illuminated

their molecular complexity.1–7 Among their key genetic alter-

ations identified, mutations of isocitrate dehydrogenase 1

(IDH1) and 2 (IDH2) genes (collectively referred to as IDH),8 mu-

tations in the promoter of telomerase reverse transcriptase

(TERT) and ATRX chromatin remodeler (ATRX) genes,9,10 and

codeletion of chromosome arms 1p and 19q (1p19q codele-

tion)11 are associated with glioma subsets possessing distinct

clinical trajectories.1 Moreover, homozygous deletion of cyclin-

dependent kinase inhibitor 2A/B (CDKN2A/B) is a biomarker of

grade and prognosis, especially in IDHmutant gliomas.12 These

alterations are currently the most potent genetic markers pre-

dicting glioma aggressiveness.1 IDH mutations manifest the
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epigenetic glioma cytosine-phosphate-guanine (CpG) island

methylator phenotype (G-CIMP),13 which portends a favorable

prognosis,14,15 as does high vs. low G-CIMP.4,16 Mutations

(lysine-to-methionine substitution) in histone H3 (H3K27M)—

involving the H3F3A locus of histone variant H3.3 and the

HIST1H3B locus in the H3.1 or H3.2 variants17—characterize a

subgroup of aggressive diffuse midline gliomas in children and

young adults.18,19 H3K27M mutant oncohistone induces a

dose-dependent inhibition of the H3K27me3 methyltransferase

complex, polycomb repressive complex 2 (PRC2).20,21 PRC2

orchestrates genome architecture and mediates silencing

of developmental genes during lineage specification and

commitment.22

TheNFKB inhibitor alpha (NFKBIA) geneat14q13.2encodes the

alpha subunit of the inhibitors of kB (IkBa), proteins that regulate

the activity of transcription factor nuclear factor kB (NF-kB) in the

cytoplasm.23 Evidence that, in chromatin, nuclear NFKBIA

dynamically interacts with histones H2A and H4 to regulate poly-

comb-dependent transcriptional repression and, thus, stem cell

maturation, lineage specification, and cancer24–26 andour charac-

terization of NFKBIA as a tumor suppressor in glioblastoma27

promptedour investigation of the relationship ofNFKBIAdeletions

with other genetic markers, alterations in the methylome, and the

clinical course of gliomas. We analyzed the genetic profiles of gli-

omas of multiple well-characterized patient populations to deter-

mine whether incorporation of NFKBIA deletions could enhance

the prognostic value of current molecular descriptions.1,4

RESULTS

Overview of patient population characteristics

We analyzed 2,255 patients and their 2,343 diffuse gliomas. The

demographic and disease characteristics of patients of seven

glioma populations are summarized in Table S1, and their clini-

copathologic-genetic details are listed in Table S2. We used

population 1 to test the relationship between NFKBIA deletions

and key genetic alterations and survival in lower-grade (World

Health Organization [WHO] grade 2–3) gliomas and populations

2 and 3 for validation; population 4 to test the relationship of

NFKBIA with key genetic alterations and survival in WHO grade

2–4 gliomas and population 5 for validation; population 6 to

assess the relationship between NFKBIA deletion and tumor

recurrence; and population 7 to study the intersection of gene

signatures associated with NFKBIA deleted gliomas and

H3K27M mutant diffuse intrinsic pontine gliomas (DIPGs).

Deletion of NFKBIA in lower-grade gliomas

We observed a common hemizygous deletion encompassing

NFKBIA in 68 of 513 (13.3%) lower-grade gliomas in population

1 (Figure 1A). NFKBIA deletions ranged from small (12.3 kbp)

losses involving only the NFKBIA locus (chr14: 35,401,079–

35,404,749) to larger chromosomal regions encompassing

NFKBIA (median: 36.6 Mbp, interquartile range: 43.5 Mbp), to

those extending to the 14q terminus. In the three main genetic

groups of adult lower-grade gliomas—IDH mutant/1p19q code-

leted/TERT mutant, IDH mutant/1p19q non-codeleted/ATRX

mutant, and IDHwild-type/TERTmutant—we found no predilec-

tion for either IDH mutant group (9.3% and 6.7%, respectively)

but did find higher presence in the IDH wild-type group

(30.6%) (Figure 1A). NFKBIA deletions occurred in 4 of 87

(4.6%) WHO grade 2 gliomas of population 2 and in 60 of 694

(8.6%) lower-grade gliomas of population 3.

Sequencing analysis showed that NFKBIA is rarely mutated in

lower-grade gliomas. Only 3 of 508 (0.6%) tumors of population

1 harbored a total of four missense mutations and one truncating

mutation in the coding region of NFKBIA (Figure 1B). Expression

of all six NFKBIA exons in tumors in which NFKBIA was deleted

was significantly lower than in tumors with two intact copies of

NFKBIA (Figures 1B and 1C).

NFKBIA and key drivermutations in lower-grade gliomas

We sought to define the relationship between NFKBIA deletion

and IDH, TERT, ATRX, and tumor protein P53 (TP53) mutations,

1p19q codeletions, and CDKN2A/B deletions, major early
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A

B C

Figure 1. NFKBIA deletions and expression in lower-grade gliomas

(A) Heatmap and two-way contingency tables showing the relationship between NFKBIA deletions and genetic alterations—IDH, TERT, ATRX, and TP53 mu-

tations, 1p19q codeletions, and CDKN2A/B deletions—and clinicopathologic variables in 516 lower-grade gliomas of population 1. OR, odds ratio; CI, confi-

dence interval.

(B) Expression of the six NFKBIA exons—in log2-transformed RPKM (reads per kilobase of exon model per million mapped reads)—in 513 NFKBIA deleted vs.

wild-type lower-grade gliomas of population 1. Five rare missense or truncating mutations are mapped in relation to the exons and variousNFKBIA protein motifs

(DM, destruction motif; NES, nuclear export signal; NIS, nuclear import signal) and ankyrin (Ank) repeats. Error bars represent ±standard deviation. Wilcoxon

rank-sum test.

(C) NFKBIA protein expression—by immunofluorescence (IF)—in two glioma samples with (+/–) and without (+/+) hemizygousNFKBIA deletion—by fluorescence

in situ hybridization (FISH), indicating a haploinsufficiency effect. Red dots (arrowheads) represent one NFKBIA allele. Scale bars, 20 mm.
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molecular alterations strongly associated with overall survival in

lower-grade gliomas.1,12 We observed distinct patterns of

occurrence between NFKBIA deletion and the IDH, TERT, and

ATRXmutations and betweenNFKBIA andCDKN2A/B deletions

but no relationship with TP53mutations or 1p19q codeletions in

population 1 (Figure 1A). We observed similar patterns between

NFKBIA deletions and IDH mutations in population 2 and be-

tween NFKBIA deletions and IDH and TERT mutations in popu-

lation 3 (Figure S1). We also noted an association of NFKBIA

deletions with patient age in population 1 and population 3—pa-

tients older than 40 had a higher deletion frequency—but not in

population 2 (Figures 1A and S1).

NFKBIA deletions and survival in patients with lower-

grade gliomas

Association between NFKBIA deletions and survival was estab-

lished in three groups of patients with newly diagnosed lower-

grade glioma. Patients in population 1 with NFKBIA deleted tu-

mors had shorter median survival (4.3 vs. 8.0 years) than those

with non-deleted tumors (Figure 2A). Cox proportional-hazards

regression confirmed that patients with NFKBIA deleted tumors

had briefer survival (Figure S2A). An adjusted Cox model sug-

gested that this association was independent of prognostic co-

variates, including IDH, TERT, ATRX, and TP53 mutations,

1p19q codeletions, CDKN2A/B deletions, WHO grade, tumor

histology, and patient age (Figure S2A). NFKBIA deletion also

portended shorter recurrence-free survival (median 3.2 vs. 6.0

years) in population 1 (Figure 2B).

Similarly, mRNA expression data of population 1 showed as-

sociation between NFKBIA expression and duration of overall

survival when expression was dichotomized at the median. As-

sociation between NFKBIA expression and survival held in an

adjusted Cox model that included the IDH mutation and other

genetic and clinicopathologic variables (Figure S3).

We validated the relationship between NFKBIA deletions in

low-grade (WHO grade 2) glioma patients of NRG Oncology/

RTOG 9802 (population 2) and both overall survival and recur-

rence-free survival (Figures 2C and 2D). Median overall and

recurrence-free survival for deleted vs. non-deleted tumors

was 1.0 vs. 11.4 years and 0.7 vs. 5.1 years, respectively. Lest

the smaller overall sample size and low variant frequency for

NFKBIA deletion in population 2 inflate variance estimates, we

included only the most relevant pathogenetic variables in an

adjusted model. NFKBIA deletion remained independently

associated with overall survival after adjusting for IDH

mutation, 1p19q codeletion, and patient age (Figure S2B). As

reported, patients who received both chemotherapy and radia-

tion therapy survived longer than those who received radiation

therapy alone.28 In an adjusted Cox model, NFKBIA was associ-

ated with survival independent of treatment randomization

(Figure S2B).

We also observed a significant relationship between NFKBIA

and survival in the lower-grade gliomas of population 3 (Fig-

ure 2E). Because low variant frequency and some collinearity

(e.g., between IDH and ATRX mutations and patient age) pre-

cluded modeling all available genetic and clinicopathologic pre-

dictors for population 3 in one statistical model, we developed

separate clinicopathologic and genetic models, both of which

showed that NFKBIA deletions were independently associated

with overall survival duration (Figure S2C).

Deletion of NFKBIA in WHO grade 2–4 diffuse gliomas

Molecular genetic alterations are used to predict the clinical

behavior, response to therapy, and outcome of diffuse gliomas

irrespective of glioma grade and histology.1,2,4,12 We therefore

examined the occurrence of NFKBIA deletions in WHO grade

2–4 gliomas relative to these alterations (Figure 3A). Among

diffuse gliomas of population 4, we observed a patterned occur-

rence between NFKBIA deletions and IDH, ATRX, TERT, and

PTEN mutations, 1p19q codeletions, CDKN2A/B deletions,

and chromosome 7 gain/10 loss, but not with TP53 mutations

or EGFR amplifications (Figure 3A).

In two-class models of population 4 and population 5 patients

stratified by NFKBIA deletion status, those with NFKBIA deleted

tumors had briefer overall survivals (Figures 3B and 3C). Median

survival times for tumors with and without NFKBIA deletions

were 1.3 and 2.2 years in population 4 and 1.5 and 7.7 years in

population 5, respectively. Adjusted Cox models revealed that

the association between NFKBIA status and duration of overall

survival was independent of covariates IDH, TERT, ATRX,

TP53, and PTENmutations, 1p19q codeletion, CDKN2A/B dele-

tion, chromosome 7 gain/10 loss, EGFR amplification, WHO

grade, tumor histology, patient age, and patient gender in

population 4 and of available covariates IDH, TERT, and ATRX

mutations, 1p19q codeletion, WHO grade, tumor histology, pa-

tient age, and patient gender in population 5 (Figures 3B and

3C). On subgroup analysis, the survival association of NFKBIA

deletions in populations 4 and 5 was primarily evident in IDH

mutant tumors (Figures 7A and 7B). Also, NFKBIA deletion was

associated with shorter patient survival for the subgroups of tu-

mors with either TERT mutation or WHO grade 3 class (Fig-

ure S4). Median overall survival durations of TERTmutant tumors

with or without NFKBIA deletions were 1.9 vs. 4.3 years in pop-

ulation 4 and 1.4 vs. 3.2 years in population 5, respectively

(Figures S4A and S4B). Median overall survival durations of

WHO grade 3 gliomas with or without NFKBIA deletions were

2.2 vs. 4.6 years in population 4 and 1.7 vs. 14.5 years in popu-

lation 5, respectively (Figures S4C and S4D).

Since the NFKBIA deletion is enriched in recurrent diffuse

gliomas (Figure 4A), we examined the association between the

deletion and recurrence-free survival. In population 4, NFKBIA

deletion denoted shorter recurrence-free survival in a two-class

model and an adjusted Cox model that included covariates IDH,

TERT, and ATRX mutations, 1p19q codeletion, WHO grade,

tumor histology, patient age, and patient gender (Figure S5).

Deletions of NFKBIA during glioma progression

Of 180 diffuse—WHO grade 2–4—gliomas from population 6, 42

(23.3%)carriedNFKBIAdeletions.Among87matchedpairs ofpri-

maryand recurrent tumors, 30 (34.5%)pairshadNFKBIAdeletions

in the primary tumor, the recurrent tumor, or both (Figure 4A).

Among the 30 patients with NFKBIA deletions, 27 (90%) retained

the deletion or acquired a new deletion during tumor progression

(Figure 4A). Deletions were more frequent in recurrent tumors

(31.0%) than in primary tumors (16.1%) (Figure 4A). Among 74

multiply recurrent tumors, the deletion frequency was even higher
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Figure 2. NFKBIA deletions and survival in patients with lower-grade gliomas

(A�B) Kaplan-Meier estimates of overall survival (A) and recurrence-free survival (B) for 508 and 425 patients in population 1, respectively, with patients stratified

according to the presence (del) or absence (wild-type, wt) of theNFKBIA deletion. CI denotes confidence interval. Small vertical lines indicate patients alive at last

follow-up assessment. p values were calculated using the Cox model likelihood-ratio test. Patients at risk (No. at Risk) correspond to the x axis timescale.

(C and D) Kaplan-Meier estimates for the relationship between NFKBIA deletions and patient overall survival (C) and recurrence-free survival (D) in 87 low-grade

gliomas patients of NRG/RTOG consortium trial 9802 (population 2).

(E) Kaplan-Meier estimates for the relationship between NFKBIA deletions and overall survival in population 3.
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A

B C

Figure 3. NFKBIA deletions in WHO grade 2–4 gliomas

(A) NFKBIA deletions in relation to driver genetic alterations—the IDH, TERT, ATRX, TP53, and PTENmutations, 1p19 codeletions, CDKN2A/B deletions, EGFR

amplifications, and combined gains of chromosome 7 and monosomy 10 (7+/10�)—in 1,122 WHO grade 2–4 gliomas of population 4. OR, odds ratio; CI,

confidence interval.

(legend continued on next page)
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in thesecond recurrence (45.5%) (Figures4AandS6A).Thesedata

imply that diffuse gliomas acquire, or select for,NFKBIA deletions

during disease progression.

Deletion of NFKBIA and molecular glioma subtype

Gliomas have seven cohesive methylation subtypes: three IDH

mutant subtypes (G-CIMP-low, G-CIMP-high, and Codel) and

four IDH wild-type subtypes (classic-like, mesenchymal-like,

LGm6-GBM, and pilocytic astrocytoma-like).4 In population 4,

NFKBIA deletions were particularly enriched in three glioma sub-

types with low epigenomic DNA methylation2,29: IDH mutant

G-CIMP-low (32.0%), IDH-wild-type mesenchymal-like (42.1%),

and LGm6 (42.5%) gliomas (Figure 4B). Among IDH mutant gli-

omas, the G-CIMP-low subtype carries a particularly dismal

prognosis.4,16 Despite their cosegregation with this unfavorable

subtype (Figure S6B), NFKBIA deletions remained independently

associatedwith survival in an adjustedCoxmodel that includedas

covariates themethylation subtypes and IDH, TERT, ATRX, TP53,

and PTEN mutations, 1p19q codeletion, CDKN2A/B deletion,

chromosome 7 gain/10 loss, EGFR amplification, WHO grade, tu-

mor histology, and patient age and gender (Figure S6C).

NFKBIA deletion is associated with epigenome

hypomethylation

We identified genome-wide methylation targets of the NFKBIA

deletion in the 609 gliomas of population 4 from genome

methylation data. Tumors with NFKBIA deletions had a distinct

epigenome footprint of widespread DNA hypomethylation (Fig-

ure 4C and Table S3); it encompassed 26.3% of all genes with

NFKBIA regulatory regions (Figure S6D and Table S3)24 and

was highly enriched for pan-glioma CpGs, by whose prevalence

gliomas can be classified into distinct DNA methylation

subtypes (Figure 4C and Table S3).4 This was particularly prom-

inent for CpGs whose prevalence robustly distinguishes the two

discrete subtypes of 1p19q non-codeleted IDHmutant gliomas,

the G-CIMP-high vs. G-CIMP-low subtype (Figure 4C and

Table S3).4

In IDH mutant gliomas in population 4, CpGs hypomethylated

in NFKBIA deleted tumors (Table S3) overlapped significantly

with those hypomethylated in all NFKBIA deleted gliomas

(73.7%) (Figure S6E and Table S3), and the association of those

CpGs, whose presence denotes the G-CIMP-low subtype, re-

mained highly significant (Figure S7A).

We validated the epigenomic hypomethylation signature

associated with NFKBIA deleted gliomas in 87 low-grade gli-

omas of population 2 for whom whole-genome DNA methylome

data were generated. Almost all CpGs (93.0%) were similarly de-

methylated in tumors with the NFKBIA deletion relative to those

without the deletion (Figure 4C and Table S3).

Examination ofmethylome changes ofNFKBIA deleted gliomas

for functionally related sets of genes in population 4 found that

genes hypomethylated in the NFKBIA deleted tumors relative to

wild-type tumors function in nervous system development, in gli-

omas in general, and IDHmutant gliomas in particular (Figure S7B

andTableS3). Thesegeneswerehighly enriched for a genecluster

in the brain with high-CpG-density promoters bearing trimethy-

lated histone 3marks (FigureS7CandTableS3).Given this enrich-

ment, the link between DNA and histone methylation30,31 and the

importance of chromatin modifications in the regulation of gene

transcription,32,33 we further examined the epigenomic location

of hypomethylated CpG sites relative to distinct histone marks.

Most of these CpGs mapped to defined histone modification re-

gions, and their locations notably overlapped with that of the

repressive histone 3 lysine 27 (H3K27me3) mark in all gliomas

(56%) and in IDHmutant gliomas (49%) (Figure 4C and Table S3).

NFKBIA deletion reshapes the DNA and histone

methylome antithetically to the IDH mutation

Introducing IDH mutations into primary human astrocytes estab-

lishes theG-CIMPphenotype.13Themethylation targets ofmutant

IDH in this astrocyte system significantly overlapped with the epi-

genomic gene signatures of NFKBIA deleted and IDH mutated/

NFKBIA deleted gliomas of population 4 (Figure S8A and

Table S3). We therefore tested the effects of near-complete small

interfering RNA (siRNA)-mediated NFKBIA knockdown on epige-

nome reprogramming in this IDH1 mutant system. The NFKBIA

knockdown was associated with reduction in global histone

H3K27 trimethylation—a hallmark of promoter activation—in the

IDH1 mutant astrocytes, but less so in parental wild-type

astrocytes (Figures 4D andS8B), indicating that the histone hyper-

methylation landscape engendered by the IDH mutation13,34 is

particularly sensitive to NFKBIA depletion. Clustered regularly in-

terspaced short palindromic repeats (CRISPR)-mediatedNFKBIA

knockout reduced theglobal increase inH3K27me3causedby the

IDH mutation to an extent similar to that of siRNA-mediated

NFKBIA knockdown (Figure 4D).

We then assessed the effects of NFKBIA knockdown on a

representative G-CIMP gene—the monocarboxylate trans-

porter gene SLC16A313,35—in the same IDH1 mutant astro-

cytes. Although the SLC16A3 promoter is hypermethylated

and enriched for repressive heterochromatin H3K27 and

H3K9 marks in these IDH1 mutant cells,13 the promoter was hy-

pomethylated in the NFKBIA deleted tumors compared with

wild-type tumors of population 4 (Figure S8C). NFKBIA can

repress gene expression by binding chromatin in regions con-

taining such histone methylation marks.24 We found that

NFKBIA protein directly interacts with the promoter of

SLC16A3 and that NFKBIA depletion in these astrocytes

reversed the repressive DNA and histone trimethylation marks

induced by the IDH1 mutation, thereby switching the promoter

into a transcriptionally active state (Figure 4E). The transcrip-

tional derepression in NFKBIA-depleted cells involved reduced

binding of NFKBIA to the catalytic PRC2 subunit Enhancer of

Zeste 2 (EZH2) (Figure 4E).

(B and C) Kaplan-Meier estimates of overall survival for 1,027 patients in population 4 (B) and 473 patients in population 5 (C), with patients stratified according to

the presence (del) or absence (wild-type, wt) of the NFKBIA deletion. Small vertical lines indicate patients alive at last follow-up assessment. p values were

calculated using the Coxmodel likelihood-ratio test. Patients at risk (No. at Risk) correspond to the x axis timescale. Bottom panels show corresponding adjusted

Cox proportional-hazardsmodels, withNFKBIA and other genetic (as available) and clinicopathologic factors as the primary predictor. Hazard ratios for death are

displayed for presence vs. absence of the genetic alterations.
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To characterize the antipodal epigenome effects of NFKBIA

deletion and IDHmutation, we performed chromatin immunopre-

cipitation sequencing (ChIP-seq) for H3K27me3 in the primary

human astrocyte system with and without NFKBIA depletion.

This cell system contains a nuclear, chromatin-bound form of

phosphorylated-sumoylated (ps-)NFKBIA—which interacts with

histones 2A and 4, thereby modulating polycomb recruit-

ment24—that is lost upon NFKBIA depletion (Figure 5A). Consis-

tent with the effect in the global H3K27me3 assay (Figure S8B), a

discrete set of 678 of 13,494 (5.0%) sequenced genes lost

H3K27me3peaksuponNFKBIAdepletion (TableS4).Thesegenes

greatly overlapped with genes CpG hypermethylated upon intro-

ducing the IDH1 mutation (36.6%) and those CpG hypermethy-

lated in the G-CIMP phenotype (36.3%) (Figure 5B and

Table S4), suggesting that these genetic events haveopposed ep-

igenomeeffects.Over-representation analysis revealedhighly sig-

nificant enrichment of these genes for functions in development

and synaptic plasticity and transmission (Figure 5C).

Much of the H3K27me3-depleted gene set (33.8%) mapped

into known H3K27me3 silencer regions (Figure 5D and

Table S4). Eighty-five genes (12.5%) mapped to super-silencer

regions (Figure 5D and Table S4).36 These H3K27me3-rich

genomic regions (MRRs), defined from clusters of H3K27me3

peaks, silence gene expression via proximity or looping.36 This

gene set included 113 (16.7%) genes responsive to EZH2 inhibi-

tion (Figure 5D and Table S4).36

PRC2 subcomplexes defined by distinct accessory proteins,

PRC2.1 (MTF2) and PRC2.2 (JARID2), synergistically orchestrate

H3K27me3methylation.37 Their loss primes lineage choice during

exit of pluripotency.38WhileMTF2-containingPRC2.1broadly bal-

ances poised lineage-specific geneactivation, JARID2-containing

PRC2.2 ismore selective.38 In analyzing transcription factor DNA-

binding sites for the overlapping set of 85MRR-associated genes,

we found binding sites for the PRC2 core complex (SUZ12 and

EZH2) and significant enrichment for binding sites targeted by

accessory proteins MTF2 (PRC2.1) and JARID2 (PRC2.2), sug-

gesting that loss of both PRC2 subcomplexes is required for mis-

localization of PRC2 and thus loss of H3K27me3 upon NFKBIA

depletion (Figure 5E and Table S4).37 Moreover, consistent with

data indicating that JARID2-PRC2.2 chromatin association de-

pends on PRC1,37 we found significant enrichment for polycomb

group (PcG) protein BMI1-binding sites, which regulates PRC1 ar-

chitecture,39,40 and for PcG protein RNF2-binding sites, the enzy-

matic component of PRC1 that plays an important role in the

migration and differentiation of neural progenitor cells (Figure 5E

and Table S4).40,41

NFKBIA deletion induces D-2-hydroxyglutarate but not

NF-kB in IDH mutant cells

The IDH1mutation imparts the ability to produce the oncometa-

bolite D-2-hydroxyglutarate (D-2HG).42 D-2HG levels generated

from a-ketoglutarate (a-KG) inhibit demethylases, thus favoring

an epigenetic state of high H3K27me3.43 We measured D-2HG

levels in the parental wild-type astrocyte and IDH1mutant astro-

cyte system with and without NFKBIA depletion. As expected,

D-2HG levels increased more in IDH1 mutant cells than in wild-

type cells without NFKBIA depletion (Figure 5F). NFKBIA deple-

tion and consequent H3K27me3 loss raised D-2HG production

in IDH1 mutant astrocytes but not in the parental system (Fig-

ure 5F). Thus, NFKBIA depletion moves the IDH1 mutant hyper-

methylated system toward a compensatory loop that inhibits

demethylation. NFKBIA deletion and IDH mutation appear to

affect a shared methylation pathway in opposing ways, each

with its preferred epigenetic state.

Given NFKBIA’s regulation of NF-kB23 and NF-kB’s role in gli-

oma propagation and resistance,44,45 we analyzed, with DNA-

binding ELISAs, the activation state of NF-kB family proteins

p65, p50, RelB, and c-Rel in the same astrocyte system with

and without NFKBIA depletion. We found no biologically mean-

ingful difference in the DNA binding of individual NF-kB proteins

upon NFKBIA depletion (Figure 5G), indicating that activation of

NF-kB is not a primary feature ofNFKBIA loss in this cell system.

Figure 4. The epigenome landscape of NFKBIA deleted gliomas

(A) Deletion (del) frequencies of NFKBIA in matched primary tumors vs. first and second recurrence in 180 glioma samples belonging to 87 WHO grade 2–4

gliomas in population 6. yTumor lost a second NFKBIA allele during progression. CI denotes confidence interval.

(B) Contingency table of relationships between NFKBIA deletions and seven methylation subtypes of glioma in 1,122 WHO grade 2–4 gliomas of population 4.

Cramér’s V indicates effect size. Panel on the right shows frequencies of these methylation subtypes according to NFKBIA status.

(C) Circular genome (CIRCOS) visualization of DNA regions (or CpG sites) hypomethylated in NFKBIA deleted vs. wild-type gliomas (false discovery rate

[FDR] < 0.001).Datawere generated in 609WHOgrade 2–4gliomasof population 4 andvalidated in 87WHOgrade2gliomasof population 2.Orangedots in ring ‘‘a’’

denote genome-wideCpGsvalidatedwith an FDRof <0.1 (93.0%), bluedots denote non-validatedCpGs.Orange dots in rings ‘‘b’’ and ‘‘c’’ indicate overlap of these

hypomethylatedCpGswithCpG signatures found to denote gliomamethylation subtypes (‘‘pan-glioma-specific’’) or to distinguishG-CIMP-low fromG-CIMP-high

IDHmutant tumors. The height of each ring represents the beta-value—the ratio of methylated probe intensity and the sum of methylated and unmethylated probe

intensities—difference range of [0.15, 0.3] between NFKBIA wild-type and deleted tumors. Dots (CpG sites) with an absolute beta difference ofR0.2 are encap-

sulated by a black line. Corresponding two-way contingency tables showcosegregation betweenCpGshypomethylated inNFKBIA deleted tumors and these CpG

signatures. Also shownare two-way contingency tables for the cosegregationofCpGshypomethylated inNFKBIAdeleted tumors in general or in the subpopulation

of IDHmutant tumorswithNFKBIAdeletion andCpGs thatmap into repressive trimethylated histone 3 lysine 27 (H3K27me3)marks. CI denotes confidence interval.

(D) NFKBIA protein expression in primary cultures of human astrocytes carrying the IDH1-R132H mutation after siRNA-mediated near-complete (si-NFKBIA)

knockdown or CRISPR-mediated (crispr [cr]-NFKBIA) knockout, compared with scrambled control (Ctrl) versions. b-Actin as a loading control. Panel on the right

shows global H3K27me3 levels in si-NFKBIA knockdown and crispr-NFKBIA knockout cells compared with control cells. Wilcoxon rank-sum test. Error bars

represent standard error of the mean (±SEM) from three biological replicates.

(E) Bar graphs show mRNA expression—by real-time PCR average (avg) fold relative quantification (RQ)—of the SLC16A3 glioma CpG island methylator

phenotype (G-CIMP) gene, its promoter binding to NFKBIA or the PRC2 catalytic subunit EZH2, and the promoter’s 5-methylcytosine (5-mC) and repressive

H3K27me3 and H3K9me3 marks—all based on chromatin immunoprecipitation (ChIP) and expressed as percent of input sample representing the amount of

chromatin used in ChIP—following si-NFKBIA knockdown in IDHmutant primary human astrocytes comparedwith their control counterparts.Wilcoxon rank-sum

test. Error bars represent ±SEM from three biological replicates.
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NFKBIA deletion induces a transcriptome landscape

reminiscent of that of H3K27M mutant gliomas

Unmethylated CpG islands are high-affinity sites for PRC2.46,47

PRC2 modifies chromatin structure as its catalytic EZH2 subunit

deposits H3K27me3 (Figure 5H).48 Chromatin-bound NFKBIA

regulates differentiation-related genes by recruiting PRC2 (Fig-

ure 5H), and genomic sequences occupied by NFKBIA strongly

overlap with those having high levels of H3K27me3.24 Genes

hypermethylated in IDH mutant gliomas are greatly enriched

for PRC2-targeted loci,13 and the mutation increases global

H3K27me3 levels by competitively inhibiting demethylases (Fig-

ure 5H).49 H3K27M mutant diffuse midline gliomas demonstrate

defective H3K27me3 deposition due to PRC2 sequestration,

especially from large unmethylated CpG islands (Fig-

ure 5H).46,50,51 Given our observed enrichment for demethylated

CpGsmapping to genes bearing repressive H3K27me3marks in

NFKBIA deleted gliomas, we examined whether the transcrip-

tome landscape in these tumors shares features associated

with the H3K27M mutation in diffuse midline gliomas.17,46,52–54

We analyzed 2,629 genes significantly overexpressed in

NFKBIA deleted vs.NFKBIAwild-type gliomas (NFKBIA deletion

signature) in population 4 (Table S4) by comparing them with the

presence of H3K27me3 or PRC2 target genes in undifferentiated

human embryonic stem cells.55 We found a highly significant

intersection of the NFKBIA deletion signature with both

H3K27me3- and PRC2-target genes (Figure 5I and Table S4).

The NFKBIA deletion signature overlapped significantly with

the presence of genes upregulated in H3K27M mutant DIPGs

compared with H3K27 wild-type DIPGs in population 7

(comprising 11 patients with H3K27M mutations and 5 with

wild-type H3K27), in four additional independent datasets of

H3K27M mutant diffuse midline gliomas, and in an inducible

H3K27M DIPG model (Figures 6A, 6B, and S9A; Table S4).

H3K27me3 marks undergo genomic redistribution in the

H3K27M mutant condition.46,52,56 Strikingly, the NFKBIA dele-

tion signature closely resembled the pattern of H3K27 receptive

genes specific to H3K27M but less so those specific to

H3K27WT tumors (Figure 6A and Table S4). Functional enrich-

ment analysis of gene signature interaction between NFKBIA

deleted gliomas and H3K27Mmutant diffuse midline gliomas re-

vealed—similar to that between NFKBIA deletion and IDH1 mu-

tation (Figure 5B)—significant over-representation of functions in

neurogenesis and synaptic plasticity (Figure 6B and Table S4).

To exclude the possibility that the enriched overlap of genes re-

flected IDH mutation status, we assessed the intersection and

functional enrichment in IDHmutant tumors. We again noted sig-

nificant intersection between genes hypomethylated in IDH

mutant/NFKBIA deleted (vs. IDH mutant/NFKBIA wild-type) gli-

omas and genes derepressed in H3K27Mmutant diffuse midline

gliomas (Figure S9B and Table S5). These overlapping genes

demonstrated significant over-representation of functions in

neurogenesis and synaptic plasticity, such as regulation of

trans-synaptic signaling and modulation of chemical synaptic

transmission (Figure S9B).

To examine the biological similarity of the molecular conse-

quences of H3K27M mutation and NFKBIA deletion, we tested

Figure 5. NFKBIA deletion reshapes the methylome antithetically to the IDH mutation

(A) Immunoblot showing expression of NFKBIA in nuclear (N) and cytoplasmic (C) fractions of control (DCtrl) and NFKBIA-depleted (DNFKBIA) immortalized

primary human astrocytes. Presence of the canonical 37 kDa band in theC fraction capturedwith anti-phospho-NFKBIA and the�48 kDa band in the N fraction of

DCtrl cells but not DNFKBIA cells; the latter is compatible with chromatin-bound, phosporylated-sumoylated NFKBIA (ps-NFKBIA) (red asterisks). a-Tubulin as a

cytoplasmic and histone H3 as a nuclear loading control. Protein phosphatase 1 (PP1) as a loading control for both soluble and chromatin fractions.

(B) Euler diagrams showing the proportion of 678 genes with loss of repressive H3K27me3 marks by ChIP-seq upon NFKBIA depletion in primary cultures of

human astrocytes and intersection with genes CpG hypermethylated upon introducing the IDH1 mutation into the same astrocyte system or with genes CpG

hypermethylated in the G-CIMP phenotype.

(C) Functional enrichment analysis of the 248 genes in (A) that lose H3K27me3 marks upon NFKBIA depletion and are hypermethylated by the IDH1 mutation.

(D) Euler diagrams showing the proportions of the same 678 genes that map into H3K27me3 silencer regions or super-silencers (H3K27me3-rich regions, MRRs),

and those that are EZH2-responsive PRC2 targets.

(E) Transcription factor binding site analysis for the 85 MRR-associated genes in (D) that overlap with the H3K27me3-depleted gene set. Scatterplot of terms in

the ChIP enrichment analysis (ChEA) gene set library. Terms are plotted based on the first two uniform manifold approximation and projection (UMAP) di-

mensions. Terms with more similar gene sets are closer together. Terms are colored by automatically identified clusters computed with the Leiden algorithm

applied to the term frequency-inverse document frequency (TF-IDF) values. Darker and larger points signify more substantial enrichment. Significant enrichment

(points encapsulated by a black line) for components of the PRC2 core complex (SUZ12 and EZH2) and accessory proteins that define PRC2 subcomplexes

PRC2.1 (MTF2) and PRC2.2 (JARID2), and other polycomb group (PcG) genes (BMI1 and RNF2). q values calculated by the Benjamini-Hochberg method.

(F) Levels of D-2-hydroxyglutarate (D-2HG) assessed by colorimetric enzymatic assay in primary cultures of IDH wild-type (wt) or IDH1-R132H mutant (mut)

human astrocytes with CRISPR-mediated (cr-NFKBIA) or without (cr-Ctrl) NFKBIA depletion. Student’s t test. Error bars represent ±SEM from three biological

replicates.

(G) DNA-binding activity of NF-kB proteins p65, p50, RelB, and c-Rel assessed by DNA-binding ELISAs in IDHwt vs. IDH1-R132Hmut primary human astrocytes

transfected with siRNA (si)-NFKBIA or cr-NFKBIA vs. Ctrl. Multiple-comparison one-way ANOVA with post hoc Tukey’s test. Error bars represent ±SEM from

three biological replicates. n.s., non-significant.

(H) Graphical model of the relationship between the NFKBIA deletion and IDH and H3K27M mutations and polycomb repressive complex 2 (PRC2). Chromatin-

bound NFKBIA (‘‘NFKBIA wt’’) regulates differentiation-related genes by recruiting PRC2, which promotes the trimethylation of H3K27 (H3K27me3) through its

catalytic subunit EZH2, a histone methyltransferase. Genomic sequences occupied by NFKBIA overlap with those regions containing high H3K27me3 levels.

Deletion of NFKBIA (NFKBIA del) results in PRC2 release and, thus, loss of H3K27me3. Similarly, H3K27Mmutations in diffuse midline gliomas sequester PRC2,

thereby reducing global H3K27me3 levels, especially in large unmethylated CpG islands. In turn, the IDH mutation (mIDH) hypermethylates DNA (5-mC,

5-methylcytosine) and increases global H3K27me3 levels—particularly at PRC2-targeted loci—by metabolizing a-ketoglutarate (a-KG) to D-2-hydroxyglutarate

(D-2HG) and competitively inhibiting DNA and histone demethylases. Tumors with both the NFKBIA deletion and the IDH mutation demonstrate methylome

changes that are more similar to those with an isolated NFKBIA deletion than to those with an isolated IDH mutation.

(I) Area-proportional Euler diagrams depicting the intersection of genes overexpressed in NFKBIA deleted gliomas (NFKBIA deletion signature) in population 4

and those identified as H3K27me3 or PRC2 targets in human embryonic stem (hES) cells. OR, odds ratio.
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Figure 6. NFKBIA deletion gene signature intersects with a gene signature of H3K27M mutant diffuse midline glioma

(A) Left upper panel shows an area-proportional Euler diagram depicting the intersection of genes overexpressed in NFKBIA deleted gliomas (NFKBIA deletion

signature) and those overexpressed in a panel of 11 diffuse intrinsic pontine glioma (DIPG) tumor samples from population 7 carrying H3K27M mutations

compared with five DIPGs that are wild-type for H3K27 (H3K27WT). Intersection between NFKBIA deletion signature and genes overexpressed in an inducible

pontinemodel ofH3K27Mmutant DIPG is also shown. Right upper and lower panels show area-proportional Euler diagrams depicting intersection of theNFKBIA

(legend continued on next page)
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the intersection of genes that lose repressive H3K27me3 upon

NFKBIA knockdown in the immortalized astrocyte system

with genes derepressed in H3K27Mmutant pediatric midline gli-

omas: 21.5% of H3K27me3-depleted genes overlapped with

genes overexpressed in the H3K27M mutant condition and

27.9% of H3K27me3-depleted genes mapped into genomic re-

gions that can silence gene expression via chromatin interac-

tions (Figure 6C and Table S5).36 Strikingly, about one-third

(32.7%) of H3K27me3-depleted genes that are EZH2 responsive

PRC2 target genes intersected with genes derepressed in

H3K27M mutant tumors (Figure 6C and Table S5).

This enriched gene set included a cluster of HOX genes (Fig-

ure 6D). HOX genes are paradigmatic polycomb targets,57,58

and ps-NFKBIA interacts with histones 2A and 4 at their regula-

tory region.24 Several of these HOX genes were overexpressed

in the H3K27M mutant tumors of population 7, possess

NFKBIA regulatory regions, constitute H3K27me3 and PRC2 tar-

gets in human embryonic stem cells, map into typical H3K27me3

silencer or super-silencer regions (MRRs), and are CpG hyper-

methylated in the IDHmutant condition and the G-CIMP pheno-

type (Figure 6D). These data indicate that both NFKBIA deletion

and H3K27M mutation can seize a common trimethylation

pathway that leads to a de facto PRC2 loss-of-function epige-

netic state.

NFKBIA deletion and outcome in IDH mutant diffuse

gliomas

Although generally more favorable, outcomes of patients with

IDH mutant gliomas can vary substantially and are difficult to

predict. The WHO classification highlights the importance of

CDKN2A/B deletions and TP53 mutations in IDH mutant gli-

omas.12 We found no pattern of occurrence between NFKBIA

deletions and either of these two alterations (Figure S10A). A

two-class model of the relationship between NFKBIA and sur-

vival duration in patients of population 4 with IDHmutant tumors

revealed remarkably briefer survival of patients with NFKBIA

deleted tumors compared with non-deleted tumors, with median

survival estimates of 3.8 and 7.6 years, respectively (Figure 7A).

This survival association held in an adjusted Cox model that

included IDH, ATRX, TERT, and TP53 mutations, 1p19 codele-

tions, CDKN2A/B deletions, WHO grade, histology, patient

age, and patient gender (Figure S10B). A similar association

was found in IDH mutant gliomas of population 5: median sur-

vival of 6.8 vs. 14.3 years in the NFKBIA deleted vs. NFKBIA

wild-type tumors (Figure 7B); this relationship held in an adjusted

Cox model (Figure S10C).

NFKBIA deletion and a nomogram predicting individual

patient survival in IDH mutant gliomas

Nomograms are graphical representations of statistical models

that allow individualized predictions based on the characteristics

of a single patient.59We generated a nomogrammodel that uses

NFKBIA deletion and the best-established clinicopathologic and

molecular genetic markers to estimate the probability of 5-year

survival of individual patients with IDH mutant glioma. In

choosing this method, we balanced model sparsity (minimal

number of needed variables), interpretability, and predictive ac-

curacy. We used the 398 IDH mutant gliomas of population 4 to

build, internally validate, and calibrate the model and assess

performance over 15 years. This model retained the NFKBIA

deletion but not the 1p19q codeletion as a significant variable

(Figure 7C). We then used the 291 IDH mutant gliomas of popu-

lation 5 to validate the model externally. NFKBIA deletion re-

mained an independent survival variable with an effect on sur-

vival greater than that of all other variables, including 1p19q

codeletion, TERT mutation, ATRX mutation, WHO grade, and

patient age (Figure 7D). Similar models incorporating CDKN2A/

B deletions and TP53 mutations in the IDH mutant gliomas of

population 4 (Figure S11A) or using the 619 IDH mutant lower-

grade gliomas of populations 1 and 5 (Figure S11B) confirmed

that the NFKBIA deletion is a robust variable in predicting the

duration of survival of patients with IDH mutant gliomas.

DISCUSSION

Here, we report chromatin-bound NFKBIA to be a haploinsuffi-

cient tumor suppressor whose deletion portends an unfavorable

clinical course of diffuse gliomas. The patterned presence of the

NFKBIA deletion with the driver mutations IDH, TERT,ATRX, and

PTEN, the 1p19q codeletion, theCDKN2A/B deletion, and its en-

riched occurrence in recurrent tumors support the notion that

this deletion is a critical genetic event during glioma progression.

deletion signature and genes overexpressed in three additional independent validation populations or models of pediatric midline glioma (pHGG, pediatric high-

grade glioma; DMG, diffuse midline glioma; DIPG, diffuse intrinsic pontine glioma) carrying H3K27M mutations from Harvard University, McGill University, and

Memorial Sloan Kettering Cancer Center (MSKCC). Cosegregation of the NFKBIA deletion signature with genes delineating cell subpopulations resembling

various differentiation states, cell lineages (AC-like, astrocytic differentiation; OC-like, oligodendrocytic differentiation; OPC-like, oligodendrocyte precursor

cells-like) and oncogenic programs (cell cycle) are shown for theHarvard population. In the human embryonic stem (hES)/neural progenitor cell (NPC) DIPGmodel

from MSKCC, the NFKBIA deletion signature more closely resembled H3K27me3 target genes specific to mutant H3K27M than those of wild-type H3K27.

(B) Area-proportional Euler diagram depicting the intersection of theNFKBIA deletion signature with anH3K27M gene expression signature in 119 pediatric high-

grade gliomas from Gustave Roussy Paris. Functional enrichment analysis of the intersecting signature of 869 genes between NFKBIA deleted gliomas and

H3K27M diffuse midline gliomas. The relationship between the significant gene ontology functions is visualized in a directed acyclic graph. FDR, false discovery

rate. p values from Fisher’s exact test.

(C) Euler diagram showing intersection of genes derepressed in H3K27M mutant diffuse pediatric midline gliomas (above five populations) and those that lose

repressive H3K27me3marks by ChIP-seq uponNFKBIA depletion in primary cultures of human astrocytes (a), those that lose repressive H3K27me3marks upon

NFKBIA depletion and map into known silencer regions (b), and those that lose repressive H3K27me3 marks upon NFKBIA depletion and are EZH2-responsive

PRC2 targets (c).

(D) Intersection of a cluster of HOX genes—paradigmatic PRC2 targets—that lose H3K27me3 marks upon NFKBIA depletion in primary cultures of human

astrocytes with genes overexpressed in the H3K27M mutant DIPGs of population 7, those with NFKBIA regulatory regions, those described as H3K27me3 and

PRC2 targets in human embryonic stem cells, those that map into typical H3K27me3 silencer and super-silencer regions (MRRs), and those CpG hyper-

methylated in the IDH1 mutant condition and the G-CIMP phenotype.
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Figure 7. NFKBIA deletions and survival in IDH mutant WHO grade 2–4 gliomas

(A and B) Kaplan-Meier estimates of overall survival for 398 IDHmutant glioma patients in population 4 (A) and 291 IDHmutant glioma patients in population 5 (B),

with patients stratified according to the presence (del) or absence (wild-type, wt) of the NFKBIA deletion. Small vertical lines indicate patients alive at last follow-

up assessment. p values were calculated using the Cox model likelihood-ratio test. Patients at risk (No. at Risk) correspond to the x axis timescale.

(C and D) Corresponding nomograms for predicting the probability of survival at 5 years in IDH mutant gliomas. Nomograms built based on high-dimensional

penalized Cox models using the adaptive least absolute shrinkage and selection operator (adaLASSO) function. Models include the covariatesNFKBIA deletion,

1p19q codeletion, TERT, and ATRX mutations, WHO grade, and patient age and were internally validated and calibrated by repeated cross-validation in pop-

ulation 4, then externally validated and calibrated in population 5. Displayed variables are those retained as significant. Model performance by time-dependent

area under the receiver-operating curve (ROC) (t-AUC) over 180months (15 years). Curves reflect average performance for each cross-validation event. The solid

line represents the mean of the area under the t-AUC and the dashed line the median of the AUC. The darker interval shows 25% and 75%quantiles of the t-AUC,

and the lighter interval shows the minimum and maximum of the t-AUC.
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Glioma progression is associated with specific demethylation

shifts,16,60 some of which we found resemble methylome

changes related to the NFKBIA deletion.

NFKBIA is a critical regulator of NF-kB,23 which is involved in

glioma propagation and resistance.44,45 Nuclear NFKBIA partic-

ipates in chromatin-associated epigenetic regulation.24,25 It

does so by dynamically associating with histones H2A and H4

to control a subset of polycomb-regulated differentiation genes,

thus governing stem cell maturation and lineage specifica-

tion.24,25Our observations show thatNFKBIA deletions manifest

epigenetically in gliomas in two ways: demethylation of glioma-

associated CpG sites and loss of repressive histone H3K27 tri-

methylation marks. Both effects appear to be antithetical to the

DNA and histone methylome changes caused by the IDH muta-

tion. Consistently, we found that IDH mutant tumors with the

NFKBIA deletion behave similarly to IDH wild-type tumors.

Mutant IDH reshapes the epigenome through extensive DNA

hypermethylation and increasing repressive histone methyl-

ation.13,49,61 The opposed effects of NFKBIA deletion and IDH

mutation on the glioma epigenome may reflect overlapping

but antipodal regulatory roles in chromatin remodeling.24,62

DNA methylation and histone modifications participate in chro-

matin organization.13,30,31 Genes undergoing hypermethylation

in response to the IDH mutation are highly enriched for PRC2-

targeted loci,13 as DNA methylation and the PRC2 system are

intimately linked.63 Similarly, histone-bound NFKBIA interacts

with PRC2 and regulates its association with a subset of target

genes.24,25,64 As such, NFKBIA deletion and IDH mutation may

drive a PRC2-regulated methylome mechanism toward diamet-

rically different epigenetic states.

We also noted that the epigenetic state facilitated through

NFKBIA deletion partially mimics the altered chromatin land-

scape of diffuse midline gliomas carrying H3K27M oncohistone

mutations. H3K27M mutations lead to defective spread and

significantly lower overall amounts of trimethylated H3K27 by

sequestering PRC2 to poised enhancers, wherein PRC2 be-

comes trapped at H3K27M-H3K27me3 boundaries46,51,52,56;

this engenders discrete transcriptome changes that preferen-

tially involve derepression of genes regulating neurogene-

sis.46,54 We found that the methylome changes of NFKBIA

deleted gliomas are highly enriched for neural stem cell and

neurogenesis genes bearing repressive H3K27 marks.24,30

Moreover, we observed significant overlap between the tran-

scriptomic landscapes of NFKBIA deleted and H3K27M mutant

gliomas, with an over-representation of functions of stemness,

neurogenesis, and regulation of synaptic plasticity. This mutual

functional enrichment is consistent with compelling evidence

indicating that gliomas can manipulate normal elements of

neuronal development and synaptic plasticity,65–67 a process

that may be partly driven through PRC2: neuronal activity can

derepress PRC2,68 and PRC2 is a key regulator of epigenetic

plasticity in glioblastoma.69 Consistently, our findings imply

that the NFKBIA deletion in adult gliomas and the H3K27M mu-

tation in pediatric diffuse midline gliomas define aggressive dis-

ease subtypes that may share an epigenetic state reflecting a

common PRC2 loss-of-function phenotype antipodal to the

quasi PRC2 gain-of-function phenotype of IDH mutant gliomas

and their favorable clinical course. This PRC2 loss-of-function

phenotype might become a functionally defined therapeutic

target in gliomas as histone demethylase inhibitors successfully

enter clinical trials.70–73

NFKBIA maps to chromosome 14q13.2. NFKBIA may be one

of multiple yet-to-be-identified targets that drive 14q losses in

gliomas via cumulative haploinsufficiency.74 While our results

contribute to bridging several important gaps in our understand-

ing of how NFKBIA haploinsufficiency impacts the biology and

clinical behavior of gliomas, wider-spanning losses on the long

arm of chromosome 14 have been identified in gliomas.75–77

These genomic loci map more distally on 14q within commonly

deleted regions spanning 14q21.2–14q24.3, 14q22.3–q32.1,

14q31.3–q32.1, and 14q32.1–14qter.75–77 No other glioma-

associated tumor-suppressor genes have been identified within

the region encompassing our NFKBIA deletion and these more

distal regions. Chromosome 14q losses correlate with increased

complexity of chromosome copy number.We consistently noted

greater copy-number complexity inNFKBIA deleted tumors than

in non-deleted tumors across every WHO grade of glioma but

found that the survival association ofNFKBIA remained indepen-

dent of aneuploidy.

Our data show that lower-grade gliomas harboring NFKBIA

deletions behave much like high-grade gliomas. NFKBIA dele-

tions result in a clinical course for IDH mutant gliomas that re-

sembles that of IDH wild-type tumors. Despite the compara-

tively favorable prognosis of most IDH mutant gliomas,

individual outcomes vary greatly. NFKBIA status may be a

robust marker in identifying IDH mutant tumors with potential

for more aggressive behavior and thus the need for earlier,

more substantial therapy. Accordingly, we generated a clini-

cally applicable and externally validated nomogram model,

including NFKBIA, to predict the survival duration of patients

with IDH mutant gliomas. Estimation of survival duration of an

individual patient from such a nomogram is highly preferable

to estimation based on membership in a subpopulation defined

by multiple disease characteristics.59 Risk grouping forces pa-

tients into distinct classes, ignores the individuality of each gli-

oma case, and becomes impractical as more driver genetic

events are identified. We developed a linear model that bal-

ances the number of selected variables and predictive perfor-

mance by focusing on NFKBIA deletion and current best-es-

tablished genetic and clinicopathologic factors. It reflects a

reasonable compromise between model sparsity—and thus

ease of clinical use and interpretability—and accuracy of

outcome prediction. While our model consistently and indepen-

dently associates the NFKBIA deletion with survival in multiple

well-characterized glioma populations, further validation—

ideally in a prospective trial—is needed to ascertain its role in

clinical prognostication.

Limitations of the study

Despite the inclusion of seven well-characterized glioma popula-

tions, including a national randomized consortium trial, the retro-

spective nature of our analysis of NFKBIA deletions and their

correlation with patient outcomes highlights the need for a

prospectively conducted cohort study to further affirm the sur-

vival significance of NFKBIA. To address the issue of model

complexity and predictive ability, we developed a linear
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nomogram model that focused on the NFKBIA deletion, along

with the most well-established genetic and clinicopathologic

factors, achieving a good balance between the number of

selected variables and predictive performance. However, there

is a trade-off between model sparsity and precision of outcome

predictions, and any future optimizations of this nomogram

model will have to consider a balance between model simplicity,

interpretability, and predictive accuracy. We used different mo-

lecular platforms to characterize NFKBIA deletions. A simple

yet robust assay to screen for NFKBIA deletions would enable

wide clinical applicability. Our findings suggest that NFKBIA de-

letions hold significant promise as a biological and clinical target

in diffuse gliomas. However, currently, there is nomolecular ther-

apeutic intervention that would allow for the specific restitution of

NFKBIA expression, except for first-generation and second-

generation proteasome inhibitors—clinically used in multiple

myeloma, mantle cell lymphoma, and some types of non-Hodg-

kin’s lymphoma—that suffer from broad off-target effects.

Further research is needed to develop effective and targeted

molecular therapies for NFKBIA deletions in gliomas.
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Mouse monoclonal IkBa Cell Signaling Technology Cat# 4814S; RRID: AB_390781

Mouse monoclonal b-Actin Cell Signaling Technology Cat# 3700; RRID: AB_2242334

Rabbit monoclonal Tri-Methyl-Histone

H3(Lys27)

Cell Signaling Technology Cat# 9733S; RRID: AB_2616029

Mouse monoclonal Di/Tri-Methyl-histone

H3 (Lys9)

Cell Signaling Technology Cat# 5327S; RRID: AB_10695295

Mouse monoclonal Anti-5-methylcytosine

(5-mC)

Abcam Cat# ab10805; RRID: AB_442823

Rabbit monoclonal Ezh2 Cell Signaling Technology Cat# 5246S; RRID: AB_10694683

Mouse monoclonal Anti-IDH1 R132H Dianova manufacture Cat# DIA-H09; RRID:

AB_2335716

Mouse monoclonal PP1 (E�9) Santa Cruz Cat# 7482; RRID: AB_628177

Mouse monoclonal Phospho IkBa Cell signaling Cat# 9246; RRID: AB_22267145

Mouse monoclonal Anti-a-Tubulin Sigma Aldrich Cat# T6074; RRID:AB_477582

Rabbit monoclonal Anti-Histone H3 Abcam Cat# ab1791; RRID: AB_302613

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Cat# 7076; RRID:AB_330924

Anti-rabbit IgG, HRP-Linked Antibody Cell Signaling Cat# 7074; RRID:AB_2099233

Donkey anti-mouse IgG (H + L) Alexa

FluorTM 594

Thermo Fisher/Invitrogen Cat# R37115; RRID:AB_2556543

Bacterial and virus strains

Retroviral vector pLNCX2 Turcan et al.13 N/A

Biological samples

Diffuse glioma samples (Populations 1–7) This study Table S1

Chemicals, peptides, and recombinant proteins

Plasmid Transfection Medium Santa Cruz Cat# sc-108062

Ultra-Cruz Transfection Reagent Santa Cruz Cat# sc-395739

Gibco Geneticin Selective Antibiotic (G418

Sulfate) (50 mg/mL)

Gibco Cat# 10131-027

TRIzol Reagent Invitrogen Cat# 15-596-018

Gibco Opti-MEM I Reduced Serum

Medium, no phenol red

Gibco Cat# 11-058-021

Lipofectamine 2000 Transfection Reagent Invitrogen Cat# 11668019

GenomicDNA MiniPrep Kit Sigma Aldrich Cat# G1N70-1KT

Critical commercial assays

TransAM NF-kB Activation Assays |

Colorimetric Kits

Active Motif Cat# 43296

Nuclear Extract Kit Active Motif Cat# 40010

EpiQuik Global Histone H3K27 Methylation

Assay Kit

Epigentek Cat# P-3020-96

D-2-Hydroxyglutarate Assay Kit

(Colorimetric)

Abcam Cat# ab211070

GenElute Genomic DNA miniprep kit Sigma Aldrich Cat# GN170

Deposited data

Clinical, genetic marker data (Populations

1–7)

This study Table S2

ChIP-sequencing data This study GEO accession # GSE222571
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNA-sequencing data This study portal.gdc.cancer.gov

RNA-sequencing data This study GEO accession #GSE223712

RNA-sequencing data Nagaraja et al.17 GEO accession #GSE126319

RNA-sequencing data Grasso et al.70 dbGaP study accession

phs000900.v1.p1

DNA methylation data This study portal.gdc.cancer.gov

DNA methylation signature raw data –

RTOG 9802

This study Table S6

NFKBIA methylation raw data – RTOG 9802 This study Table S6

DNA methylation data De Souza et al.16 https://data.mendeley.com/datasets/

hx566mwxnm/

DNA methylation data Mazor et al.78 EGAS00001001255

DNA methylation data Mazor et al.79 EGAS00001001854

DNA methylation data Bai et al.80 EGAS00001001588

DNA copy number variation data This study portal.gdc.cancer.gov

NFKBIA DNA CNV raw data – RTOG 9802 This study Table S6

NFKBIA DNA CNV raw data – Mayo This study Table S6

DNA copy number variation data Suzuki et al.3 EGAS00001001044

Sequencing data This study portal.gdc.cancer.gov

NFKBIA sequencing raw data This study https://github.com/SharedExomes/

Prim_Recur_Glioma_NFKBIA_exomes

Experimental models: Cell lines

NHA (Normal human immortalized

astrocytes) Parental

Sonoda et al.81 N/A

NHA IDH1 WT Turcan et al.13 N/A

NHA IDH1 R132H Turcan et al.13 N/A

NHA IDH1 WT/KO IkBa This study N/A

NHA IDH1 R132H Mut/KO IkBa This study N/A

Oligonucleotides

Accell Human NFKBIA siRNA Dharmacon (Horizon) Cat# A-004765-13-0020

Accell Non-targeting Control siRNA Dharmacon (Horizon) Cat# D-001910-01-20

Primer: SLC16A3 Forward:

ACGAAAAGTGGGTTGGTCAG

Invitrogen Cat# custome

Primer: SLC16A3 Reverse:

CCCCAACAGACACAAGACCT

Invitrogen Cat# custome

Recombinant DNA

IkB-a Double Nickase Plasmid (h) Santa Cruz Cat# sc-400034-NIC

NFKBIA FISH probe Empire Genomics Cat# NFKBIA-20-OR

Software and algorithms

R The R project for

Statistical Computing

https://www.r-project.org/

R package DNAcopy 1.72.3 Olshen et al.82 https://bioconductor.org/packages/

release/bioc/html/DNAcopy.html

R package conumee 1.9.0 N/A https://bioconductor.org/packages/

release/bioc/html/conumee.html

R package RCircos 1.2.2 Zhang et al.83 https://cran.r-project.org/web/packages/

RCircos/index.html

R package minifi 1.44.0 Aryee et al.84 https://www.bioconductor.org/packages/

release/bioc/html/minfi.html

R package TCGAbiolinksGUI 1.23.0 https://www.biorxiv.org/

content/10.1101/147496v2.full

https://www.bioconductor.org/packages/

release/bioc/html/TCGAbiolinksGUI.html
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RESOURCE AVAILABILITY

Lead contact

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

Bredel (mbredel@uab.edu).

Materials availability

Gene-modified primary human astrocytes used in this study are available upon request; additionally, the reagents used in this study

are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

d RNA-sequencing and ChIP-sequencing data have been deposited into the NIH Gene Expression Omnibus (GEO) repository.

The accession numbers for the datasets are listed in the key resources table. This manuscript also analyzes existing, publicly

available data. The sources and accession numbers for these datasets are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in the work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tumor samples and patient populations

Our study utilized seven study populations of patients with diffuse glioma encompassing 2,343 tumors and 2,255 patients. The de-

mographic and disease characteristics of these populations are shown in Table S1, and their clinico-pathologic-genetic details are

listed in Table S2. Where appropriate, institutional review board ethics committee approval was obtained. 530 lower-grade—WHO

grade 2 and 3—glioma samples profiled as part of The Cancer GenomeAtlas (TCGA) Pilot Project (cancergenome.nih.gov/index.asp)

constituted Population 1. Gene copy number, gene expression, sequencing, and clinical data for 513, 530, 513, and 525 tumors,

respectively, were obtained from the Open Access and Controlled Access Tier of the NIH Genomic Data Commons (GDC) portal

(portal.gdc.cancer.gov) of TCGA upon National Human Genome Research Institute (NHGRI) approval. At the time of data retrieval,

there was incomplete overlap in the data types available for each sample. Alignment of sample identifiers yielded 516 samples with

mutational sequence and gene dosage data, 508 sampleswith gene dosage and overall survival data, 515 samples with exon expres-

sion data and overall survival data, 425 samples with gene dosage and recurrence-free survival data, and 269 samples with complete

mutational, gene dosage and overall survival data. Eighty-seven low-grade (WHO grade 2) glioma patients treated as part of NRG

Oncology/Radiation Therapy Oncology Group (RTOG) consortium trials 9802 (A Phase III Trial of Radiation Versus Radiation Plus

Procarbazine, Lomustine (CCNU), and Vincristine in High-Risk Low-Grade Glioma)28 constituted Population 2. A unified sample pop-

ulation of 688 lower-grade gliomas from the Mayo Clinic Genome Consortium, a multi-institutional Japanese study consortium,3 and

the German Glioma Network90 constituted Population 3. A panel of 1,122WHO grade 2 to 4 glioma samples profiled as part of TCGA

and retrieved from the NIH GDC portal comprised Population 4. Gene copy numbers, sequencing, and clinical data were obtained

from the NIHGDCportal. At the time of data retrieval, there was incomplete overlap in the data types available for each sample. Align-

ment of sample identifiers yielded 1,027 samples with gene dosage and overall survival data and 753 samples with gene dosage and

recurrence-free survival data. A panel of 473 WHO grade 2 to 4 glioma specimens treated and profiled at Mayo Clinic (Mayo Clinic

Genome Consortium) constituted Population 5. A sample population of 180 primary and recurrent tumors from 154 diffuse glioma

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R package MissMethyl 1.32.0 Phipson et al.85 https://bioconductor.org/packages/

release/bioc/html/missMethyl.html

R package recount2 1.24.1 Collado-Torres et al.86 https://bioconductor.org/packages/

release/bioc/html/recount.html

R package limma-voom 3.54.2 Ritchie et al.87 https://bioconductor.org/packages/

release/bioc/html/limma.html

R package WebGestaltR 0.4.5 Zhang et al.88 https://cran.r-project.org/web/packages/

WebGestaltR/index.html

R package BioVenn 1.13 Hulsen et al.89 https://cran.r-project.org/web/packages/

BioVenn/index.html

R package hdnom 6.0.1 https://www.biorxiv.org/content/

10.1101/065524v1.full.pdf

https://cran.r-project.org/web/packages/

hdnom/index.html
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cases belonging to 74 patients profiled at Henry Ford Hospital (n = 154 samples) and 13 patients profiled at Case Western University

(n = 26 samples) constituted Population 6. All specimens were collected under institutional review board-approved guidelines and

classified according to standards set by the World Health Organization (WHO).91 A central path review was done for RTOG 9802.

Written informed consent was obtained from all patients. Specimens were analyzed by a neuropathologist to confirm the histological

diagnosis and the presence of vital tumor tissue without excessive contamination by normal brain and tumor necrosis.

Cell lines

Cultures of immortalized primary human astrocytes81 constitutively expressing wildtype IDH1 or mutant IDH1 (R132H), and corre-

sponding parental cells were obtained from Dr. T.A. Chan (Cleveland Clinic) and prepared as previously described.13 Stable expres-

sion of wildtype or mutant IDH1 was achieved via transduction with retroviral vector pLNCX2 and selection with G418 at 600 mg/mL

(Gibco).13 Parental cells were grown in Dulbecco’s Modified Eagle Medium (MT-10-090-CV, Gibco) supplemented with 10% fetal

bovine serum (Sigma) and 5% Pen-strep (Corning); IDH wildtype and mutant cells were cultured with Geneticin (G418) at

600 mg/mL (Gibco) as the expression of mutant IDH1 presented as negative selection.

METHOD DETAILS

Mutational analyses

Pan-Cancer Analysis of Whole Genomes (PCAWG) sequences of the International Cancer Genome Consortium (icgc.org) for diffuse

gliomas (Population 1) were analyzed for non-synonymous somaticNFKBIAmutations andmapped using GenomeViewer andHomo

sapiensGenome Reference Consortium Human Build 37 (GRCh37). IDHmutations and TERT and ATRX promoter mutations in Pop-

ulation 1 were obtained from the somatic RNA sequencing-based data of the NIH GDC. In Population 2, immunohistochemistry with

the mutation-specific monoclonal antibody IDH1-R132H (Dianova) was used to assess for the canonical IDH1-R132H mutation as

previously reported.92 To evaluate for noncanonical IDH1/2 mutations and mutations in ATRX, a customized Ion AmpliSeq (Thermo

Fisher Scientific) DNA panel was designed and used. Sequence alignment and variant calling were performed using the Ion Suite and

Reporter software. TERT promoter mutations were assessed by Sanger sequencing based on methods previously described.1,92

ATRX mutations in Population 5 were assessed by immunohistochemistry (denoted by loss of expression; HPA001906, Sigma

Aldrich) or by somatic exon sequencing.

Copy number analyses

Estimates of NFKBIA deletion and 1p19q codeletion status in 454 patients of Population 1 and 1,090 patients of Population 4 were

generated from data from the Open Access and Controlled Access Tier of the NIHGenomic Data Commons (GDC) portal (portal.gdc.

cancer.gov) and were based on Affymetrix SNP 6.0 array data using R package DNAcopy to perform a circular binary segmentation

(CBS) analysis82 followed by numeric focal-level CNV calls using GISTIC2.93 Masked copy number segments, including those con-

taining the NFKBIA locus, were based on CBS, except that a filtering step removed the Y chromosome and probe sets that were

previously indicated to be associated with frequent germline copy-number variation. The Infinium Human Methylation 450K

BeadChip array and R package conumee, available from TheComprehensive RNetwork (cran.r-project.org), were used to determine

copy number variation (CNV) forNFKBIA in 87 patients of Population 2 and 154 tumor samples belonging to 74 patients in Population

6. CNV was assessed in 26 samples in Population 6 via whole exome sequencing on an Illumina platform.16,78–80 CNV calls on the

450K BeadChip array were made using probes for a region spanning NFKBIA ± one megabase pair based on log R ratios (LRRs)

calculated by dividing the probe intensity of the query sample by a linear combination of reference samples consisting of material

from 52 healthy patients with nominally no copy number aberrations. The threshold for calling NFKBIA deletions was determined

during chromosome 1p19q codeletion calls based on the distribution of segment LRRs and by eye evaluation of the segment scat-

terplots. The Affymetrix OncoScan Array was used for NFKBIA CNV analysis in 40 patients of Population 2 and 227 patients of Pop-

ulation 5. Probe-level LRRs for the NFKBIA region of interest (gene ±1 Mbp) were generated using Nexus Copy Number Software

(BioDiscovery) and GRCh37. NFKBIA CNV for 261 tumors of Population 3 was generated using Affymetrix GeneChip Human Map-

ping 250K NspI or CytoScan HD arrays. NFKBIA CNV was assessed via array-CGH on a spotted genomic DNA microarray with

10,000 large insert clones allowing for an average resolution of better than 0.5 Mb in 136 patients of Population 3 and on an Agilent

custom 8 3 60K aCGH array in 305 patients of Population 5 as described.1,90 Chromosome 1p19q deletions were also determined

based on these arrays, except for Population 5, where codeletions were also determined using a clinical fluorescence in situ hybrid-

ization (FISH) assay.1,90

Methylome analyses

Methylation data for the samples of Population 1 were downloaded from the Broad GDAC Firehose data portal (http://gdac.

broadinstitute.org/). Differentially represented CpG probes were identified with the t.test function in R and an FDR of <0.001, and

those with differences of beta values—the ratio of the methylated probe intensity and the sum of the methylated and unmethylated

probe intensities—of >0.15 between NFKBIA wildtype and deleted tumors were selected for further analysis. R package RCircos83

was used to map differentially methylated CpG probes according to genome position. In Populations 2 and 4, the Infinium Human

Methylation 450K BeadChip was used for DNA methylome profiling. In Population 2, data were processed using the R package
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minifi.84Genome annotation was per Genome Reference Consortium Human Build 37 (GRCh37, hg19). Data were Noob-normalized

andM-value transformed.94Noobwas used so newly profiled samples did not need to be processed with previously processed sam-

ples. Probes failing in >10% (by Illumina’s detection p value) of samples were removed. Samples failing across >10% of probes were

removed. SNP-containing probes were removed. Associations between methylation and NFKBIA status were tested using the Wil-

coxon rank-sum test onmethylation data adjusted by study (residuals from the linear model). FDR-adjusted q-values were computed

within the probe list, and an FDR of <0.1 and effect in the same direction was considered validated.95 In Population 4, InfiniumHuman

Methylation 450K BeadChip data from TCGA project were downloaded from the GDC and used for differential DNAmethylome anal-

ysis inNFKBIA deleted vs. non-deleted gliomas. The Beta-value (b) methodwas used to estimate epigenome-widemethylation levels

using the ratio of intensities between methylated and unmethylated alleles.96 Methylation changes with a mean b (NFKBIA deleted

tumors) – mean b (NFKBIA-wildtype) of >0.15 and an FDR-adjusted p value of <0.001 were deemed significant.

G-CIMP-low vs. G-CIMP-high calls in 87 tumor samples of Population 2 were made using R package TCGAbiolinksGUI.4,16 163

methylation probes were used to establish a random forest model with 10-fold cross-validation and >97% accuracy. Analysis of

enrichment of cytosine-phosphate-guanine (CpG) sites that are hypomethylated inNFKBIA deleted tumors of Population 4 for genes

with repressive H3K27me3 marks compared to mid-frontal lobe of normal brain tissue was done using the ENCODE Uniform

Processing Pipeline that allows for making uniform peak calls in histone ChiP-sequencing data.97 MACS2 peak caller was used to

identify broader regions of H3K27me3 enrichment (broadPeaks) that pass a Poisson p value threshold of 0.1 (using MACS2’s broad

peak mode) and gapped/chained regions of enrichment (gappedPeaks) defined as broadPeaks that contain at least one strong

narrowPeak (the latter defined as contiguous enrichment that passes a Poisson p value threshold of 0.01). H3K27me3 marks

were intersected with a 3-base pair (bp) region to locate the CpGs. The R package missMethyl85 was used to identify CpG sites

in gene promoters across the genome that showed differential DNA methylation and to define functionally related sets of genes.

RNA sequencing analyses

Raw read counts of RNA-seq data for the diffuse gliomas of Population 1 and Population 4 profiled as part of TCGAwere downloaded

using R package recount2.86 Very low expressed genes across samples were filtered out. More specifically, genes were kept when

their count-per-million (CPM) values were larger than 1.0 for at least three samples among all samples, which resulted in 27,319

genes. The filtered count matrix was normalized by the trimmed mean of M-values (TMM) method.98 Differentially expressed genes

between two groups (i.e., NFKBIA wildtype vs. NFKBIA deleted samples) were identified by R package limma-voom87 with an FDR

of 0.05.

Primary RNA-seq data from eleven H3K27M mutant diffuse intrinsic pontine gliomas (DIPGs), five H3K27 wildtype DIPGs, and

three normal pontine tissue samples in Population 7 were obtained from Nagaraja et al.,17Grasso et al.,70 or generated for this study.

For the newly generated data, RNA was extracted from approximately 50 mg of tissue frozen at autopsy. RNA was extracted using

the RNeasy Mini Plus Kit (Qiagen), and RNA quality was confirmed using an Agilent Bioanalyzer 2100. Following RNA extraction,

sequencing libraries were prepared as described by Nagaraja et al.17 and sequenced on a NextSeq 500 by the Stanford Functional

Genomics Facility. RNA-seq data from two biological replicates (3k3 and 3k16) of human pluripotent stem cell (hPSC) derived oligo-

dendrocyte precursor cells (OPCs) with inducibleH3K27M expression was obtained fromNagaraja et al.17 For all RNA-seq analyses,

sequencing adaptors were first trimmed using cutadapt (version 1.11), and reads were aligned to the hg19 reference genome using

tophat2 version 2.11.99 Raw counts were obtained by assigning mapped reads to RefSeq genes using Rsubread featureCounts.100

Using the gene-level counts from the primary data, differential expression analysis was performed using DESeq2with default settings

and a Benjamini-Hochberg FDR threshold of 0.1.101 For the hPSC-derived oligodencrocyte progentior cell (OPC) dataset, gene-level

counts were first converted to transcript permillion (TPM). Genes upregulated in cells with inducedH3K27M expression were defined

as features with a TPM log2 fold-change greater than one relative to their H3K27 wildtype OPC counterparts across both biological

replicates.

Functional enrichment analysis of differentially expressed genes was done using the Over-Representation Analysis (ORA) module

via R package WebGestaltR.88 Enriched gene sets were post-processed for redundancy reduction by the weighted set cover func-

tion. R package BioVenn was used to graph area-proportional Euler diagrams for the intersection of various gene sets.

Fluorescence in situ hybridization (FISH)

FISH was done as described by Renfrow et al.102 and an NFKBIA-specific probe (NFKBIA-20-OR) from Empire Genomics. Briefly,

paraffin-embedded slides were deparaffinized starting in xylene, followed by 100% ethanol. Slides were placed in a 10 mM citrate

acid solution and microwaved for 5 min. Samples were digested in a pepsin solution at 37�C for 40 min, followed by washing in 70%

ethanol for 1 min, 85% ethanol for 1 min, and 100% ethanol for 10 min. Slides were dried on a slide warmer. FISH probes targeting

NFKBIA (Empire Genomics) were applied permanufacturer instructions, and coverslips were applied and sealedwith rubber cement.

Probes were denatured at 72�C for 3 min and left to hybridize overnight at 37�C in a dark humidity chamber. The next day slides were

washed in 2X SSC (saline sodium citrate) 0.5% tween at 42�C for 2 min, followed by 2X SSC at room temperature for 1 min. After air

drying in the dark, VECTASHIELD with DAPI (Vector Laboratories) mounting media and a coverslip prepared the specimen for

viewing. Pictures were taken using appropriate fluorescent filters on a Zeiss AXIO Observer D1 microscope. There was no centro-

mere control available as chromosome 14 is acrocentric. We used the criteria that at least 80% of the cells needed to be missing one

NFKBIA signal to be classified as a hemizygous loss.
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Immunofluorescence

Paraffin-embedded slides were placed in two washes of xylene followed by decreasing alcohol content washes and then rehydrated

in water. Slides were then placed in an antigen retrieval citrate pH 6.0 solution and microwaved for 5 min. After cooling, slides were

washed in TBS and permeabilized in TBS with 0.1% Triton X-100 for 10 min. Slides were then washed in TBS twice for 5 min each. A

1% BSA in TBS with 0.1% Tween 20 blocking buffer was applied for 1 h at 37�C. Primary antibody for NFKBIA (Cat 4814, Cell

Signaling) at 1:100 dilution was added and incubated at 4�C overnight. Slides were washed in TBS-T twice for 5 min. A donkey

anti-mouse594 secondary antibody (Cat R37115, Thermo Fisher) was then added at a 1:1,000 dilution for 1 h at 37�C in dark con-

ditions. Slides were repeatedly washed with TBS-T twice for 5 min each. VECTASHIELD with DAPI (Vector Laboratories) mounting

media and a coverslip prepared the specimen for viewing. Pictures were taken using appropriate fluorescent filters on a Zeiss AXIO

Observer D1 microscope.

Knockdown and knockout of NFKBIA

For near-complete knockdown of NFKBIA, G418-resistant primary human astrocytes transduced to stably express wildtype IDH1

or mutant IDH1-(R132H) were transfected with Accell human NFKBIA small interfering (si)RNA or non-targeting control siRNA (Dhar-

macon), at 20nM concentration using lipofectamine 2000 reagent (Invitrogen) at 1:1 ratio for 48 h. For complete clustered regularly

interspaced short palindromic repeats (CRISPR) knockout of NFKBIA, astrocytes were transfected with IkBa Double Nickase

Plasmid (h) (sc-400034-NIC, Santa Cruz)—consisting of a pair of plasmids each encoding a D10A mutated Cas9 nuclease and a

target-specific 20-nucleotide (nt) guide RNA (gRNA)—using plasmid transfection medium (sc-108062) and Ultra-Cruz transfection

reagent (sc-395739) at 1:1.5 ratio and were incubated for 72 h. After incubation, cells were screened for GFP-positivity to select

for successfully transfected cells. Cells were then sorted and selected into single cells in a 96-well plate with standard growthmedium

containing G418 at 0.5 mg/mL as a selection agent to complete screening for successfully transfected cells. Clonally selected cells

were expanded into bigger plates. Knockdown and knockout efficiency were assayed by immunoblotting.

mRNA extraction and quantitative polymerase chain reaction (PCR)

Total RNAwas extracted from immortalized astrocytes expressing various combinations of wildtype andmutant IDH1with or without

NFKBIA knockdown using TRIzol (Thermo Fisher). To assessmRNA expression levels, 1 mg of total RNAwas reverse-transcribed and

analyzed by quantitative polymerase chain reaction (qPCR). Reactions for each sample were performed in triplicate using a PCR pro-

tocol (95�C activation for 10 min followed by 40 cycles of 95�C for 15 s and 60�C for 1 min) in an ABI StepOnePlus Detection System

(Applied Biosystems).

Protein extraction and immunoblotting

Primary human astrocytes were grown to 70% confluency overnight. Whole cell lysate was collected in RIPA buffer containing pro-

tease inhibitor, and protein estimation was done using the BCA Assay. Primary antibodies used were NFKBIA/IkBa (ab 4814, Cell

Signaling), IDH1-R132H (abDIA-H09, Dianova), b-Actin (ab 3700, Cell Signaling). Secondary IgG-conjugated horseradish peroxidase

(Cell Signaling) was followed by enhanced chemiluminescent (ECL) detection (Thermo Fisher). For the assessment of nuclear phos-

phorylated-sumoylated NFKBIA (ps-NFKBIA), for cell fractionation, cells were lysed with buffer A (10mM HEPES, 1.5mM MgCl2,

10mM KCl, 0.5mM DTT, 0.05% NP40 (or 0.05% Igepal or Tergitol)) pH 7.9, protease inhibitor cocktail, 4mM N-Ethylmaleimide

(NEM) (Sigma, Ref. E3876) (sumoylases inhibitor), in PBS for 20min on ice and centrifuged at 4�Cat 1,000 rcf for 10min. Supernatants

were recovered as the cytoplasmic fraction. 6X Laemmli buffer (SDS–PAGE buffer plus b-mercaptoethanol (Sigma, Ref. M�3148]))

was added to the supernatant and sonicated. Pellets were washed with buffer A, centrifuged at 4�C at 1,000 rcf for 10 min, and re-

suspended with RIPA buffer on ice (181mL H2O, 2mL DOC 10%, 2mL 1M Tris-HCl pH 8.0, 5.6mL 5M NaCl, 2mL Triton X-100 100%

fromMerck, 2mL SDS 10%, 400mL 500mM EDTA pH 8.0, 250mL 200mM EGTA, 4mL of 1M b-Glycerol-phosphate, 200mL of 100mM

NaOrtovanadate, 500mL 4M NaButyrate), and then sonicated and centrifuged at 13,000 rcf for 10 min at 4�C. Supernatants were

recovered as the nuclear fraction, and 1X Laemmli buffer was added. Lysates were analyzed by western blotting using standard

SDS–polyacrylamide gel electrophoresis (SDS–PAGE) techniques. In brief, protein samples were boiled in Laemmli buffer for

10 min, run in polyacrylamide gels, and transferred onto polyvinylidene–difluoride (PVDF) membranes (Millipore Ref. IPVH00010).

Membranes were incubated overnight at 4�C with the appropriate primary antibodies (anti-Phospho-IkBa (Ser32/36) (5A5) (Cell

Signaling, ref. 9246); anti-a-Tubulin (clone B-5-1-2) (Sigma-Aldrich, Ref. T6074); anti-Histone H3 (Abcam, Ref. ab1791); anti-PP1

E�9 (Santa Cruz, Ref. sc-7482), extensively washed, and then incubated with specific secondary horseradish peroxidase-linked

antibodies from Dako (Ref. P0260 and P0448). Peroxidase activity was visualized using the enhanced chemiluminescence reagent

(Biological Industries ref. 20-500-120) and autoradiography films (GE Healthcare ref. 28906835).

Genomic DNA preparation

Genomic DNA from primary human astrocytes was isolated using the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma

Aldrich) and quantified via spectrophotometry.
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Global histone methylation analysis

The EpiQuik Global H3-K27 Methylation Assay Kit (EpiGentek) was used per manufacturer’s instructions to measure global histone

H3-K27 methylation across cultured primary human astrocytes expressing wildtype IDH1 or mutant IDH1 with or without knock-

down/knockout of NFKBIA.

Chromatin immunoprecipitation (ChIP)

After transfection with siRNA targeting NFKBIA or a scrambled control, primary human astrocytes were fixed with 37% formalde-

hyde, and nuclei were prepared. Samples were sonicated, and DNA was measured using a NanoDrop (Thermo Scientific). Two units

of DNA were immunoprecipitated with 5-methylcytosine (10805, Abcam), H3K27me3 (9733S, Cell Signaling), H3K9me3 (5327S, Cell

Signaling), IkBa (4814S), or EZH2 (5246S, all Cell Signaling). After DNA recovery, results were evaluated by quantitative PCR using

Fast SYBR Green master mix (Applied Biosystem) of the histone mark for the G-CIMP gene SLC16A3 (ACGAAAAGTGG

GTTGGTCAG/CCCCAACAGACACAAGACCT).

ChIP sequencing

Control or NFKBIA-depleted primary human astrocytes were incubated and crosslinked with 37% formaldehyde and processed ac-

cording to the above ChIP protocol. For immunoprecipitation, a Tri-Methyl-Histone H3 (Lys27) H3K27me3 antibody (9733S, Cell

Signaling) was used at 1:50 dilution overnight at 4�C to elute the ChIP DNA samples. DNA samples were sequenced using an Illumina

HiSeq 4000 platform. Raw paired-end sequenceswere filtered by quality (Q > 30) and length (length >20 bp) with TrimGalore.103 Total

filtered sequences were aligned against the reference genome (hg38) with Bowtie2.104MACS2 software105was run for each replicate

considering unique alignments (q-value <0.1). Peak annotation was performed using the ChIPker package.106

Transcription factor DNA-binding site analysis

Transcription factor binding site analysis for genesmapping into regions of super-silencers (H3K27me3-rich genomic regions,MRRs)

inNFKBIA depleted primary immortalized astrocytes was done in EnrichR107 based onChIP-X data curated in ChIP Enrichment Anal-

ysis (ChEA).108 A scatterplot of all terms in the ChEA_2022 gene set library was visualized via Appyter.109 Term frequency-inverse

document frequency (TF-IDF) values were computed for the gene set corresponding to each term, and Uniform Mani-fold Approx-

imation and Projection (UMAP) was applied to the resulting values for dimension reduction. Termswere plotted based on the first two

UMAP dimensions.

D-2-hydroxyglutarate assay

IDH1mutant or wildtype primary human astrocytes transfected with siRNA or CRISPR targeting NFKBIA or scrambled control were

seeded in 150mmdishes at a 13 107 cells/well density. A colorimetric enzymatic assay (ab211070, Abcam) was used to assess D-2-

Hydroxyglutarate (D-2HG) levels according to the manufacturer’s instructions. Samples were spin-filtered using a 10kD spin column

for deproteinization to reduce high background. Briefly, 20 mL of each cell lysate were transferred onto 96-well plates in triplicate, and

5 mL of 1 mM D-2HG internal standards were added to each sample well. A freshly prepared reaction mix containing D-2HG assay

buffer, D-2HG enzyme, and D-2HG substrate mix was added to each well. Reaction mixes with the cell lysates were incubated for

60 min at 37�C. The samples’ optical density (OD) was analyzed at 450 nm using a plate reader. D-2HG concentrations were con-

verted to nmol/mL. Experiments were performed in triplicate.

NF-kB family protein activation assay

Nuclear extracts from IDH1 mutant or wildtype primary human astrocytes transfected with siRNA or CRISPR targeting NFKBIA or

scrambled control were prepared using an Active Motif Nuclear Extract Kit (40010, Active Motif) according to the manufacturer’s

protocol. Nucleotide-binding of nuclear NF-kB proteins p65, p50, c-Rel, and RelB was quantified via DNA-binding ELISAs

(TransAM NF-kB Family Kit, Active Motif) according to the manufacturer’s protocol. 10 mg of nuclear extracts were added to a

96-well plate pre-coated with complete binding buffer. For positive control, 5 mg Raji nuclear extract was used. Activated p65,

p50, c-Rel, and RelB nucleotide binding was detected by secondary antibodies conjugated to HRP. Sample absorbance was

read at 450 nm using a plate reader. Experiments were performed in triplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise specified, all statistical calculations were performed using R software and packages from Bioconductor (www.

bioconductor.org/). Median duration of follow-upwas calculatedwith the reverse Kaplan-Meiermethod.110Survival curveswere esti-

mated with the Kaplan-Meier method, and survival distributions were compared across groups with the log rank test. We also used

the Cox proportional-hazards model likelihood-ratio test to test the significance of Kaplan-Meier survival estimate separations and to

avoid overestimating significance when the number of samples in each group is not balanced (low variant frequency of the NFKBIA

deletion).111 The assumption of proportional hazards was tested using interactions of the predictor variables with time. Estimation of

the hazard ratios (HRs) and 95%-confidence (CI) intervals used the Cox regression method. A Cox regression model with likelihood-

ratio tests was computed in NRG Oncology/RTOG 9802 with age, NFKBIA deletion status, adjuvant therapy randomization
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(combined chemoradiation vs. radiation alone), and the interaction between NFKBIA and adjuvant treatment as covariates. ANOVA

was then applied to this model to obtain the overall p value for effects with more than two levels (e.g., the interaction effect). We per-

formed unadjusted and multivariate Cox proportional-hazards regression analyses for overall survival and recurrence-free survival

(time from initial diagnosis to death and tumor recurrence, respectively), adjusting for NFKBIA and other genetic and clinicopatho-

logic factors. All categorical variables were treated as nominal categorical variables. During the model-building process, we used

alterations of gene dosage (wildtype vs. deleted NFKBIA or CDKN2A/B, wildtype vs. codeleted chromosome 1p19q, amplified or

non-amplified EGFR, and presence or absence of chromosome 7 gain/10 loss) or IDH1/2, TERT,ATRX, TP53, and PTEN status (wild-

type vs. mutant) as binary predictors to allow for results that are easier to interpret.

Wilcoxon rank-sum test, t-tests, and multiple-comparison one-way ANOVA with post hoc Tukey’s test were used to analyze be-

tween-group differences for continuous variables and rxc contingency-table analysis based on McNemar’s test with continuity

correction on paired nominal data and Fisher’s exact test otherwise. We computed odds ratios (ORs) in contingency-table analyses

according to the equation (a/b)/(c/d) using Woolf’s method for variance estimation,112 and CIs for estimated parameters were

computed for ‘constant chi-square boundaries.’ Cramér’s V was used as a post-test to estimate effect size in contingency tables

with more than 1� of freedom. Standardized residuals for contingency table cells were calculated as the ratio of the difference be-

tween the observed count and the expected count to the standard deviation of the expected count. In association studies between

NFKBIA deletions and patient age, we dichotomized age at 40 (%40 vs. >40) as this cutoff has been used to define low vs. high-risk

disease in low(er)-grade gliomas.28 The Benjamini-Hochberg procedure was used inmultiple testing to control the false-discover rate

(FDR).95

Nomograms for penalized Cox models were developed based on the R package hdnom. Sparse high-dimensional models were

built using an adaptive least absolute shrinkage and selection operator (adaLASSO) with a two-step estimation procedure for auto-

matic variable selection113 among the covariates NFKBIA deletion, TERT and ATRX mutations, 1p19q codeletion, WHO grade, and

patient age (and CDKN2A/B deletion and TP53mutation in a select model). Built models were internally validated and calibrated us-

ing repeated 5-fold cross-validation and performance assessed by time-dependent area under the receiver operating curves (ROC)

(t-AUC) proposed by Chambless & Diao.114 For each round of cross-validation, the data were randomly separated into five groups of

equal size, according to package defaults in hdnom. Each of the five groupswas used formodel validation after parameter estimation

based on the other four groups within each distinct round of cross-validation. Models generated in the IDHmutant WHO grade 2 to 4

tumors of Population 4 were externally validated and calibrated in the IDH mutant WHO grade 2 to 4 tumors of Population 5 as an

independent dataset with the same variables, as well as in the pooled lower-grade gliomas of Populations 1 and 5.
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