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Summary

Epigenetic lesions that disrupt regulatory elements represent potential cancer drivers. However, we
lack experimental models for validating their tumorigenic impact. Here we model aberrations
arising in Isocitrate Dehydrogenase-mutant gliomas, which exhibit DNA hypermethylation.

We focus on a CTCF insulator near the PDGFRA oncogene that is recurrently disrupted by
methylation in these tumors. We demonstrate that disruption of the syntenic insulator in mouse
oligodendrocyte progenitor cells (OPCs) allows an OPC-specific enhancer to contact and induce
Pdgfra, thereby increasing proliferation. We show that a second lesion, methylation-dependent
silencing of the CdknZatumor suppressor, cooperates with insulator loss in OPCs. Coordinate
inactivation of the Pagfrainsulator and CdknZadrives gliomagenesis /in vivo. Despite locus
synteny, the insulator is CpG-rich only in human, a feature that may confer human glioma risk but
complicate mouse modelling. Our study demonstrates the capacity of recurrent epigenetic lesions
to drive OPC proliferation /n vitro and gliomagenesis in vivo.
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In Brief

A mouse model of IDH-mutant glioma is established by simulating downstream epigenetic lesions
that activate the PDGFRA oncogene and silence the CDKN2A tumor suppressor. The study
provides insight into glioma mechanism, putative cell-of-origin and disease risk.

Introduction

Although cancer is classically framed as a genetic disease driven by somatic mutations,
epigenetic alterations are highly prevalent!=3. Gliomas, leukemias and colorectal tumors
frequently present with a ‘methylator phenotype’14:°, characterized by hypermethylation of
CpG islands and other CpG-rich sequence elements. Excessive DNA methylation has been
shown to silence the promoters of tumor suppressor genes, including MLH1, APC, BRCAI,
and CDKNZ2AL3, It can also disrupt noncoding regulatory elements termed ‘insulators’®-8,
resulting in aberrant enhancer-promoter interactions with potential to induce oncogenes®-12,
As a bona fide epigenetic mark, DNA methylation can be inherited through cell division
and selected for fitness, much like driver mutations-2:13. However, the epigenetic variability
in most tumors hinders our ability to distinguish true driver events from inconsequential
passengers4. Furthermore, we currently lack in vitro and in vivo experimental models
required to validate and functionally characterize potential driver epigenetic lesions.

Tumors with IDH mutations, which include lower-grade gliomas and certain leukemias,
exhibit profound DNA hypermethylation*1°. Mutant IDH yields a neomorphic enzyme that
produces high levels of 2-hydroxyglutarate (2HG), an inhibitor of DNA demethylases?®.
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In IDH™MUt gliomas, excess methylation is presumed to affect tumor suppressor genes,
though the precise targets have yet to be clarified®. The hypermethylation also

disrupts CTCF insulators16:17 potentially altering topologically associated domain (TAD)
organization818:19 and allowing enhancers to aberrantly activate proto-oncogenes such as
PDGFRA®. Yet despite tantalizing evidence from human tumor profiles, the ability of these
epigenetic alterations to augment the proliferation and/or transformation of progenitor cells
has yet to be demonstrated. Moreover, IDH mutations also affect histone demethylases

and other iron-dependent hydroxylase enzymes!®. Hence, the mechanisms by which IDH
mutations and the associated hypermethylation drive tumorigenesis remain controversial.

Although IDH™MUt gliomas have a better prognosis than IDHW! glioblastomas, they are
nonetheless incurable and ultimately fatal?®. Experimental models to study these lower-
grade tumors are woefully inadequate. Their indolent phenotype hinders the establishment
of patient-derived models, such that cell lines and xenografts have primarily been derived
from advanced malignancies?!. IDH mutations have been engineered in cultured human
astrocytes, but these /7 vitro models do not fully recapitulate methylation changes in the
human tumors?2:23, IDH™Ut mouse models have also been described but have significant
caveats. Conditional expression of mutant IDH in adult mouse subventricular zone led to
hypermethylation, increased progenitor cell proliferation, and infiltration of surrounding
regions?4. Yet other studies that combined mutant IDH with other genetic drivers, including
P53 loss or RAS mutation, found that mutant IDH actually reduced proliferation and
penetrance in these tumor models25-27. Moreover, none of the modelling studies traced
the downstream mechanisms and mediators of mutant IDH.

Here we identify and model recurrent epigenetic lesions that drive IDHMUt gliomagenesis,
including the methylation-dependent disruption of a CTCF insulator in the PDGFRA locus
and silencing of the CDKNZAIp14ARF tumor suppressor. We use CRISPR engineering

to disrupt the syntenic CTCF insulator in mouse embryonic stem (ES) cell-derived neural
progenitor cells (NPCs) and oligodendrocyte progenitor cells (OPCs), two potent candidate
cells-of-origin for gliomas28. Insulator loss allows an OPC-specific enhancer to activate
Pdgfraand increase proliferation in OPCs but has no effect in NPCs which lack the
enhancer. We then direct DNA methylation to the CaknZa promoter, silencing the tumor
suppressor and further enhancing OPC proliferation. Coordinate disruption of the Pagfra
insulator and the CdknZatumor suppressor in mouse brain OPC niches drives lower-grade
gliomagenesis /n vivo. Despite extended synteny over the PDGFRA locus, the mouse
insulator region has far fewer CpG dinucleotides than the human element and is thus not
responsive to methylation. The inability of the mouse Pdgfrainsulator to be regulated by
methylation, as a direct result of its lack of CpG sites, could potentially explain the latency
and low penetrance of IDH™Ut mouse models. Our study demonstrates that disruption of
an insulator and topological boundary can drive oncogene expression and gliomagenesis
in vivo and provides a framework for modeling and functionally characterizing oncogenic
regulatory alterations going forward.
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Results

A recurrently lost CTCF insulator creates a conserved topological boundary near PDGFRA

The receptor tyrosine kinase PDGFRA is a canonical proto-oncogene that is frequently
copy number amplified and over-expressed in glioblastoma?®. Although PDGFRA is

also highly expressed in IDH™MUt [ower-grade gliomas, the locus typically remains wild-
typeS. We previously showed that global hypermethylation destabilizes CTCF insulators in
IDHMU gliomas and that this was associated with the epigenetic deregulation of PDGFRA
expression?. Here we sought to evaluate the functional impact of insulator loss directly in
OPCs and NPCs, which represent candidate cells of origin for glioma28 (Figure SIA-B).

We first compared chromatin topology, CTCF binding and the enhancer-associated
chromatin mark H3 K27 acetylation (H3K27ac) in human and mouse (Figure 1A-B).

The PDGFRA locus shows striking conservation between the species, with over 2 Mb

of syntenic sequence. The topological structure of the locus is also highly conserved, as
revealed by high-throughput chromosome conformation capture (HiC) maps. The PDGFRA
gene is located in between two TADs, each bounded by convergent CTCF sites18 engaged
in long-range interactions. The topology of the locus is largely similar across HiC maps for
other human and mouse cell typess.

We next investigated the DNA methylation status of 18 CTCF binding sites across the 2 Mb
region in IDH"t and IDH™Ut gliomas, leveraging newly generated (n=8 tumors) and publicly
available (n=5 tumors) bisulfite sequencing data®. We identified a significantly methylated
CTCEF site located ~20 kb downstream of PDGFRA that was specifically methylated in
IDHMUt tumors (Figure S1IC-E,G). The average methylation of the central CpG in the
binding site is 77% in IDHMt tumors, but just 18% in IDHW! (Figure S1E). Furthermore,
CTCF occupancy is ~3-fold lower in IDH™Ut tumors, compared to IDHW!, consistent with
the established inability of CTCF to bind methylated DNA (Figure S1D,F). Importantly, the
disrupted CTCF site precisely coincides with a boundary element that partitions PDGFRA
from the downstream TAD (Figure 1A,C, top dashed box in panel C). The orientation of the
underlying CTCF motif and its engagement in a chromatin loop with the opposite side of the
TAD suggests that it plays a critical role in enforcing the topological boundary.

Modelling insulator disruption and oncogene activation in candidate cells of origin

We next sought to model Pdgfrainsulator loss in OPCs and NPCs, which we derived from
mouse ES cells using established procedures3! (Figure SLA-B). The topological structure
of the locus is highly conserved across cell types, including the downstream TAD and the
CTCEF site that partitions it from Pdgfra. However, its enhancer landscape varies markedly.
Mouse and human OPCs contain a putative enhancer marked by strong H3K27ac within
the downstream TAD, ~75 kb from the Pdgfra promoter. The enhancer appears to be
OPC-specific as it lacks H3K27ac entirely in NPCs and other cell types. Importantly, the
enhancer is highly acetylated and presumably active in IDH™MUt gliomas, likely due to their
OPC-like state (Figure 1C-D, Figure S2A-C).

We hypothesized that disruption of the CTCF insulator would destabilize the TAD boundary
and allow the OPC-specific enhancer to contact and activate Pagfra. Since the syntenic
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insulator in mouse has just three CpGs in its vicinity, contrasting with nine CpGs in

human, we leveraged genetic editing to disrupt the insulator in mouse OPCs. We specifically
used CRISPR-Cas9 and a single guide RNA (sgRNA) to mutate the CTCF motif, which
completely and selectively abrogated CTCF binding (Figure 2A, dashed box, Figure S3A-D,
Table S1). We then assessed integrity of the TAD boundary by using circularized chromatin
conformation capture sequencing (4C-seq) to quantify physical contacts between the OPC-
specific enhancer and other genomic positions. In control OPCs, enhancer interactions were
sharply curtailed by the TAD boundary, which prevented contact with Pagfra. However,

in insulator disrupted cells, the enhancer contacted sequences well beyond the boundary,
including the Pdgfra promoter (Figure 2A). Consistently, insulator disruption increased
Pdgfra expression and stimulated OPC proliferation. Insulator disruption had no effect on
Pdgfraor proliferation in NPCs, which lack the enhancer (Figure 2B-D, Figure S2F).

To characterize the OPC-specific enhancer, we scanned its primary sequence. We identified
a high-scoring RFX motif conserved in mouse and human (Figure 2E, Figure S2D). The
cognate factors Rfx4 and Rfx7 are expressed in OPCs and may account for the specificity
of the enhancer (Figure S2E). When we used CRISPR-Cas9 to disrupt the RFX motif in
OPCs, the enhancer acetylation was almost completely lost (Figure 2F, Figure S3E-F, Table
S2). This provided an opportunity to test whether the enhancer is in fact required for Pdgfra
induction upon insulator loss. We found that coordinate disruption of the RFX motif and
the insulator using CRISPR-Cas9 and two sgRNAs failed to induce Pdgfrain OPCs (Figure
2G). These results indicate that disruption of a CTCF insulator, which is recurrently lost in
IDH™MUt gliomas, causes an OPC-specific enhancer to activate Palgfra expression and drive
proliferation in OPCs.

Methylation-dependent silencing of the Cdkn2a/p19ARF tumor suppressor

We next considered whether the hypermethylation in IDH™Ut gliomas also silences specific
tumor suppressors, potentially in cooperation with PDGFRA activation. Examination of
six prominent glioma tumor suppressors®-32 across tumors from our cohort and TCGA
revealed recurrent methylation of the CDKN2AIp14ARF promoter in IDHMU tumors. As
expected, the methylated promoter was devoid of active chromatin marks. Consistently,

the CDKN2AIp14ARF transcript was expressed at very low levels in IDH™Ut gliomas,
contrasting with its robust expression in IDH"! glioblastoma that retain the CDKN2A locus
(Figure 3A—C). The CDKNZ2A locus is frequently deleted in IDHW! glioblastoma as well as
a subset of secondary IDH™M!t glioblastoma. However, it is rarely lost in lower-grade IDH™M
gliomas with a hypermethylator phenotype, likely reflecting the sufficiency of methylation-
dependent silencing (Figure S4A).

To investigate the functional significance of CDKNZ2A silencing, we used epigenome editing
to target DNA methylation to the promoter of CaknZalpl9ARF, which is the mouse homolog
of human CDKNZA/p14ARF. We transfected mouse OPCs with a construct encoding

a fusion between catalytically-inactive Cas9 and the DNMT3A3L methyltransferase
(dCas9-3A3L)33 plus a pair of convergent sgRNAs. This led to a robust increase in
methylation and a nearly complete loss of acetylation over the promoter. These methylation
and chromatin changes were accompanied by robust silencing of CaknZalp19ARF mRNA
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and protein (Figure 3D-G, Figure S4B-D, Table S3). Like its human homolog, CaknZal
p19ARF prevents the degradation of the P53 tumor suppressor by regulating MDM234,
Consistently, silencing of CdknZa/p19ARF in the OPCs also led to a striking reduction
in P53 protein levels (Figure 3G). Importantly, the engineered CdknZa methylation also
increased OPC proliferation by nearly 2-fold (Figure 3H).

Our findings indicate that recurrent methylation events in IDH™Ut gliomas deregulate the
PDGFRA proto-oncogene and CDKN2A tumor suppressor, and stimulate OPC proliferation.
This prompted us to test for cooperation between the respective lesions by combinatorial
CRISPR editing. We transfected OPCs with a construct expressing Cas9 plus two sgRNAs
targeting the Pdgfrainsulator and the p19ARF exon (CdknZaexon 1B). This led to robust
Pdgfra upregulation and CaknZalpl9ARF downregulation (Figure 4A-C), and increased
OPC proliferation by ~3-fold (Figure 4D).

Combinatorial disruption of the Pdgfra insulator and Cdkn2a drives tumorigenesis in vivo

We investigated the potential of the respective epigenetic lesions to drive gliomagenesis

in vivo. We engineered lentiviral constructs expressing Cas9 with sgRNA targeting the
CTCF insulator (or a non-targeting control) and an shRNA targeting Cakn2alpl9ARF
(Figure 4E). Lentiviruses were injected into the mouse corpus callosum, an anatomical
landmark enriched for OPCs. Examination of mouse brains harvested seven days after
lentiviral injection revealed hypercellularity in the group with combined disruption of
Pdgfrainsulator and p19ARF, but not with either lesion alone (Figure 4F and Figure S4E—
F). However, despite a strong induction of hypercellularity, we did not observe further
malignant progression in these mice.

We reasoned that these lesions, while powerful in their ability to alter gene expression,
might require additional environmental context for efficient tumorigenesis. We therefore
sought to combine them with low-level PDGF ligand, a frequently expressed mitogen in
gliomas including IDHMUt glioma3®. We added to our constructs an IRES-PDGFB cassette
that expresses PDGFB at a low dose insufficient to drive gliomagenesis on its own3®

(Figure 4G). We found that the combination of Padgfrainsulator disruption, CdknZalpl9ARF
repression and low-dose PDGFB led to malignant gliomas with a median survival of

202 days and ~50% penetrance (Figure 4H). Histological analysis of brain cross-sections
showed diffuse hypercellularity and widespread infiltration of brain parenchyma (Figure 41).
Immunohistochemistry (IHC) analysis of brain cross-sections at the injection site confirmed
expression of the proliferation marker Ki67, the OPC-markers OLIG2 and PDGFRA, as well
as the vasculature marker CD31 (Figure 41). The tumors lacked expression of GFAP, which
marks NPCs and astrocytes3”. No single lesion nor the combination of p19ARF repression
and low-dose PDGFB showed signs of malignant progression over the duration of our study
(Figure 4H). These results establish Pagfrainsulator loss and CdknZa promoter silencing as
epigenetic drivers of IDHMU gliomagenesis.

The human PDGFRA locus and glioma susceptibility

The PDGFRA locus exhibits striking synteny of gene order and conserved topology in
human and mouse (Figure 1A-B; Figure 5A). However, the CpG density of the PDGFRA
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insulator varies considerably across these and other mammalian species (Figure 5B). The
600 bp window centered on the CTCF binding site contains nine CpGs in human but just
three CpGs in mouse. In particular, the mouse insulator lacks the critical CpG closest to the
CTCF motif. Furthermore, when we targeted DNMT3A3L to the insulator in mouse OPCs,
this led to full methylation of the three CpGs, but failed to impact CTCF binding (Figure
S5E-F). Hence, although the mouse CTCF insulator is conserved in location and function,
its insensitivity to DNA methylation may explain challenges associated with modeling IDH
mutations in mouse.

We next assessed whether the human insulator is subject to methylation under physiologic
contexts, leveraging public methylation profiles38:39, Insulator methylation was very low in
most non-brain tissues and organs (Figure 5C, Figure S1G), but relatively higher in brain
samples (Figure 5C). Insulator methylation was also evident in OPC-enriched fractions
from human brain??, suggesting that these progenitors may be affected (Figure 5C). The
methylation levels in brain and OPCs remain considerably lower than the levels in IDH™MUt
gliomas (~77%, Figure 5C). Given that typical purity estimates for these tumors range
from 70 to 80%%1, insulator methylation likely approaches 100% in malignant IDH™Mut
cells (Figure 5C; see Methods)*2. Nonetheless, intermediate methylation levels in OPCs
could predispose the insulator to hypermethylation under conditions where Tet demethylase
activity is suppressed by mutant IDH.

We also examined the context-specificity and physiology of the OPC-specific enhancer

in the PDGFRA locus. The enhancer coincides with a long intergenic non-coding RNA
(LINC02283) that provides a surrogate measure of enhancer activity (Figure 5A; Figure
S5A). LINC02283 expression showed remarkable specificity to bulk brain samples (Figure
S5B), and OPCs within brain (Figure 5D), consistent with the specific activation of the
enhancer in OPCs (Figure S2A-B). Notably, expression of L/NC02283 and PDGFRA are
highly correlated across IDH™Ut gliomas (r~0.45), but less correlated in IDH"! gliomas
(r~0.3) (Figure S5C-D), consistent with insulator dysfunction in the hypermethylated
subtype.

The OPC-specificity of the enhancer and coincident non-coding RNA led us to consider
their possible physiologic functions. We found that the enhancer overlaps genetic variants
associated with cortical thickness*3 and cognitive performance®, both of which represent
phenotypes that could be affected by OPCs (Figure 5A). These associations provide further
indication that the enhancer has a critical function in OPCs. This function might involve
the noncoding RNA, though it is not clear how this transcript could affect OPC biology.
Alternatively, it could boost PDGFRA expression in OPCs via long-range interactions that
may be facilitated by partial methylation of the insulator.

These analyses indicate that the OPC-specific enhancer has critical physiologic functions in
human brain that may involve a non-coding RNA and/or long-range effects on PDGFRA
expression. In the setting of IDH mutation and hypermethylation, the CpG-rich human
insulator can be fully disrupted, causing the enhancer to activate PDGFRA expression and
thereby drive gliomagenesis (Figure 5E).
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Discussion

We have modeled the impact of recurrent epigenetic lesions that deregulate oncogene

and tumor suppressor gene expression in IDHMU Jower-grade gliomas. The respective
lesions arise in the setting of global DNA hypermethylation and involve the methylation-
dependent disruption of a PDGFRA insulator and silencing of the CDKNZA promoter. We
demonstrate that these regulatory alterations can drive progenitor cell proliferation /n vitro
and tumorigenesis /n7 vivo. Defining epigenetic drivers has been a major challenge due to
the inherent variability of epigenetic landscapes and the lack of experimental models for
their evaluation. We overcome this challenge by identifying recurrent methylation events in
human tumors and validating their functions using contextual mouse progenitor models and
targeted /n vivo perturbation.

Our study also has implications for tracing glioma cells of origin, which presents a
special challenge due to the complexity of neural development. Disruption of the CTCF
insulator induces Pdgfra expression and proliferation specifically in OPCs, which harbor
an RFX-driven enhancer in the neighboring TAD that is unleashed upon insulator loss.
Consistently, engineering of the lesions /n vivo drove tumorigenesis in an OPC-rich brain
compartment. While the initiating IDH mutation and consequent hypermethylation could
arise at earlier developmental stages, our findings suggest that they initiate tumors in

the OPC context. Interestingly, clonal IDH mutations were recently described in normal
human brain specimens, primarily within NeuN-negative glial populations comprising
OPCs, astrocytes and oligodendrocytes?®. These data suggest that IDH mutations confer
a proliferative advantage to glial cells in human brain, and thus complement our mouse
modeling data pinpointing OPCs as a likely cell-of-origin for this glioma subtype.

Modeling lower-grade gliomas /n vivo has been complicated by their slow growth and the
slow kinetics with which they accumulate hypermethylation. Addition of mutant IDH has
even been found to moderate prevailing genetic glioma models?>=27. We circumvented this
challenge by directly engineering downstream lesions, and thus informing the functions

of at least a subset of functional mediators. Nonetheless, our models are limited in that
they do not fully recapitulate the mutant IDH phenotype which, in addition to widespread
DNA hypermethylation, has also been associated with alterations to histone methylation?®,
metabolic programs23, differentiationl?, and the immune microenvironment26:27, Further
studies are needed to discern the functional significance and interactions of these

potential mediators. Nevertheless, our framework for modeling and characterizing epigenetic
lesions and mediators can guide such studies, while also advancing understanding of
hypermethylator phenotypes and epigenetic regulatory alterations across a range of human
cancers.

We also document human-specific features of the PDGFRA insulator that can explain
challenges associated with IDHMUt mouse models and have important implications for
human biology. The PDGFRA locus is highly conserved between human and mouse, with
extended synteny over >2 Mb and a remarkably concordant topological structure. The
constitutive CTCF occupancy of the insulator and the OPC-specificity of the enhancer are
also shared between species. Despite this conservation, the CpG density over the insulator
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differs markedly with nine CpGs in human but just three in mouse (Figure 5B). A technical
consequence of this divergence is that the methylation-dependent insulator disruption in
human IDH™MU gliomas could not be recreated in mice which lack the critical CpGs whose
methylation disrupts CTCF binding and insulator function. Although we circumvented

this limitation by direct genetic disruption of the CTCF motif, mouse models driven by
IDH mutation and hypermethylation may not realize this critical downstream oncogenic
event. Indeed, IDH mutations have been associated with inconsistent outcomes in mouse
glioma models, promoting proliferation and invasion in certain contexts, but slowing tumor
progression in others.

More broadly, our analyses suggest that the CpG-rich insulator and the OPC-specific
enhancer that it restrains play critical physiologic roles in human brain. The insulator

is moderately methylated in normal brain. The methylation may partially destabilize

the insulator in OPCs, allowing the enhancer to boost PDGFRA expression. Enhanced
expression of this critical regulator could in turn increase proliferation or otherwise alter
OPC biology during human brain development. Importantly, the OPC-specific enhancer
coincides with genetic variants associated with cortical thickness and cognitive performance.
The associations provide further support for a link between enhancer, PDGFRA and OPC
biology — a link that may be strengthened by human-specific features and physiologic
methylation that destabilize the intervening insulator. We draw analogy to recent reports that
insulator boundaries in the SOX2and HOX loci become permissive to enhancer-promoter
contacts during specific developmental stages9:47:48,

Insulator methylation levels in human brain and OPCs are increased but do not approach

the levels in IDHMU gliomas. In the tumors, high concentrations of 2HG inhibit Tet

family demethylases leading to their characteristic hypermethylation. Tet enzymes modulate
methylation levels over regulatory elements and play critical roles in brain development.
The recurrent methylation and disruption of the PDGFRA insulator in tumors likely reflects
some combination of its lability in normal development, its dependence on Tet enzymes for
homeostatic regulation, and the proliferative fitness conferred by its loss. Thus, the same
human-specific insulator features that appear to enhance OPC phenotypes could also create a
vulnerability to glioma. We draw analogy to recent studies that implicated a human-specific
neural cell type in the initiation of pediatric medulloblastoma brain tumors*®. The extent to
which other human-specific features or adaptations also confer risk for brain tumors or other
cancers is an exciting area for future inquiry.

In conclusion, we have investigated the causality of two epigenetic regulatory lesions

that arise in hypermethylated IDH™Ut gliomas. We validated both lesions as drivers

of OPC proliferation and /in vivo gliomagenesis. Our engineered mouse tumor models,
driven by regulatory alterations downstream of the initiating IDH mutation, can provide

a framework for modeling epigenetic cancer drivers going forward. The finding that
methylation-dependent disruption of a single CTCF insulator reorganizes locus topology,
upregulates the PDGFRA oncogene and represents a bona fide tumor driver is of high
interest. Beyond its role in cancer, our analysis suggests that the human insulator may be
partially methylated in physiologic contexts with potential effects on PDGFRA expression
and OPC phenotypes. Future studies are needed to further characterize the PDGFRA
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locus and its regulation in developing brain tissue and tumors, as well as to identify and
characterize other epigenetic lesions that drive tumorigenesis.

Limitations of the study

Our approach to model IDHMUt gliomas by directly perturbing downstream lesions

is unlikely to fully recapitulate the pathological roles of mutant IDH. The 2HG neo-
metabolite generated by mutant IDH can also impact histone methylation, hypoxia
programs, immune function, and other cellular programs which we do not model using

our approachl. Incorporation of additional downstream mediators and/or the IDH mutation
itself into our model may yield tumors that more closely recapitulate IDHMUt glioma
pathology. Additionally, we used CRISPR-Cas9 to incur genetic changes that simulate
epigenetic lesions discovered in IDHMUt gliomas. While this approach effectively induced
tumorigenesis, it likely misses specific features associated with the sequencesparing
methylation events in the human tumors. Although targeted epigenome remodeling using
Cas9m4-3A3L or other tools could address this limitation, such modelling efforts would
need to overcome the lack of CpGs in the mouse Pdgfrainsulator or leverage other /in vivo
systems. Finally, we note that our model emulates early stages of gliomagenesis and does
not capture other genetic, epigenetic and physiologic changes that arise during the inevitable
progression of IDH™Ut gliomas to higher grade malignancies2°.

STAR Methods

Resource availability

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by Bradley E. Bernstein
(Bradley_Bernstein@DFCI.HARVARD.EDU).

Materials availability—Materials used in this study will be provided upon request and
available upon publication.

Experimental model and study participant details

Derivation of NPCs and OPCs from mouse ES cells—V6.5 ES cells were cultured
on mouse embryonic fibroblast feeder layers and differentiated to NPCs as described3.
Briefly, confluent ES cells were separated from the feeder layer by incubation with a

0.5 mM EDTA solution in PBS for 10 minutes. Cells were then spun down, and plated

in low-binding dishes without Leukemia Inhibitory Factor (LIF) for 24 hours, followed

by incubation with NPC generation media (DMEM:F12, 1X N2, 1X B27, 1% penicillin/
streptomycin, 500 ng/ml Noggin) for four days. The resulting embryoid bodies were

then dissociated using accutase and plated with NPC expansion media (same as NPC
generation without noggin, but with 20 ng/ml of EGF and FGF2 and 1 pug/ml laminin).
NPCs were maintained in NPC expansion media for 5-7 passages from generation. OPCs
were generated from NPCs as described3L. Briefly, ~4 million NPCs were plated in a 10
cm dish in OPC derivation media (same as NPC generation media, without noggin, with
10 ng/ml PDGFB) for seven days. OPCs were then propagated in OPC proliferation media
(same as OPC derivation media with 20 ng/ml FGF2 added). OPCs were only maintained
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for up to five passages and were closely examined for differentiation under phase contrast
microscopy. Only OPCs with bipolar morphology®® were used for experiments. NPCs were
differentiated in NPC expansion media supplemented with 4% FBS for four days. OPCs
were differentiated in NPC derivation media without Noggin, with 10 ng/ml CNTF, 5 ng/ml
NT3, and 40 ng/ml T3 for seven days, as described3!.

Genome and epigenome editing—For genome editing, we designed

a U6-sgRNA-CMV-Cas9-T2A-eGFP piggyBac plasmid with the following

SgRNAs: mouse non-targeting 1: 5’-GCGAGGTATTCGGCTCCGCG-3’; mouse
non-targeting 2: 5’-GCTTTCACGGAGGTTCGACG-3’; Pdgfrainsulator:

5-AATTGTT AAAAGTTCCACAA-3’; CdknZalpl9ARF exon 1B: 5’-
CGGGCCGCCCACTCCAAGAG-3’; RFX motif in OPC enhancer: 5°-
CTGCCCCCTTCCCGTTGCCA-3’; sgRNAs were designed to disrupt the NGG portions
of the CTCF motif and the RFX motif using the Benchling software. sgRNAs designed

to disrupt the CdknZaexon 1B were designed using the ChopChop software. In

both cases, SgRNAs were designed to have high specificity. Constructs harboring two
sequential sgRNAs cassettes were cloned using standard methods. We verified mutations
at target loci using lllumina sequencing and Crispresso software (insulator, RFX motif
deletion), or verified gene deletion by western blot (CDKN2A). Primers used to amplify
loci for sequencing were: Pagfra-insulator 5’-GTCAGGAGTAGATCCTCGTG-3’ and
5’-GCTGAAGACTGGGAGCTATA-3’. RFX-motif 5’-TCTCCCTGTTTGGTGCCCTT-3’
and 5’-CTCTCCATCAATCATTGCCAAC-3’. For epigenome editing, we designed a U6-
SgRNA-U6-sgRNA-CMV-Cas9Im4-DNMT3A3L-P2A-eGFP piggyBac plasmid to de novo
methylate the CdknZa promoter region. sgRNAs were designed to be convergent and have
high specificity using the ChopChop software. The non-targeting sgRNAs are the same

as the ones described in the genome editing section above. The sgRNAs used to target

the CdknZa pl9ARF promoter were: SgRNAI 5’-CCCCCGAGTCCCAAGGCGCG-3’,
SgRNA2 5’-GCGCTGGCTGTCACCGCGAT-3’. The dead version of the epigenome editing
construct had two mutations in the DNMT3A3L (C706A and R832E) that were previously
shown to disrupt catalytic function without affecting expression33. We verified epigenome
editing by locus bisulfite sequencing. Briefly genomic DNA was extracted (DNeasy Kkit,
Qiagen) and subjected to bisulfite conversion (EZ DNA Methylation-Lightning Kit, Zymo
Research). Each conversion was split to four independent PCR reactions and the CdknZa
promoter was then PCR amplified (KAPA HiFi Uracil+ HotStart ReadyMix, KAPA no.
KK2800) using the following primers: 5’-GAAAATTTTTTTTTGGAGTGGG-3’ and 5°-
CCTCTAAAAAACTTTCC-3’. Sequencing reads (Illumina) were aligned to the bisulfite
converted locus and the frequency of methylated to unmethylated Cytosines was calculated.

NPCs or OPCs were transfected with 1:1 ratio of the genome/epigenome editing construct
along with the piggyBac transposase construct using LipoD293 per manufacturer’s
guidelines. Cells were sorted twice for GFP positivity on a Sony SH800 flow cytometer,
once 48 hours after transfection, and another time after the cells reached confluence from the
initial sort.
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Hybrid selection bisulfite sequencing on glioma tissues—Hybrid selection was
performed for four IDH™Ut and four IDH"! gliomas using a set of probes designed

to capture all CTCF sites, promoters and the CDKN2A locus, as described®’. Briefly,
genomic DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen), sheared
using the Covaris LE220, then size selected to 150-300 bp (Tapestation verified-D1000
tapes, Agilent). One microgram of gDNA was end repaired, 3~ A base tailed (KAPA Hyper
Prep Kit no. KK8502) and ligated to sequencing adaptors (Roche SeqCap Epi Enrichment
System). Ligated products were purified using AMPure XP beads, bisulfite-converted

(EZ DNA Methylation-Lightning Kit, Zymo Research), and then PCR amplified (KAPA
HiFi Uracil+ HotStart ReadyMix, KAPA no. KK2800). Sets of four libraries were then
combined at equal concentrations with SeqCap Epi universal and indexing oligos and the
bisulfite capture enhancer (SeqCap Epi Accessory Kit). Pools were lyophilized (TOMY
Micro-Vac, MV100), resuspended in hybridization buffer (SeqCap Epi Hybridization and
Wash Kit), and hybridized to the SeqCap Epi Probe Pool (Roche) for 72 hours at 47 °C in a
thermocycler. Capture libraries were recovered (SeqCap Pur Capture Bead Kit) at 47 °C in a
thermocycler, washed in a 47 °C water bath, and amplified by PCR (SeqCap Epi Accessory
Kit). Libraries were sequenced with 10% PhiX addition as 100 base paired-end reads on an
Illumina HiSeq2500 in rapid mode. Glioma samples were obtained under an IRB approved
protocol.

Stereotactic injections of mice with lentiviruses and survival monitoring—
Stereotactic injections of mice with purified lentiviruses were done as described®°:%8,
Lentiviral constructs with CMV-Cas9-T2A-eGFP, U6-ShRNA-U6-sgRNA-CMV-RFP, and
U6-ShRNA-U6-sgRNA-CMV-RFP-IRES-PDGFB were cloned using standard methods,
transfected into 293FT cells along with pVSV-G and pCMV delta R8.2 using LipoD293
according to the manufacturer’s guidelines. Supernatant was collected 48 hours and 96 hours
after transfection and purified as described®8. Viral pellets were resuspended in PBS, and
frozen at —80 °C. Viruses were titrated by serially infecting 293FT cells cultured with 10
ug/ml polybrene. Fluorescent colonies were counted on an epifluorescent microscope under
20x magnification. Equal amounts (10”78 viruses/ml) of lentiviruses were mixed and injected
into 8-12-week-old 129S1/SvimJ mice (Jackson lab strain 002448). Briefly, mice were
anesthetized using 4% isoflurane on a stereotactic frame (Stoelting) and injected with 2.5 pL
(total of 4*106 fluorescent colony forming units, rate of 0.5 pL/min) in the corpus callosum
using the following coordinates relative to bregma: x =-1.1,y=-1.9,and z =
-1.8/-1.7/-1.6, with X representing left(-)/right(+), y: anterior(+)/posterior(=), and z: depth
from surface of the skull. All mouse experiments were done following an Institutional
Animal Care and Use Committee—approved protocol. Equal number of female and male
mice were used. The shRNA sequence targeting the CaknZaexon 1B (p19ARF) was
previously validated /7 vivo®8. sShRNA sequence: 5’-
CCGGCGCTCTGGCTTTCGTGAACATCTCGAGATGTTCACGAAAGCCAGAGCGTTT
TTG-3’. Mice were monitored for terminal symptoms daily, which included a body
condition score of 2 or lower or seizures, at which point the mice were euthanized and
tissues were collected for processing.
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Method details

Chromatin immunoprecipitation—ChIP-seq was performed as described®. Briefly,
cultured cells were crosslinked in 1% formaldehyde for 12 minutes, flash frozen in liquid
nitrogen, and then stored at —80 °C. Chromatin was fragmented using a Branson Sonifier
calibrated to shear DNA to between 200-600 bp fragment length. CTCF was precipitated
using a monoclonal rabbit antibody (Cell signaling clone D31H2, no. 3418). H3K27ac was
precipitated using a polyclonal rabbit antibody (Active Motif no. 39133). Eluted ChIP DNA
was used to generate sequencing libraries by end repair (End-It DNA repair kit, Epicentre
no. ER81050), 3’ A-tailing by using Klenow exo- (NEB no. M0212L), and ligation of
barcoded sequencing adapters. Barcoded fragments were amplified by PCR using PfuUltra
Il Hotstart Mix (Agilent no. 600850) for 16 cycles and double-size selected using AMPure
XP beads for fragments between 300-500 bp.

4C-seq—AC-seq was performed as described®®. Briefly, ~5 million cells were crosslinked
in 1% formaldehyde for 12 minutes. Fixed samples were lysed in lysis buffer containing
protease inhibitors and dissociated by pipetting. Nuclei were digested with Dpnll (NEB)
overnight at 37 °C in a thermomixer at 950 rpm. Reactions were then heat inactivated at 65
°C for 20 minutes, ligated with T4 DNA ligase (NEB) for four hours at room temperature,
followed by RNase A and proteinase K digestion. DNA was then purified and digested

with Csp6l (NEB) overnight at 37 °C, then ligated with T4 DNA ligase for four hours at
room temperature. DNA was then purified, run on an agarose gel to verify circularization,
and then amplified/prepared for lllumina sequencing using PCR with the Superfi tag
polymerase (16 reactions, each containing 200 ng of purified DNA). PCR product was
purified with AMPureXP beads and sequenced on an Illumina NextSeq 500. The 4C primers
contained sequencing adaptors and barcodes. The annealing sections of the primers were

as follows: OPC-specific enhancer viewpoint: 5’-TGTGGCTTGGCATCCTGATC-3’; OPC-
specific enhancer non-viewpoint: 5’-TTGAACTCTCAGAGACCCAC-3'.

4C-seq libraries were sequenced as 38 base paired-end reads on an Illumina NextSeq 500.
Only the first read (viewpoint) was used for further processing.

Quantitative real-time PCR—Total RNA was isolated using Trizol/BCP and 1 g
was used for cDNA synthesis using the iScript kit (Bio-Rad). cDNA was analyzed

with SYBR master mix (Applied Biosystems) on a 7500 Fast Real Time system.
Real-time primers were: Pdgfra forward 5’-GACTTCCTAAAGAGTGACCATCC-3’,
Pdgfrareverse 5’-CTTCCCAGTCCTTCAGCTTATC-3’, Cdkn2a/p19ARF

forward 5’-CATGTTGTTGAGGCTAGAGAGG-3’, Cdkn2a/p19ARF reverse 5’-
CACCGTAGTTGAGCAGAAGAG-3’. All gene expression quantifications were
normalized to 18S: 18S forward: 5’-GAGGGAGCCTGAGAAACGG-3’, 18S reverse: 5°-
GTCGGGAGTGGGTAATTTGC-3'.

Western blots—Western blot antibodies were: Rabbit anti-PDGFRA (Cell signaling
3174), Rabbit anti-CDKN2A/p19ARF (Millipore 07-543), Mouse anti-TP53 (Cell signaling
2524), and beta-actin-HRP (sigma A3854). Secondary HRP-conjugated antibodies were:
anti-rabbit IgG-HRP (Cell signaling 7074), and anti-mouse 1gG-HRP (Cell signaling 7076).
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Growth curve analysis—5000 cells were plated in each well of a 24 well plate such
that each timepoint had three wells. Cells were dissociated with accutase, mixed with trypan
blue, and then counted using a hemocytometer on days 0, 2, and 4.

Confocal microscopy—RBrain sections were analyzed using direct fluorescence on

a Zeiss LSM 980 confocal microscope. Briefly 100-um sections were obtained from
embedded brains (2.5% agarose in PBS with 4% sucrose) and cut on a vibratome (Leica
VT 12008S). The sections were then placed in a 24-well plate, screened for GFP/RFP
fluorescence using an epifluorescent microscope, and mounted using Vectashield antifade
mounting medium (Vector Laboratories) on a microscope slide. The ImageJ (F1JI) suite was
used to construct maximal projection images from these sections.

Tissue processing and immunohistochemistry—Mice were sacrificed 45 days post
lentiviral injections through an i.p. injection of avertin (2,2,2 tribromoethanol) (25 mg/kg)
in PBS followed by intracardiac perfusion first with PBS for five minutes, and second

with 10% acetate buffered formalin for five minutes. Brains were then placed in formalin
overnight before being processed and embedded in paraffin. Eight-micrometer sections

of these paraffin blocks were cut on a microtome and deparaffinized by two sequential
xylene incubations followed by rehydration through a decreasing gradient of ethanol.
Rehydrated sections were stained on a Leica Bond Max automated staining instrument
(Leica Microsystems). The following antibodies were used: Ki67 (Cell signaling 12202,
dilution 1:50), OLIG2 (Millipore AB9610, dilution 1:100), PDGFRA (Cell signaling 3174,
dilution 1:200), CD31 (Cell signaling 77699, dilution 1:100), and GFAP (Dako Z 0334,
dilution 1:2500). Antigen retrieval was done for 20 minutes in 10 mM Tris-Cl (pH=9) with
1 mM EDTA, except for the GFAP antibody for which antigen retrieval was done for 20
minutes in 10mM sodium citrate, (pH=6).

Quantification and statistical analysis

CpG counts in mammalian species—We used the LiftOvertool (https://
genome.ucsc.edu/cgi-bin/hgLiftOver) to search for the syntenic sequences to the human
PDGFRA insulator across the species listed in the vertebrate 30-way phylogenetic
comparison using the 600 bp surrounding the CTCF motif in the human insulator site
(hg38). The resulting syntenic sequences were first scanned for the presence of the CTCF
motif using the MEME suite (version 4.11.3-1) FIMO command. Species lacking the CTCF
motif were removed. The genome locations of the syntenic sequences were then probed to
ensure that the location of the syntenic CTCF insulator was present in the PDGFRA locus.
Species with poor annotations and in which the syntenic insulator site was not present near
PDGFRA were removed. The insulator sequences of the remaining species were centered
around the CTCF motif and trimmed to 600 bp. We then counted the CpGs in those
sequences and plotted their locations on R using the pheatmap package.

Motif analysis—Muotif analysis was done using the MEME suite (version 4.11.3-1)
FIMO command using default settings, while scanning for all motifs in the
“JASPAR_CORE_2016_vertebrates” database (OPC enhancer) or only the CTCF motif in
the same database.
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Analysis of ENCODE, TCGA, GTEX, and Allen Brain Atlas data—Normalized
ChlIP-seq data with the corresponding peak calls were downloaded from ENCODE, or

a previously published database®l. RNA-seq data for lower-grade glioma (LGG) and
glioblastoma (GBM) were downloaded from TCGA and separated by IDH mutation status.
Samples with deletions in the CDKNZA locus were excluded from the COKNZA RNA-
seq analysis. Whole genome bisulfite sequencing data was downloaded from the archive
GDC data portal (TCGA) or Encode (normal tissues, only samples that passed ENCODE
QC were used). ATAC-seq data performed on TCGA samples was downloaded from a
previously published database®2. GTEX data (GTEX dbGaP Accession phs000424.v8.p2)
was downloaded from the GTEX portal and plotted on R. Genome locus figures were
plotted using the GVIZ package on R version 4.1.3. Data for the insulator or enhancer
sites was extracted from the data matrices on R version 4.1.3. Expression of L/INC02283in
scRNA-seq from adult brain cells was plotted from Allen Brain Map, dataset MTG - 10X
SEA-AD.

4C-seq analysis—Data were analyzed using 4Cseqpipe®® and median normalized with
a main trend resolution set at 500 bp. The sequencing primers were part of a published
database®0. Data was visualized using R version 4.1.3.

Chip-seq analysis—L.ibraries were sequenced as paired 38 base end reads on an Illumina
NextSeq 500. Reads were then aligned to the mm10, or hg19 reference genomes using
BWA aln version 0.7.4, removing reads with MAPQ score lower than 10. PCR duplicates
were removed by Picard toolkit 2.9.2. Peaks were called with HOMER 4.9, correcting
against input controls. H3K27ac and CTCF peaks were called with the ‘histone” and
“factor’ settings respectively. Differential analysis of CTCF peaks and quantification of
reads per peak were previously done®. CTCF ChIP-seq on IDH™ and IDH"! gliomas was
downloaded from GEO (GSE70991)° and analyzed. BigWig files normalized for reads per
million (RPM) were visualized using the GVIZ package on R version 4.1.3. Processed
(RPM normalized BigWig), peak annotation, and raw (fastq) data has been deposited on
GEO (accession numbers: GSE225794, GSE225732, GSE225793).

Hybrid-selection bisulfite sequencing analysis—Hybrid-selection bisulfite
sequencing (HSBS) data were processed by methylCtools 0.9.438 (filtered by a minimum

of 5 reads per locus) using BWA mem version 0.7.12, Picard toolkit 2.9.2 (to remove

PCR duplicates), and aligned to human reference hg19. CTCF CpG methylation beta values
report the methylation of the CpG in the CTCF motif or the closest CpG to the CTCF

motif that is located within the called ChIP-seq peak. Promoter CpG methylation beta values
report the average methylation for the promoter region covered.

HiC data analysis and visualization—HiC data was obtained from GEO (Datasets
GSE63525 and GSE96107) and visualized at 5 kb resolution using the ggplot package on R
version 4.1.3. Loops were called by HICCUPS (juicer tools)®1. Data displayed in Figure 1
represent human IMR0 cells8 (~1.3 billion reads, aligned to hg19), and mouse NPCs®3 (~3
billion reads, aligned to mm10).
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Group comparisons—Spearman r values were computed for all correlations. Two-sided
Etest Pvalues were computed when comparing two groups. One-way ANOVA Pvalues
were computed when comparing more than 2 groups.

Data and code availability

. Raw and processed sequencing data generated for this study have been deposited
at the NCBI SRA and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table.

. The code supporting the current study is available from the corresponding author
on request.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.
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A PDGFRA insulator and CDKN2A promoter are recurrently methylated in
IDH-mutant gliomas

Disruption of the orthologous insulator in mouse induces PDGFRA and OPC
proliferation

Mouse glioma model engineered by combining insulator disruption with
CDKNZ2A silencing

Human-specific features of PDGFRA locus may impact glioma risk and brain
development
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Figure 1. Enhancer landscape and topology of the PDGFRA locus in human gliomas and mouse
neural/oligodendrocyte progenitors.

Maps of chromosome topology, CTCF insulator and enhancer-associated H3K27ac reveal
synteny and conservation of the PDGFRA locus in (A) human and (B) mouse. HiC
interaction maps (triangles) show pairwise contact frequencies in human IMR90 (left)
and mouse NPCs (right). Chromatin loops are annotated with dashed circles. ChlP-seq
tracks show CTCF (red) and H3K27ac (blue) in IDH1Wt and IDH1™Mt human gliomas

(A), and mouse NPCs and OPCs (B). Dashed boxes in (A) and (B) are expanded in (C)

and (D) respectively. (C) Expanded genomic view shows DNA methylation (top heatmap),
CTCF (red, orientation arrows below), and H3K27ac (blue) around the PDGFRA gene in
human gliomas. The CTCF insulator disrupted in IDH™Ut gliomas (red peak in dashed box)
corresponds to a boundary that shields PDGFRA from an enhancer (blue peak in dashed
box). (D) Expanded genomic view shows the analogous CTCEF site and enhancer in mouse
progenitors. All ChlP-seq tracks are RPM normalized. These data (together with Figure S1)
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identify a conserved CTCF site that insulates PDGFRA from an OPC-specific enhancer, but
is recurrently lost in IDH1MUt gliomas.
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Figure 2. Insulator disruption in mouse OPCs upregulates PDGFRA and increases proliferation.
(A) Genomic tracks depict Pdgfra gene structure (top), H3K27ac ChiP-seq (blue), CTCF

ChiIP-seq (red), and contact frequency with the OPC-specific enhancer viewpoint (dashed
white line) per 4C-seq. CTCF binding and contact frequency are shown for OPCs expressing
Cas9 and non-targeting (Cas9-NT) sgRNA or Cas9 with a sgRNA targeting the Padgfra
insulator (Cas9-Ins). Dashed box highlights the disrupted insulator. (B) PdgfraRNA
expression levels, relative to 18S control, shown for control and insulator-disrupted OPCs
and NPCs from three biologically independent replicates (P values (two-sided #test) <
0.0001 for the OPC comparison). (C) Western blot shows PDGFRA protein expression

for control and insulator-disrupted OPCs and NPCs. (D) Growth curves shown for control
and insulator-disrupted OPCs and NPCs from three biologically independent replicates (P
values (two-sided #test) <0.0001 for the OPC comparison. (E) The OPC-specific enhancer
downstream of Pdgfra contains a high-scoring RFX motif conserved in mouse and human.
(F) Genomic view of the Pagfralocus shows H3K27ac (blue) in OPCs expressing Cas9-NT
or Cas9 with a sgRNA targeting the RFX motif in the OPC-specific enhancer (dashed box).
(G) Relative Pdgfraexpression for OPCs with combined disruption of insulator and RFX

Cell. Author manuscript; available in PMC 2024 August 17.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rahme et al.

Page 25

motif by two sgRNAs, compared to insulator-only and NT controls from three biologically
independent replicates (P values (one-way ANOVA) <0.0001 for insulator deletions versus
control). Error bars in panels B, D, G represent standard deviation. These data indicate that
CTCF insulator loss allows an RFX-driven, OPC-specific enhancer to aberrantly activate
Pdgfra.
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Figure 3. Modeling CDKN2A promoter silencing.
(A) Heatmap depicts mean methylation over tumor suppressor gene promoters in glioma

samples stratified by IDH status. (B) Box plots depict distribution of CDKNZA promoter
methylation (left, this study and TCGA) and COKNZA mRNA expression (right, TCGA,
RSEMvV2 counts) for gliomas (excluding samples with genetic loss of COKN2A). (C)
Genomic tracks over the human CDKNZA promoter show DNA methylation (top heatmap)
and H3K27ac (blue) in representative IDHW! and IDH™MU glioma samples. (D) Bubble plots
show mean methylation of 11 CpGs in the mouse CaknZa promoter in OPCs transfected
with the DNMT3A3L epigenome editing construct (3A3L) and promoter targeting sgRNAS,
or with control constructs (non-targeting guide RNAs or catalytically-dead DNMT3A3L).
(E) Genomic tracks show H3K27ac over the mouse CdknZa promoter in OPCs transfected
with epigenome editing constructs, as in (D). sgRNA locations shown below tracks (black
bars). (F) Plot shows normalized CdknZa (p19 exon) expression for OPCs transfected

as in (D-E) from three biologically independent replicates (P values (one-way ANOVA)
<0.0001 for Cakn2a methylation versus controls). (G) CDKN2A-p19ARF and TP53 protein
expression in OPCs transfected with the DNMT3A3L construct and promoter targeting
sgRNAs versus controls. (H) Growth curves for OPCs transfected as in (G). Data is from
three biologically independent replicates (two-sided £test Pvalues <0.0001). Error bars in

Cell. Author manuscript; available in PMC 2024 August 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rahme et al.

Page 27

panels F, H represent standard deviation. These data indicate that expression of DNMT3A3L
and sgRNA leads to CdknZa promoter methylation, p19ARF silencing, and increased OPC
proliferation.
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Figure 4. Combined Pdgfra insulator disruption and Cdkn2a silencing drives hyperproliferation
in vitro and low-grade gliomagenesis in vivo.

CTCF binding profile (A), PdgframRNA expression (three biologically independent
replicates, Pvalues (two-sided #test) <0.0001) (B), and western blot for Cdkn2a/p19ARF
(C) confirm Pdgfrainsulator disruption, Pdgfra upregulation, and CaknZa silencing in OPCs
with dual disruption of the Pdgfra insulator and CdknZa (Cas9-Ins-Cdkn2a). (D) Growth
curves shown for OPCs transfected with constructs targeting the Pdgfra insulator and/or
CdknZa, or corresponding controls. Data is from three biologically independent replicates
(Pvalues (one-way ANOVA) <0.0001 for deletions versus control). (E) Strategy used to
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disrupt the Pagfrainsulator and/or CdknZain mouse brain. Lentiviral vectors expressing
Cas9, sgRNA, and shRNA were injected into the corpus callosum (blue outline), targeting
a small area (red) just above the lateral ventricles (black). (F) Fluorescence images (10X)
of the corpus callosum of an adult mouse one week post lentiviral injection. GFP (marking
Cas9 expression), mRFP (marking sgRNA and shRNA) and Hoechst (nuclei) channels are
shown in grayscale. Rightmost image merges GFP (green), mRFP (red) and Hoechst (blue).
(G) Left: Schema shows expression construct used to express low-dose PDGFB (IRES
dampened), compared to a traditional CMV driven construct. Right: Western blot shows
PDGFB expression in 293T cells transfected with traditional or low-dose constructs. (H)
Kaplan-Meier survival curve for mice injected with the indicated lentiviral preparations.
The number of mice injected is indicated for each arm in the panel legend. (1) Histological
images of stained brain sections from mice injected with lentivirus expressing a ShRNA
targeting CadknZa (p19ARF), IRES-PDGFB and Cas9 with either non-targeting SgRNA (NT)
or the Pdgfrainsulator (Ins) sgRNA. Yellow scale bar: 20 um. Error bars in panels B,

D represent standard deviation. These data show that combined disruption of CaknZaand
the Pdgfrainsulator drives hyperproliferation /n vivo and low grade gliomagenesis in the
presence of low level PDGFB ligand.
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Figure 5. Human-specific features of the PDGFRA locus and glioma risk.
(A) ChlP-seq signals for CTCF (NPCs) and H3K27ac (OPCs) are shown for a ~110

kb region encompassing PDGFRA, insulator and OPC-specific enhancer. Genetic variants
associated with cognitive performance and cortical thickness that coincide with the enhancer
are indicated (GWAS), along with a corresponding non-coding RNA. (B) Heat depicts
CpG dinucleotides over the PDGFRA insulator across representative mammalian species.
Insulator intervals were defined based on synteny and conservation to the 600 bp CTCF
binding peak called from human ChiP-seq data. The total number of CpGs in the 600 bp
intervals is indicated for each species at right. (C) Box plot depicts PDGFRA insulator
methylation in selected non-brain human cell and tissue types, human brain compartments,
OPC-enriched fractions from human brain, and for IDH"t and IDH™M"t gliomas. Box plot

at right depicts insulator methylation in IDH™Ut gliomas after correction for sample purity.
(D) t-SNE plot generated from scRNA-seq of human brain cells in the middle temporal
gyrus is annotated for expression of the non-coding RNA that emanates from the enhancer
(LINC02283 MO: mature oligodendrocytes; AC: astrocytes; data from Allen brain map)®C.
(E) Proposed model contrasts insulator states in normal human OPCs and IDH™Ut glioma.
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In OPCs, methyltransferases (DNMT) and demethylases (TET) maintain low to intermediate
methylation levels that leave the PDGFRA insulator largely intact. In IDH™Ut gliomas,
inhibition of the demethylases results in hypermethylation and disruption of the insulator,
driving aberrant PDGFRA expression and tumorigenesis.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti CTCF (clone D31H2) Cell signaling 3418
technologies

Rabbit anti H3K27ac Active motif 39133

Rabbit anti PDGFRA Cell signaling 3174
technologies

Rabbit anti CDKN2A (p19 ARF) Millipore 07-543

Mouse anti TP53 Cell signaling 2524
technologies

beta-actin-HRP conjugated Sigma A3854

anti-rabbit IgG-HRP Cell signaling 7074
technologies

anti-mouse 1gG-HRP Cell signaling 7076
technologies

Rabbit anti-Ki67 (D3B5) Cell signaling 12202
technologies

Rabbit anti Olig2 Millipore AB9610

Rabbit anti CD31 Cell signaling 77699
technologies

Rabbit anti Glial Fibrillary acidic protein Agilent Dako 70334

Bacterial and virus strains

NEB stable competent E. coli New England C3040I
Biolabs

Biological samples

Human IDH wild-type and IDH mutant glioma samples Flavahan et al. 2016 | N/A

Chemicals, peptides, and recombinant proteins

ESGRO Leukemia Inhibitory Factor (LIF) Millipore ESG1107

HyClone Fetal Bovine Serum (U.S.), Embryonic Stem (ES) Cell Screened Hyclone SH30070.02E

Recombinant Human EGF Protein R&D Systems 236-EG-200

Recombinant Human FGF basic/FGF2 R&D Systems 4114-TC-01M

N-2 Supplement (100X) GIBCO 17502048

B-27 Supplement (50X), serum free GIBCO 17504044

GlutaMAX Supplement GIBCO 35050061

Penicillin-Streptomycin GIBCO 15140122

MEM Non-Essential Amino Acids Solution (100X) GIBCO 11140050

L-Glutamine (200 mM) GIBCO 25030081

2-Mercaptoethanol Sigma 6010

Knockout DMEM GIBCO 10829018

DMEM:F12 GIBCO 11320-033

Neurobasal GIBCO 21103-049

IMDM GIBCO 31980-030
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TTGAACTCTCAGAGACCCAC

REAGENT or RESOURCE SOURCE IDENTIFIER

Fetal Bovine Serum GIBCO 26140079

Recombinant Murine IGF-1 Peprotech 250-19

Recombinant Human PDGFB Peprotech 100-14B

Laminin Sigma L2020-1MG

Klenow, exo- New England MO0212L
Biolabs

Critical commercial assays

NextSeq 500/550 High Output Kit v2.5 (75 Cycles) Illumina 20024906

Qubit dsDNA HS Assay kit Invitrogen Q32854

QIAquick Gel Extraction Kit Qiagen 28706

Qiagen Maxiprep plasmid kit Qiagen 12163

Agencourt AMPure XP Beckman Coulter A63882

Bioanalyzer D1000 screentapes Agilent 5067-5582

LipoD293 Signagen SL100668

End-1t DNA End-Repair Kit Biosearch ERO0720
technologies

TRIzol™ Reagent Thermo Fisher 15596026

EZ DNA Methylation-Lightning Kit Zymo D5030

Qiagen DNeasy Blood & Tissue Kit Qiagen 69504

Deposited data

Processed data GEO GSE225794

Raw data (Chip-seq) GEO GSE225732

Raw data (Capture Bis-seq) GEO GSE225793

Experimental models: Cell lines

mESC (v6.5) Broad Institute N/A

C57BL/6 MEF 4M IRR GlobalStem GSC-6002G

Mouse NPCs This study N/A

Mouse OPCs This study N/A

293FT cells Thermo Fisher R70007

Human NPCs, BYS012 ATCC ACS-5004

Experimental models: Organisms/strains

129S1/SvimJ Jackson laboratories | 002448

Oligonucleotides

Pdgfra insulator CRISPR locus sequencing: IDT N/A

GTCAGGAGTAGATCCTCGTGGCTGAAGACTGGGAGCTATA

RFX motif CRISPR locus sequencing: IDT N/A

TCTCCCTGTTTGGTGCCCTTCTCTCCATCAATCATTGCCAAC

Cdkn2a-p19 promoter locus bisulfite sequencing: IDT N/A

GAAAATTTTTTTTTGGAGTGGGCCTCTAAAAAACTTTCC

OPC enhancer 4C-seq primers: TGTGGCTTGGCATCCTGATC (viewpoint) IDT N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

18S real time PCR primers: GAGGGAGCCTGAGAAACGG (Forward) IDT N/A
GTCGGGAGTGGGTAATTTGC (Reverse)

Pdgfra real time PCR primers: GACTTCCTAAAGAGTGACCATCC (Forward) IDT N/A
CTTCCCAGTCCTTCAGCTTATC (Reverse)

Cdkn2a real time PCR primers: CATGTTGTTGAGGCTAGAGAGG (Forward) IDT N/A
CACCGTAGTTGAGCAGAAGAG (Reverse)

Recombinant DNA

pVSV-G Broad Institute N/A

pCMV delta R8.2 Broad Institute N/A
CMV-Cas9-T2A-eGFP (lentiviral construct) This study N/A
U6-ShRNA-U6-sgRNA-CMV-RFP (lentiviral construct) This study N/A
U6-ShRNA-U6-sgRNA-CMV-RFP-IRES-PDGFB (lentiviral construct) This study N/A
U6-sgRNA-CMV-Cas9-T2A-eGFP (piggybac construct) This study N/A

Software and algorithms

R version 4.1.3 R Core Team https://www.r-project.org
Benchling (for sgRNA design) Benchling https://www.benchling.com
ChopChop (for sgRNA design) ChopChop https://chopchop.cbu.uib.no

Cas off finder (off target analysis)

Cas Off Finder

https://www.rgenome.net/cas-
offinder/

Juicer tools Aiden laboratory https://github.com/aidenlab/
juicer
BWA aln version 0.7.4 Li laboratory https://github.com/Ih3/bwa

Picard toolkit 2.9.2

Broad Institute

https://broadinstitute.github.io/
picard/

GVIZ package

Bioconductor

https://bioconductor.org/
packages/release/bioc/html/
Gviz.html

methylCtools 0.9.438 Hovestadt https://github.com/hovestadt/
laboratory methylICtools
MEME suite (version 4.11.3-1) MEME suite https://meme-suite.org/
meme/doc/download.html
LiftOver tool UCSC genome https://genome.ucsc.edu/cgi-

browser team

bin/hgLiftOver
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