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            Abstract
Gain-of-function IDH mutations are initiating events that define major clinical and prognostic classes of gliomas1,2. Mutant IDH protein produces a new onco-metabolite, 2-hydroxyglutarate, which interferes with iron-dependent hydroxylases, including the TET family of 5′-methylcytosine hydroxylases3,4,5,6,7. TET enzymes catalyse a key step in the removal of DNA methylation8,9. IDH mutant gliomas thus manifest a CpG island methylator phenotype (G-CIMP)10,11, although the functional importance of this altered epigenetic state remains unclear. Here we show that human IDH mutant gliomas exhibit hypermethylation at cohesin and CCCTC-binding factor (CTCF)-binding sites, compromising binding of this methylation-sensitive insulator protein. Reduced CTCF binding is associated with loss of insulation between topological domains and aberrant gene activation. We specifically demonstrate that loss of CTCF at a domain boundary permits a constitutive enhancer to interact aberrantly with the receptor tyrosine kinase gene PDGFRA, a prominent glioma oncogene. Treatment of IDH mutant gliomaspheres with a demethylating agent partially restores insulator function and downregulates PDGFRA. Conversely, CRISPR-mediated disruption of the CTCF motif in IDH wild-type gliomaspheres upregulates PDGFRA and increases proliferation. Our study suggests that IDH mutations promote gliomagenesis by disrupting chromosomal topology and allowing aberrant regulatory interactions that induce oncogene expression.
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                    Figure 1: CTCF binding and gene insulation compromised in IDH mutant gliomas.


Figure 2: Topological domain boundaries disrupted in IDH mutant gliomas.


Figure 3: Insulator loss allows PDGFRA to interact with a constitutive enhancer.


Figure 4: Boundary methylation and CTCF occupancy affect PDGFRA expression and proliferation.
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Extended data figures and tables

Extended Data Figure 1 DNA methylation and CTCF binding at deregulated boundaries.
a, Box plots show DNA methylation levels over CTCF sites (200-bp window centred on the peak) within boundaries predicted by gene pair correlation analysis to be disrupted. All CTCF sites located within a 1-kb window centred on a disrupted boundary were considered. Methylation levels were determined from whole-genome bisulfite data for three IDH mutant (red labels) and three IDH wild-type (black labels) tumours. b, Bars show average normalized ChIP-seq signal over all CTCF sites located inside a 1-kb window centred on a disrupted boundary.


Extended Data Figure 2 Expression of Fip1l1 in mouse brain cells and survival effects of PDGFRA and FIP1L1.
a, Expression of Fip1l1 in a published data set for isolated mouse brain cell types44. b, Kaplan–Meier plot based on TCGA data23 indicates that combined FIP1L1 and PDGFRA expression is a negative prognostic factor in IDH1 mutant lower-grade gliomas. Multivariate analysis including the known prognostic factor 1p/19q deletion diminished this effect into non-significance, suggesting that other predictors of survival may also have a role in this model.


Extended Data Figure 3 CTCF-anchored loop in the PDGFRA region.
a, Schematic depiction of a HiC interaction signature of a CTCF-anchored loop domain, compared to an ordinary domain, as described previously15. CTCF-anchored loop domains are characterized by an increased interaction score at the apex of the domain, representing a CTCF–CTCF dimeric interaction. b, IMR90 HiC contact matrix for the PDGFRA/FIP1L1 locus, as presented in Fig. 3a. Solid circle indicates CTCF dimer interaction point; dashed circles indicate lack of CTCF dimeric anchor signature. c, IMR90 HiC contact matrix as in b, but with an expanded heatmap scale, more clearly conveys the CTCF-anchored loop that insulates PDGFRA. d, e, HiC contact matrix for GM12878 cells for the same region confirms a single CTCF-anchored loop (solid circle) between PDGFRA and FIP1L1. These data support the significance of this specific boundary in locus topology and PDGFRA insulation.


Extended Data Figure 4 Characterization of the FIP1L1 enhancer.
a, H3K27ac ChIP-seq track for GSC6 gliomaspheres reveals strong enrichment over the FIP1L1 enhancer. CTCF ChIP-seq track reveals location of the boundary element insulator (as in Fig. 3a). FIP1L1 enhancer (i) and promoter (ii) are indicated. b, H3K27ac ChIP-seq tracks for IDH mutant and wild-type gliomaspheres and glioma specimens reveal enrichment over the FIP1L1 enhancer. c, ChIP-seq tracks for glioma master transcription factors and other histone modifications support the enhancer identity of the element (H3K27ac, H3K4me1, SOX2, OLIG2; lacks H3K4me3, lacks H3K27me3). By contrast, the FIP1L1 promoter has a distinct ‘promoter-like’ chromatin state.


Extended Data Figure 5 Interaction of the FIP1L1 enhancer with nearby promoters and PDGFRA quantified by reciprocal 3C.
Top, the H3K27ac, CTCF and genetic architecture of the FIP1L1/PDGFRA locus is indicated, highlighting the 3C strategy. Bottom, plots indicate the interaction signal of the indicated sites (black lines) with the common enhancer primer. The FIP1L1 enhancer interacts with local promoters in wild-type and mutant tumours and models. In IDH wild-type gliomas, it shows essentially no interaction with the PDGFRA promoter. In IDH mutant gliomas, it interacts with the PDGFRA promoter with comparable strength to the local interactions, despite the much larger intervening distance (900 kb). Error bars reflect s.d.


Extended Data Figure 6 Crenolanib reverses the increased growth of PDGFRA insulator disrupted cells.
Insulator CRISPR-infected gliomaspheres exhibit a roughly twofold increase in proliferation rate, compared to control sgRNA-infected gliomaspheres. This proliferative advantage is eliminated by treatment with the PDGFRα inhibitor crenolanib. Crenolanib and dasatinib both inhibit PDGFRα, but their other targets are non-overlapping. Hence, this sensitivity provides further support that PDGFRA induction drives the increased proliferation of the insulator CRISPR gliomaspheres. Error bars reflect s.d.


Extended Data Figure 7 Signature of boundary deregulation in IDH mutant gliomas is robust.
Volcano plot depicts the significance (y axis) of gene pairs that are either more or less correlated in IDH mutant than IDH wild-type gliomas. This plot was generated by repeating the analysis in the main text and shown in Fig. 1f, except that here the statistics were performed using only the 14,055 genes expressed at >1 TPM in at least half of the samples. This indicates that the boundary deregulation signature in IDH mutant gliomas is not sensitive to noise from lowly expressed genes.


Extended Data Table 1 Clinical specimens and tumour modelsFull size table


Extended Data Table 2 Sequenced libraries characteristicsFull size table





Supplementary information
Supplementary Table
This file contains a list of deregulated boundaries and genes. The table lists domains whose boundaries are predicted to be lost based on cross-boundary gene pairs that gain correlation and intra-domain gene pairs that lose correlation. All supporting gene pairs (FDR < 1%) are listed along with their significance. The overall significance of each domain is also shown. Genes that are up-regulated by at least 2-fold in IDH mutant gliomas, relative to the median of the wild-type, are indicated. For each domain, the coordinates of boundaries predicted to be lost are also listed. (XLSX 23 kb)
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Cancer genome sequencing studies have identified recurrent IDH mutations in brain tumours and other cancers. IDH mutant gliomas have altered DNA methylation landscapes, such as hypermethylation of CpG island promoters. Here, Brad Bernstein and colleagues show that the effects of IDH1 mutation in gliomas are not limited to CpG islands, and the binding sites of the methylation-sensitive insulator CTCF are also hypermethylated. Disruption of a CTCF boundary near the glioma oncogene PDGFRA allows a constitutive enhancer to aberrantly contact and activate it. IDH mutations can therefore promote gliomagenesis by disrupting chromosomal topology and allowing aberrant gene regulatory interactions.
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