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SUMMARY

The role of long non-coding RNAs (IncRNAs) in malignant cell transformation remains elusive. We previously
identified an enhancer-associated IncRNA, LINC01116 (named HOXDeRNA), as a transformative factor con-
verting human astrocytes into glioma-like cells. Employing a combination of CRISPR editing, chromatin isola-
tion by RNA purification coupled with sequencing (ChlIRP-seq), in situ mapping RNA-genome interactions
(iIMARGI), chromatin immunoprecipitation sequencing (ChiP-seq), HiC, and RNA/DNA FISH, we found that
HOXDeRNA directly binds to CpG islands within the promoters of 35 glioma-specific transcription factors
(TFs) distributed throughout the genome, including key stem cell TFs SOX2, OLIG2, POU3F2, and ASCLA1,
liberating them from PRC2 repression. This process requires a distinct RNA quadruplex structure and other
segments of HOXDeRNA, interacting with EZH2 and CpGs, respectively. Subsequent transformation
activates multiple oncogenes (e.g., EGFR, miR-21, and WEE1), driven by the SOX2- and OLIG2-dependent
glioma-specific super enhancers. These results help reconstruct the sequence of events underlying the pro-
cess of astrocyte transformation, highlighting HOXDeRNA'’s central genome-wide activity and suggesting a

shared RNA-dependent mechanism in otherwise heterogeneous and multifactorial gliomagenesis.

INTRODUCTION

Glioblastoma (GBM, or grade IV astrocytoma) is the most prev-
alent malignant primary tumor of the central nervous system in
adults, with a median survival of 15 months. Despite substantial
research, the molecular events underlying the transformation of
normal cells to glioma-initiating cells and the development of this
highly heterogeneous disease are poorly understood. Tradition-
ally, these events have been examined within the context of
mutational landscapes. Various combinations of mutations can
transform terminally differentiated GFAP* astrocytes, leading
to GBM formation in vivo. For example, loss-of-function muta-
tions inactivating RB family,"® CDKN2A,*° NF1,”8 PTEN, "7
or TRP53"*"~'% tumor suppressor genes, and activating muta-
tions in EGFR,*"" HRAS, %' KRAS,®"® or AKT1">'“ play pivotal
roles in this process.

On the other hand, it has been observed that multiple key
glioma transcription factors (TFs) and other genes responsible
for glioma cell identity are predominantly silenced in brain astro-
cytes, the cells of origin for glioma, and become activated in glio-
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magenesis.'® The silent status of these genes depends on the
Polycomb repressive complex 2 (PRC2) component EZH2,
which catalyzes the tri-methylation of lysine 27 on histone H3
(H3K27Me3)."® Gain and loss of PRC2 and H3K27Me3 marks
on chromatin are associated, respectively, with gene repression
and activation during carcinogenesis. In glioma, inhibition of
PRC2 components reactivates PRC2 target genes, promoting
tumor progression.’”” PRC2 is recruited to chromatin through
CpG islands (CGls) located mostly at the promoters, '® and inser-
tion of CGls into the genome could be sufficient to induce PRC2
recruitment. 92"

PRC2 is also modulated by RNA.?>?® EZH2 can bind multiple
RNA species in vitro and in vivo.?*~2" Although the selectivity of
EZH2-RNA binding is debatable,?® essential regulatory functions
of several long non-coding RNAs (IncRNAs), such as Xist and
HOTAIR, were linked to their PRC2-binding capacity.?**° In
line with the promiscuous RNA binding of PRC2, recent reports
also suggested EZH2’s high affinity and specificity for G-rich se-
quences and RNA quadruplex (rG4) structures formed by the
stacking of two or more guanine quartets (rG4).°"*> However,
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the biological significance of IncRNA-EZH2 interactions, and
particularly of rG4-EZH2 binding, has not been elucidated.

We have previously identified an enhancer-associated
IncRNA, LINC01116 (named HOXDeRNA here), silenced in the
normal cells of the brain and commonly activated in glioma.*®
High levels of this eRNA are strongly associated with glioma pro-
gression and shortened survival of GBM patients.***° Targeted
activation of this eRNA, but not of its neighboring LINC01117, in-
duces astrocyte transformation accompanied by notable
morphological changes. Our previous work described the local
role of HOXDeRNA in controlling transcription of HOXD/miR-
10b genes located within a 500 kb region, involving the
regulation of CTCF/cohesin-dependent looping.*®> We now
demonstrate the global chromatin remodeling and transcrip-
tional reprogramming triggered by this eRNA. Using advanced
techniques, we show that HOXDeRNA derepresses key glioma
genes not only in cis but also in trans in a genome-wide manner.
We describe a multifactorial molecular mechanism, which
involves rG4-dependent recruitment of HOXDeRNA to PRC2-
covered CGls near transcription start sites (TSSs) of glioma
driver genes, including key TFs, followed by the removal of
PRC2 repression from the gene bodies and further activation
of glioma super enhancers (SEs) and oncogenes. Targeted
base editing of a specific rG4 structure in HOXDeRNA abrogates
HOXDeRNA recruitment to chromatin and the removal of PRC2,
repressing the glioma signature genes and transformation.
Hence, the reported mechanism offers a perspective on carcino-
genesis, presenting it as a pathology driven by regulatory RNA.
This process entails epigenetic and transcriptional reprogram-
ming, ultimately leading to neoplastic transformation, even in
the absence of genetic alterations.

RESULTS

Activation of HOXDeRNA in astrocytes induces glioma
transcriptional programs

We expanded prior findings®® that HOXDeRNA (Ensembl: ENST
00000295549) was not expressed in normal brain tissues, astro-
cytes, oligodendrocytes, and neural stem cells but was commonly
transcribed in glioma and GBM tumor tissues, cells, and glioma
stem cells (GSCs) using multiple datasets (Figures S1A and
S1B). To investigate HOXDeRNA role in glioma biology, we em-
ployed human immortalized astrocytes® > whose transcriptome
mirrors that of primary cortical astrocytes (Figure S1C). As we
showed previously, activation of HOXDeRNA in astrocytes using
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the CRISPR activation system promoted their transformation
into glioma-like spheroids (Figure 1A).>®* Quantification of un-
spliced HOXDeRNA (pre-HOXDeRNA, 8,223 nucleotides) and
mature spliced HOXDeRNA (1,058 nucleotides) using droplet dig-
ital PCR in these transformed astrocytes, similar to glioma cells
and 3D GSC spheroid cultures, demonstrated the prevalence of
the predominantly nuclear pre-HOXDeRNA form over the cyto-
solic mature form (Figure S1D; Table S1). The median copy num-
ber of pre-HOXDeRNA transcripts, measured with smFISH in
different glioma cells and transformed astrocytes, ranges be-
tween 45 and 90 copies/cell, while absent in naive astrocytes
(Figures S1E and S1F). Differential gene expression analysis
of control astrocytes and the astrocytes transformed by
HOXDeRNA activation revealed 2,862 upregulated and 2,987
downregulated genes in the transformed spheroids (FC > 2,
p < 0.05) (Figures 1A and 1B). Gene Ontology (GO) analysis
demonstrated that cell-cell junction, focal, and cell adhesion
genes, including cadherins, claudins, and integrins, were over-
represented among the downregulated genes, suggesting a mo-
lecular basis for the observed phenotypic transition from adherent
cells to spheroids (Figure 1C). Notably, the genes upregulated in
transformed cells were related to transcriptional regulation,
growth factors, and tyrosine kinases, which were known to be
associated with glioma biology. Among the genes upregulated
by HOXDeRNA activation were those encoding 35 key glioma
TFs'® (Figure 1B, central). RT-qPCR verified strong 500- to
1,000-fold upregulation of many representative TFs (Figure S1G).
The list of TFs includes glioma-specific SOX2 and OLIG2 (Fig-
ure S2A)."%%° Analysis of publicly available RNA sequencing
(RNA-seq) and H3K27Me3 chromatin immunoprecipitation
sequencing (ChlP-seq) datasets demonstrated that most of the
35 TFs controlled by HOXDeRNA are elevated in GBM compared
with normal brains and also epigenetically silenced in normal
brains, brain organoids, and astrocytes compared with GBM cells
of different molecular subtypes (classical, proneural, and mesen-
chymal; Figures S2B and S2C). In addition, multiple key factors
frequently mutated and/or activated in gliomas, including the es-
tablished therapeutic targets such as EGFR, PDGFRA, BRAF,
and TERT, were upregulated by HOXDeRNA (Figure 1B). These
groups of genes define transcriptional programs and glioma-like
identity of the transformed astrocytes. To explore whether the
identified differentially expressed genes can distinguish GBM
from normal brain tissues, we integrated transcriptomic profiles
of normal and HOXDeRNA-transformed astrocytes with TCGA
GBM datasets. A gradient boosting model was trained on

Figure 1. Targeted activation of the HOXDeRNA leads to astrocyte transformation with phenotypic and transcriptomic switch to glioma
(A) Timeline for transduction of astrocytes with the CRISPR activation system leading to transformation (top). Representative images of astrocytes transduced
with non-targeting sgRNA (control astrocytes) and HOXDeRNA-activating sgRNA (HOXDeRNA-activated astrocytes) are shown.

(B) Volcano plot (middle) showing differentially expressed genes (DEGs) between the non-transformed and transformed astrocytes. The genes upregulated in
transformed astrocytes (red), downregulated in transformed astrocytes (blue) (fold change > 2 and adjusted p = 0.05), and 10% of non-significantly changed
genes (gray) are shown. The 35 glioma-specific TFs that are upregulated after astrocyte transformation are indicated. The heatmaps exhibit Z scores for cell
junction and cell adhesion genes downregulated in transformed astrocytes (left, n = 3) and major glioma-associated genes upregulated in transformed astrocytes
(right, n = 3).

(C) The top 5 categories of GO gene sets downregulated (left) or upregulated (right) in transformed astrocytes shown for DEG (FC > 2, p < 0.01).

(D) Control and transformed astrocytes are associated with “normal brain” and “glioma” expression signatures, respectively. Machine learning model trained on
forebrain (n = 857 samples), cerebellum (n = 214), midbrain (n = 57), low-grade glioma (LGG, n = 522), mesenchymal (n = 54), classical (n = 41), proneural (n = 39),
neural (n = 28), and unknown subtype (n = 4) GBM samples from TCGA and GTEX datasets classifies control and transformed astrocytes as normal brain and
glioma, correspondingly, based on our RNA-seq data. PCA visualization is shown, and every dot represents an individual sample (see STAR Methods for details).
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differentially expressed genes from our RNA-seq data (see STAR
Methods), and the results were visualized as principal-component
analysis (PCA) maps. They demonstrated the respective associa-
tion of control and transformed astrocytes with the normal brain
and glioma (Figure 1D), confirming that HOXDeRNA drives astro-
cytes into a glioma state.

HOXDeRNA binds and evicts PRC2 from genes encoding
key glioma-specific TFs in transformed astrocytes
The RNA-seq data showing that HOXDeRNA activation changed
the expression of thousands of genes suggested a genome-wide
regulatory activity of HOXDeRNA via chromatin binding. To
investigate this scenario, we employed the chromatin isolation
by RNA purification coupled with sequencing (ChIRP-seq) tech-
nique, which captures interactions between the RNA of interest
and chromatin, using the probes for the unspliced pre-HOX-
DeRNA. The binding peaks were called using input control for
each cell line, and their quality was assessed with negative con-
trols (see STAR Methods). The peaks of pre-HOXDeRNA binding
in transformed astrocytes and GSCs were highly consistent be-
tween biological replicates, with Pearson correlation higher than
0.8 and at least 70% common peaks (Table S2). We detected
1,085 common chromatin binding sites for HOXDeRNA in trans-
formed astrocytes and three GSC lines (Figures 2A and 2B).
Genomic distributions of HOXDeRNA binding sites in trans-
formed astrocytes and GSCs were similar, with 61%-65% bind-
ing events observed in gene promoters. They were mapped to all
chromosomes (Figure S3A), suggesting a global role for
HOXDeRNA in gene transcription. Notably, HOXDeRNA bound
almost exclusively to the promoters of genes that were upregu-
lated in transformed astrocytes but not the genes whose expres-
sion was downregulated (Figures 2C, 2D, S3B, and S3C). The
corresponding gene lists (Table S3) were obtained from the dif-
ferential gene expression analysis shown in Figure 1B (volcano
plot). HOXDeRNA binding to the promoters of representative
TFs was verified by ChIRP-gPCR (Figure S3F). Of note,
HOXDeRNA ChIRP-seq also revealed substantial binding in in-
tergenic regions. This phenomenon, consistently observed in
other ChlRP-seq datasets and frequently exceeding 30% (see
Table S4), may be attributed to the off-target binding of multiple
probes utilized in ChIRP experiments or other sources of tech-
nical bias.

We next investigated the epigenetic status of HOXDeRNA-
occupied genes in astrocytes, using H3K27Ac as the mark of
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active chromatin state and H3K27Me3 and EZH2 (PRC2) as
the marks of repressed chromatin. Notably, the genes bound
by HOXDeRNA and upregulated after astrocyte transformation
were occupied by EZH2/H3K27Me3 and depleted of the
H3K27Ac in naive NHA cells. The PRC2 coverage of these
genes decreased, and H3K27Ac coverage increased after
HOXDeRNA-induced transformation (Figures 2E, 2F, S3D, and
S3E). This contrasted with the unchanged and downregulated
genes not bound by HOXDeRNA and not exhibiting such a trend
(Figures 2E, 2F, S3D, and S3E). Overall, the differential EZH2
binding analysis revealed 762 and 388 regions enriched in naive
and transformed astrocytes, respectively (Table S5). Impor-
tantly, genes encoding the 33 key glioma-specific TFs were
bound by HOXDeRNA and lost their PRC2 marks after cell trans-
formation (Figures 2G, S3G-S3J, and S4). We highlight this ef-
fect using representative key TFs SOX2, OLIG2, POUS3F2,
ASCL1, and others, which genes were bound by HOXDeRNA
in three GSCs and transformed astrocytes (Figures 2G and S4:
gray and yellow tracks), and HOXDeRNA binding in transformed
astrocytes was associated with the reduced PRC2 coverage
(Figures 2G and S4: red and blue tracks, respectively; Fig-
ure S3K). Altogether, these data suggested that HOXDeRNA
bound to glioma-specific genes and promoted their transcription
by titrating out the PRC2 silencing complex.

HOXDeRNA selectively engages with CGls of genes
upregulated in transformed astrocytes

To further investigate HOXDeRNA interactions with chromatin in
transformed astrocytes and GSCs, we performed in situ map-
ping RNA-genome interactions (iIMARGI)."" This technique, de-
signed to discover chromatin-associated RNA interactions at
single-nucleotide resolution, was further optimized to detect
direct RNA-DNA binding by decrosslinking chromatin in situ
immediately after RNA and DNA fragmentation before adapter
ligation (see STAR Methods). We filtered out all reads containing
multi-mapped RNA or DNA segments, ensuring that only
uniquely mapped read segments, each corresponding to a sin-
gle specific gene, were used in the subsequent analysis.
HOXDeRNA-interacting genomic DNA segments were ex-
tracted, and a list of common segments for all samples was
generated. Similarly to ChIRP, iMARGI revealed genome-wide
HOXDeRNA binding (Figures S5A and S5B), with exclusive
interactions detected between its exons 2 and 3 and genes upre-
gulated after astrocyte transformation (Figure 3A; Table S6).

Figure 2. Genome-wide binding of HOXDeRNA is associated with exclusive PRC2 removal from transformation-induced genes

(A) ChIRP-seq analysis demonstrates that transformed astrocytes and three GSC lines (GBM4, GBM6, and GBMS8) exhibit similar distribution of HOXDeRNA
peaks across the genome, with most peaks mapped to gene promoters.

(B) HOXDeRNA binds to the same gene promoters in transformed astrocytes and GSCs. HOXDeRNA ChIRP peaks were annotated to the nearest genes, and the
gene lists produced for the four cell types were intersected and visualized as a Venn diagram (see STAR Methods for details).

(C and D) ChIRP-seq raw read coverage signal, representing the HOXDeRNA binding at the TSS (+5 kb) of the forward strand of genes either downregulated or
upregulated after astrocyte transformation, is visualized as an average value for each group (C) or for individual genes (D). The heatmap is accompanied by a color
scheme representing the value of the raw read counts. A similar coverage for reverse strand genes is shown in Figures S3B and S3C.

(E and F) Epigenetic status of genes upregulated or downregulated after astrocyte transformation. H3K27Ac, H3K27Me3, and EZH2 ChIP-seq raw signals
covering gene bodies of the positive strand (+5 kb) were normalized to gene length and counted, followed by visualization of the average signal for 3 groups:
genes upregulated after astrocyte transformation and bound by HOXDeRNA, downregulated after astrocyte transformation and HOXDeRNA-free, and un-
changed genes (E). Individual gene body coverage values were visualized as heatmaps (F) (see reverse strand gene coverage in Figures S3D and S3E).

(G) HOXDeRNA ChIRP-seq tracks in GSCs and transformed astrocytes, aligned with PRC2 (H3K27Me3, EZH2) ChiP-seq coverage, before and after astrocyte
transformation, visualized for selected key glioma TF genes.
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Minimal HOXDeRNA interactions were detected with downregu-
lated or unchanged genes, as well as with other genomic re-
gions. HOXDeRNA-interacting genomic segments were highly
enriched among promoters (~80%) and exonic regions
(~15%) of protein-coding genes (Figures 3B and S5C). Both
ChIRP and iMARGI demonstrated HOXDeRNA binding to hun-
dreds of genes (Table S7), including those encoding 25
glioma-specific TFs, such as SOX2 and OLIG2, whose pro-
moters directly interact with HOXDeRNA (Figure 3C). Further-
more, iIMARGI showed that 95% of HOXDeRNA-interacting
DNA segments intersected with CGls of upregulated genes after
astrocyte transformation (Figure 3D). Analysis of these interac-
tions suggested partial HOXDeRNA-DNA complementarity
(Table S6), as depicted for SOX2 and OLIG2 promoters in
Figure 3E. Further validating these interactions, combined
RNA-DNA FISH imaging detected frequent colocalization of
HOXDeRNA at SOX2 and OLIG2 promoters (Figure 3F).

Astrocyte transformation involves activation of key

GSC SEs

Previous reports suggested that TFs, including SOX2 and
OLIG2, may regulate SEs.**** We next analyzed the H3K27Ac
enhancer chromatin mark in glioma primary tumors (n = 35)
and GSCs (n = 43)** and compiled lists of typical glioma en-
hancers (TEs) and SE. The astrocyte transformation induced
by HOXDeRNA resulted in a significant increase in H3K27Ac
coverage of the SEs, signifying their activation (Figure 4A, left),
while the coverage of TEs remained constant (Figure 4A, right).
SEs activated after transformation were associated with critical
protein-coding and non-coding oncogenes such as SOX2,
WEE1, EGFR, and miR-21 (Figure 4B). As SEs can be activated
by TF binding (reviewed by Grosveld et al.** and Bruter et al.*%),
we investigated TF motifs in the H3K27Ac-covered regions of the
activated SEs. The binding motifs for OLIG2 and SOX2, two TF
marks of GBM subtypes induced by HOXDeRNA and upregu-
lated after transformation, were highly enriched (Figure 4C), sug-
gesting their regulation of numerous SEs. A comprehensive anal-
ysis of SOX2 and OLIG2 ChIP-seq datasets from GSCs (see
STAR Methods) revealed that 82% of the SEs were occupied
by SOX2, OLIG2, or both (Figure 4D). Confirming this, the double
knockdown (KD) of SOX2 and OLIG2 following astrocyte trans-
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formation substantially reduced the activity of glioma SEs, indi-
cating that SEs are regulated by these TFs (Figures 4E and 4F).
Moreover, KD of SOX2 and OLIG2 in astrocytes prior to
HOXDeRNA activation reduced spheroid formation, demon-
strating that these TFs are essential for SE activation and astro-
cyte transformation (Figure 4G).

We hypothesized that activation of glioma SEs mediated many
of the HOXDeRNA downstream effects on gene expression. To
identify the genes regulated by SEs, we called the loops from
available glioma HiC datasets,*® merged them, and annotated
the loops’ anchors. Multiple genes (including those encoding
TFs) within the loops of the activated SEs exhibited reduced
mRNA expression after SOX2 and OLIG2 KD in transformed as-
trocytes, reverting to the levels observed in naive astrocytes (Fig-
ure 4H). To further investigate the effects of SE activation on the
coordinated transcriptional programs in glioma, we integrated
our RNA-seq and H3K27Ac datasets with the CTCF ChIP-seq
and HiC datasets. We hypothesized that SEs might concordantly
activate clustered genes located within large topologically asso-
ciated domains (TADs). We searched for such clusters exhibiting
concordant transcriptional activation after astrocyte transforma-
tion and located within the same TADs in glioma. We found that
HOXDeRNA transformation-induced protocadherin (PCDH)
genes were characterized by genomic interactions with glioma-
specific SEs (see the legend for Figure S6 for the list of tracks
and accession numbers). Multiple PCDHB genes located in the
same glioma TAD with HOXDeRNA-activated SEs were concor-
dantly upregulated after transformation (Figure S6, dotted rect-
angles mark specific HiC interactions enriched in GSCs
compared with astrocytes, and glioma SEs are depicted in
green). Moreover, these interactions appeared dependent on a
cluster of CTCF sites bound by CTCF proteins in glioma cells
but not in astrocytes (CTCF tracks, regions highlighted in yellow).
The mRNA expression of all PCDH genes located in the indicated
TAD depends on SOX2/0LIG2 double KD (Figure 4H).

Of note, ChIRP and iMARGI data analysis indicated that none
of the glioma SEs was directly bound by HOXDeRNA, reinforcing
that their activation is downstream of the TFs such as SOX2 and
OLIG2. Our findings align with the paradigm of a self-regulatory
transcriptional network represented by key TFs and SEs (Fig-
ure 4l) and define those critical factors in GBM.

Figure 3. HOXDeRNA interacts directly and exclusively with CGls of genes upregulated after astrocyte transformation

(A) HOXDeRNA displays exclusive interactions with genes that are upregulated following astrocyte transformation, as revealed by iIMARGI (see STAR Methods).
The schematic representation of HOXDeRNA transcript is depicted at the top (in black). The Sankey plot illustrates interactions between various HOXDeRNA
segments (blue bars) in exons 2 and 3, and groups of genes either downregulated, upregulated, or unchanged in transformed astrocytes, or intergenic re-
gions. The numerators indicate the numbers of HOXDeRNA-interacting genes, and the denominators indicate a total number of genes in each respective
category.

(B) HOXDeRNA predominantly interacts with gene promoters (~80%) and exons (~15%) of the upregulated genes. Genomic DNA segments interacting with
HOXDeRNA were categorized based on gene features and visualized as percentage using a stacked bar graph.

(C) Venn diagram demonstrates 25 out of 35 glioma TF genes identified by both ChIRP-seq and iMARGI-seq.

(D) HOXDeRNA exhibits exclusive and direct interactions with CGls of genes upregulated with astrocyte transformation. Genomic DNA segment coverage within
CGils and surrounding sequences (+2 kb of CGls) was computed as an average (top line graph) and individual values (bottom heatmap).

(E) Visualization of HOXDeRNA-interacting DNA segments in the promoters of SOX2 and OLIG2 genes. The tracks, from top to bottom, include HOXDeRNA
(depicted in red) and gDNA (in black) interactions presented in dot-bracket notation; genomic coordinates of the visualization window; reference gDNA
sequence of the visualization window; gDNA nucleotide coverage (in black) with values on the y axis; individual gDNA segments (in gray); CGI (depicted as a blue
bar); and a portion of the corresponding gene (in green).

(F) Combined RNA-DNA FISH shows HOXDeRNA (green) co-localizing with OLIG2 (bottom, red) on Chr.21 and SOX2 (top, red) on Chr.3, in glioma cells and
transformed astrocytes, with quantification of SOX2 and OLIG2 loci colocalization with HOXDeRNA.
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HOXDeRNA is globally recruited to chromatin by EZH2
Since genome-wide binding of HOXDeRNA was associated with
the removal of PRC2 from essential glioma genes upon astrocyte
transformation, we conducted a ChIRP-western blot to investi-
gate whether HOXDeRNA directly binds to EZH2. The results
demonstrated a direct binding between HOXDeRNA and EZH2
(Figure 5A). Simultaneously, crosslinking and immunoprecipita-
tion (CLIP) experiments showed that EZH2 exhibited high
enrichment for pre-HOXDeRNA but not for mature HOXDeRNA
(Figure 5B). Other members of PRC2 family (EED, SUZ12, and
RbAp46) did not bind HOXDeRNA (Figure S7A). We, thus, hy-
pothesized that EZH2 might recruit nuclear HOXDeRNA to chro-
matin. We identified 1,453 EZH2-covered and 166 EZH2-free
genomic regions in astrocytes that gain binding of HOXDeRNA
after transformation. We then knocked down EZH2 by small
interfering RNA (siRNA) (Figure 5C), verified its effective removal
from chromatin (Figure S7B), and examined HOXDeRNA
binding in these regions using ChIRP-seq. EZH2 KD reduced
HOXDeRNA binding at EZH2-covered genomic regions but did
not affect HOXDeRNA binding at EZH2-free regions (Figure 5D,
left). Notably, the binding of HOXDeRNA to the TSS of key glioma
TFs, such as SOX2, OLIG2, and others (all repressed by PRC2 in
astrocytes) disappeared following the EZH2 KD in GSCs and
transformed astrocytes (Figure 5E). Conversely, overexpression
of EZH2 in transformed astrocytes increased its genome-wide
chromatin occupancy (Figure S7C) and HOXDeRNA-DNA bind-
ing (Figure 5D, right). These data indicate that EZH2 plays a crit-
ical role in recruiting HOXDeRNA to its chromatin binding sites,
suggesting that the HOXDeRNA-EZH2 balance may determine
the activation status of target genes.

We further monitored the kinetics of HOXDeRNA-induced
EZH2 displacement and, in parallel, transcriptional activation of
target genes, specifically focusing on the representative key gli-
oma TFs SOX2, OLIG2, and POU3F2. Through a combination of
targeted EZH2 ChIP, HOXDeRNA ChIRP, and RNA-seq at 8-24 h
post-HOXDeRNA CRISPRa in astrocytes, we observed a
gradual rise in HOXDeRNA binding, accompanied by transcrip-
tional activation, and closely associated with the removal of
EZH2, initiated at the 8-h mark (Figures 5F, S8A, and S8B).
The siRNA-mediated KD of pre-HOXDeRNA restored EZH2
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binding and gene repression. By contrast, the KD of the mature
HOXDeRNA under the same conditions failed to rescue these ef-
fects (Figures 5F, S8A, and S8B).

Binding of HOXDeRNA to EZH2 depends on the rG4
structure

To explore whether EZH2 interacted with HOXDeRNA through
an rG4 structure, as reported for its interaction with other
RNAs,*'*? we initially examined the ability of HOXDeRNA
to form rG4s structures. The analysis using the QGRS map-
per tool (https://bioinformatics.ramapo.edu/QGRS/index.php)
yielded 5 putative rG4-forming sequences (Figures S9A and
S9B). We then employed circular dichroism (CD) spectroscopy
to assess the ability of these predicted G-rich HOXDeRNA motifs
to fold into rG4 structures. An increased CD peak of the RNA ol-
igonucleotides at 263 nm in the rG4-favoring K* environment and
a reduction in the corresponding peak intensity in the rG4-unfa-
voring Li* environment suggest the formation of an rG4.*’
Among the tested sequences, three oligonucleotides (rG4-1,
rG4-2, and rG4-4) showed a typical rG4 CD behavior, suggesting
the highly probable formation of the rG4 structures in the cells
(Figure S9C). To further check the stability of these rG4 struc-
tures, we used CD melting approach,“® which identified rG4-1
as the most stable structure with a Tm of 57.5°C (Figure S9D).
We then tested the ability of potential HOXDeRNA rG4 structures
to bind to EZH2 in glioma cells and found that rG4-1 exhibited the
highest affinity for EZH2 (Figure 6A). These data suggested that
EZH2 binding to HOXDeRNA was mediated by the rG4-1
structure.

To explore the role of rG4-1 in HOXDeRNA function, one of the
two G-nucleotide stretches forming the rG4-1 structure was edited
using CRISPR base editing*® (Figure 6B). We tested whether these
G-to-A substitutions, which abolished rG4-1 within HOXDeRNA,
impacted its binding to EZH2 and its transformative effects on as-
trocytes. Indeed, the ablation of rG4-1 reduced HOXDeRNA bind-
ing to EZH2 about 20-fold (Figure 6C) without affecting its expres-
sion (Figure S9E). As a downstream readout, we selected a panel
of marker genes repressed by PRC2 in astrocytes but bound by
HOXDeRNA and transcriptionally activated after transformation.
The results indicated that the ablation of rG4-1 eliminated

Figure 4. Induction of HOXDeRNA activates GSC-specific SEs

(A) Astrocyte transformation induced by HOXDeRNA activates SEs but not TEs. Monitoring raw H3K27Ac coverage at glioma-specific SEs (on the left) and TEs (on
the right) in naive and HOXDeRNA-activated astrocytes. Enhancers were divided into an identical number of bins for length normalization. The line graphs (top) or
heatmaps (bottom) represent the average read coverage value per bin across all enhancers or the individual value per bin, respectively. The enhancers’ margins
are defined by the “start” and “end” marks.

(B) H3K27Ac ChiP-seq signals are shown for representative glioma SEs in control and transformed astrocytes.

(C) The top 5 TF binding motifs enriched in the SE-associated H3K27Ac peaks are displayed. TF enrichment analysis was conducted using Homer software.
(D) ChIP-seq demonstrates that SOX2, OLIG2, or both bind to 82% of GBM SEs. The Venn diagram visualizes the intersection of the lists of SEs bound by SOX2
or OLIG2.

(E) Knockdown of SOX2 and OLIG2 results in the loss of glioma SEs activity marked by H3K27Ac. Transfected transformed astrocytes with control siRNAs or a
combination of SOX2 and OLIG2 siRNAs underwent H3K27Ac ChIP-seq. The visualized H3K27Ac read coverage is presented as an average (line graph) or
individual values (heatmap) at glioma SEs. The enhancers’ margins are defined by the “start” and “end” marks.

(F) H3K27Ac ChiP-seq signals display representative glioma SEs in transformed astrocytes transfected with control or a mix of SOX2 and OLIG2 siRNAs (red and
blue tracks, respectively).

(G) Double KD of SOX2 and OLIG2 48 h prior to HOXDeRNA activation reduces astrocyte transformation. The numbers of spheroids were quantified in control (n =
3, blue) and siRNA KD (n = 3, red) conditions (mean + SD).

(H) KD of SOX2 and OLIG2 reduces the expression of genes associated with glioma SEs. Naive astrocytes and transformed astrocytes transfected with control or
a mix of SOX2 and OLIG2 siRNAs underwent RNA-seq. The count matrix was MRN-scaled and transformed to Z scores by rows for heatmap visualization.

(I) A diagram illustrates the glioma self-regulatory transcriptional network represented by key TFs and SEs.
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Figure 5. HOXDeRNA genome-wide binding depends on EZH2

(A) ChIRP with probes for HOXDeRNA and LacZ (negative control) was conducted on transformed astrocytes, followed by western blots with antibodies
recognizing EZH2 and ACTA1, visualized with 1% input. Two representative biological replicates per group are shown.

(B) CLIP with EZH2 and IgG antibodies, followed by RT-gPCR detection of pre-HOXDeRNA, spliced HOXDeRNA, and GAPDH mRNA, was performed in glioma
LN229 cells and transformed astrocytes. EZH2/IgG ratios are demonstrated (n = 3, mean + SD).

(C) Western blot validating EZH2 inhibition in transformed astrocytes at 48 h post-transfection with EZH2 siRNAs (n = 3).

(D) HOXDeRNA ChIRP signals were measured in transformed astrocytes transfected with either EZH2-inhibiting siRNAs (left) or EZH2-overexpressing plasmid
(right). These signals were visualized as an average (line graph, top) or individual values (heatmap, bottom) at HOXDeRNA peaks (center + 3 kb). HOXDeRNA
binding was analyzed separately for the peaks covered (blue) or not covered by EZH2 (green) in control astrocytes.

(E) HOXDeRNA binding at the promoters of representative glioma TF genes is shown for GSCs (top three tracks) and transformed astrocytes transfected with
either control siRNAs or EZH2 siRNAs (two bottom tracks).

(F) The kinetics of HOXDeRNA and EZH2 binding to the SOX2 and OLIG2 genes are tightly associated with the genes’ expression in transformed astrocytes. After
HOXDeRNA activation with the CRISPRa system, NHA cells were collected at different time points, followed by targeted HOXDeRNA ChIRP-seq, RNA-seq, and
EZH2 ChIP-seq. At 24 h after CRISPRa, the cells were transfected with specific siRNAs against either pre-HOXDeRNA or mature HOXDeRNA and analyzed in
similar ways.
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Figure 6. A specific RNA quadruplex rG4-1 element in HOXDeRNA mediates its EZH2 binding and PRC2 removal, global regulatory activity,
and transformation capacity

(A) CLIP with EZH2 antibody in glioma LN229 cells, followed by RT-gPCR detection of three putative HOXDeRNA rG4-containing regions, using GAPDH mRNA as
a negative control (mean + SD, n = 3).

(legend continued on next page)
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HOXDeRNA binding to the gene promoters and led to the corre-
sponding increase in EZH2 and H3K27Me3 marks, ultimately hin-
dering the expression of the genes (Figures 6D-6F).

Finally, we used an in vitro titration system to test the effect of
HOXDeRNA rG4-1 on PRC2 displacement from gene promoters
directly. Recombinant PRC2 complex (composed of EZH2, EED,
and Suz12 subunits) was mixed with plasmids containing the
promoter regions of SOX2 and OLIG2, along with increasing con-
centrations of either HOXDeRNA wild-type (WT) rG4-1 or rG4-1-
“mutated” oligonucleotides. Our findings revealed a concentra-
tion-dependent eviction of EZH2 by the WT rG4-1 but not its
mutated variant (Figure 6G). Consistent with these observations,
astrocytes deficient in HOXDeRNA rG4-1 exhibited a reduced
transformation capacity, as evidenced by matrix-indepen-
dent spheroid growth (Figure 6H). Notably, the activation of
HOXDeRNA in astrocytes, followed by the selective KD of either
mature HOXDeRNA or pre-HOXDeRNA, resulted in distinct
phenotypes. While the KD of pre-HOXDeRNA reduced spheroid
formation, the KD of the mature cytosolic form had no impact
(Figure S8C), further validating the essential role of nuclear, chro-
matin-associated HOXDeRNA in the transformation of human
astrocytes.

We propose a model in which HOXDeRNA is recruited to
crucial glioma genes in an rG4-1/EZH2 and CpG-dependent
manner, maintaining their activity by displacing PRC2 (Figure 6l).
The specificity of HOXDeRNA binding to these genes is deter-
mined by two factors: PRC2 coverage and the presence of
CGils. HOXDeRNA regulates a dynamic balance between acti-
vating and repressive molecular mechanisms, preventing the
accumulation of PRC2 in transformed astrocytes and glioma
cells to levels critical for gene silencing. This process triggers
the activation of multiple oncogenes and SEs, establishing and
reinforcing glioma transcriptional program.

DISCUSSION

IncRNAs and particularly eRNAs are associated with chromatin-
modifying complexes and may affect gene expression.®®>’

¢ CellP’ress

Nevertheless, only a few IncRNAs have been functionally impli-
cated in human physiology and pathology.®>°? Here, we report
a broad genome-wide function of a specific poorly conserved
eRNA, HOXDeRNA, that upon its activation in astroglia, binds
to and derepresses promoters of genes encoding key glioma
TFs scattered throughout the genome. These TFs in turn activate
multiple glioma-specific SEs and their associated target genes,
including protein-coding, miRNAs, and IncRNAs, involved in
the malignant phenotype of glioma. Among them are the major
glioma factors such as EGFR, PDGFR, TERT, miR-21, miR-
10b, and HOXD-AS2. This study, therefore, provides a detailed
description of how IncRNA is recruited to its gene targets
genome-wide through an rG4/EZH2 and CpG-dependent mech-
anism and drives a cancer-specific transcriptional program by
alleviating PRC2 repression from critical components of glial reg-
ulatory circuitry.

Key TFs, SEs, and their gene targets dictate cell fates in
normal and disease states. Overexpression of a few TFs of plu-
ripotency induces significant transcriptomic alterations, cell re-
programming, and transdifferentiation.®*** A small number of
core GSC TFs (SOX2, OLIG2, POU3F2, and SALL2) appears suf-
ficient for the reprogramming of differentiated glioma cells into a
cell population recapitulating tumor-propagating patient-derived
GSCs.”® Remarkably, our data indicate that activation of
HOXDeRNA in astrocytes leads to its direct binding to promoters
of four core and 31 additional glioma-specific TFs,'® all silenced
in astrocytes by PRC2, and derepresses their expression.
There are two distinct groups of TFs (i.e., OLIG1/2 and
RUNX1/2/TFAP2A) that define proneural and mesenchymal
GBM subtypes, respectively.**°® Both are directly activated by
HOXDeRNA, suggesting its involvement in both proneural and
mesenchymal transcriptional programs. Although HOXDeRNA
exhibits local activity on HOXD TFs*® and global genome-wide
function, the comparative kinetics of HOXD and SOX2, OLIG2,
and POUS3F2 genes’ upregulation indicate that local effects do
not precede the global ones (Figures 5F, S8B, and S10). Further-
more, OLIG2 and SOX2 binding motifs are prevalent in
HOXDeRNA-activated SEs, many of which control additional

(B) Schematic timeline for rG4-1 base editing experiments in transformed astrocytes (top). DNA analysis confirming efficient C-to-T editing in the HOXDeRNA
rG4-1 genomic region, corresponding to the G-to-A editing in the HOXDeRNA. Alleles with a substitution rate of >0.1% are visualized. Substituted nucleo-
tides are shown in bold.

(C) CLIP analysis of WT and rG4-1-edited transformed astrocytes with EZH2 antibody, followed by RT-qPCR for HOXDeRNA and GAPDH mRNA (mean + SD,
n=3).

(D) rG4-1 base editing abolishes the binding of HOXDeRNA to its targets in transformed astrocytes. ChIRP-qPCR analysis of HOXDeRNA/gene promoter binding
was performed in control (n = 3) and base-edited transformed astrocytes (n = 3). The data were normalized to the GAPDH gene and presented as bars
(mean + SD).

(E) rG4-1 base editing prevents the removal of PRC2 from HOXDeRNA targets after its activation. ChIP-gPCR reactions with EZH2 and H3K27Me3 antibodies on
control (n = 3) and edited clones (n = 3) were normalized for input and shown as bars (mean + SD).

(F) rG4-1 base editing disrupts the derepression of HOXDeRNA target genes after astrocyte transformation. RT-qPCR analysis of the corresponding set of
HOXDeRNA-induced target mRNAs was performed in both control (n = 3) and base-edited (n = 3) transformed astrocytes and normalized to GAPDH mRNA levels.
The data are shown as bars (mean + SD).

(G) PRC2 complex, composed of recombinant EZH2, EED, and Suz12 proteins, was mixed with the SOX2 and OLIG2 reporter plasmids and increasing con-
centrations of either WT rG4-1 or mutated rG4-1 oligonucleotides and incubated for 1 h. EZH2 coverage was analyzed at the promoters of SOX2 and OLIG2 by
ChIP-seq.

(H) rG4-1 base editing inhibits astrocyte transformation. The numbers of spheroids were quantified in both control (n = 3) and base-edited (n = 3) transformed
astrocytes (mean + SD).

(I) A model of genome-wide function of HOXDeRNA. rG4-dependent HOXDeRNA binding to EZH2 and direct recruitment to PRC2-silenced CGls of promoters in
astrocytes (1) leads to reduced PRC2 repression in the corresponding chromatin regions, gene derepression, and active state of key glioma TFs (2), followed by
SE activation (3) and further transcriptional reprogramming (4).
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glioma TFs and oncogenes (e.g., EGFR, BRD4, and miR-21).
These data support the idea of the reciprocal relationship be-
tween TFs and SEs, where TF can be both a regulator and a
target of the SE, and indicate that a compact glioma-specific
auto-regulatory transcriptional network anchored on TFs and
SEs is epigenetically controlled by an oncogenic eRNA that
serves as a PRC2 modulator.

PRC?2 silences genes by chemically depositing tri-methylation
marks on histone H3 at lysine 27 with its catalytic subunit EZH2.
Our CLIP analysis shows that EZH2 but not other members of
PRC2 complex (SUZ12, EED, and RbAp46) binds pre-HOX-
DeRNA. Recent EZH2-CLIP studies highlighted the enrichment
of 8-mer G-tract sequences at crosslinking sites in vivo.?*’
Moreover, tethering G-tract or G-rich RNAs to the 5 end of
genes removes PRC2 components and H3K27Me3 from chro-
matin.®> Consistent with these reports, we demonstrate that
HOXDeRNA binds to EZH2, and their interaction is mediated
by the rG4 structure. Using CRISPR base editing, which does
not affect the activation and transcription of HOXDeRNA, in
combination with in vivo kinetic and in vitro titration experiments,
we show rG4-EZH2 binding and its global impact on gene
expression. Furthermore, our study demonstrates the direct
binding of HOXDeRNA to CGls of genes upregulated in glioma.
Hence, the binding specificity is defined by both PRC2 and the
availability of CGls. According to our model, HOXDeRNA is re-
cruited to essential glioma-driving genes during the process of
astrocyte transformation in a rG4/EZH2- and CpG-dependent
manner, evicts PRC2, and counteracts its accumulation on these
genes in glioma, regulating the dynamic balance between PRC2
and transcriptional machineries.

Two different methods demonstrated direct interactions be-
tween HOXDeRNA and chromatin: ChiIRP-seq and iMARGI. The
primary difference between these techniques is that ChIRP li-
braries are enriched for gDNA fragments interacting with a specific
RNA of interest. By contrast, IMARGI detects all pairs of RNA-
gDNA interactions by converting proximal RNA-DNA complexes
into chimera sequences. Overall, since IMARGI is not a targeted
technique, itis anticipated to detect fewer HOXDeRNA-specific in-
teractions. Nevertheless, both ChIRP-seq and iMARGI demon-
strate almost exclusive enrichment of HOXDeRNA binding to pro-
moters of the genes upregulated after astrocyte transformation.
The combined list of the promoters identified by these techniques
covered all 35 key glioma TFs, with 25 of them detected by both
methods. Of note, most prior studies utilizing iIMARGI and similar
techniques (RD-SPRITE, GRID-seq, and others) reported mainly
in cis (“neighborhood”) interactions, and those were largely attrib-
uted to highly abundant classes of RNA such as rRNA, small nucle-
olar RNA (snoRNA), and small nuclear RNA (snRNA).°°¢ By
contrast, our analysis revealed that HOXDeRNA binds genome-
wide, primarily to protein-coding genes (~83%-85% of cis and
~85% of trans interactions), with trans interactions exceeding cis
interactions by 10-fold. Remarkably, 12%-14% of all interchromo-
somal RNA-gDNA interactions, measured across all RNAs in gli-
oma and transformed astrocytes, were attributed to HOXDeRNA.

Finally, GBM is a highly heterogeneous disease characterized
by a diverse array of mutations. However, mutations in the
HOXDeRNA/HOXD region are rare and not linked to HOXDeRNA
activation,®® indicating that neoplastic transformation (i.e.,
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HOXDeRNA-mediated) can occur without genetic alterations.
Beyond TFs, HOXDeRNA upregulates multiple cancer drivers,
including TERT, EGFR, BRAF, and PDGFR, which are established
therapeutic targets. These findings enhance our understanding of
gliomagenesis, traditionally viewed through mutational land-
scapes. They also suggest HOXDeRNA, a glioma-enriched RNA
absent in normal neuroglial cells, as a unique therapeutic target.
KD of HOXDeRNA significantly impairs glioma growth,*-36:6%70
highlighting its potential for clinical translation. By controlling
both “druggable” (e.g., EGFR, PDGFR, and BRAF) and “poorly
druggable” elements (e.g., GSC tumor-initiating TFs and onco-
genic miRNAs like miR-10b and miR-21) essential for glioma
viability and therapy resistance, HOXDeRNA emerges as a prom-
ising therapeutic target.

Limitations of the study

This study has several limitations that open avenues for future
research. First, while HOXDeRNA is expressed in some extracra-
nial cells and dysregulated in various cancers, its role in normal
cells remains largely unknown (reviewed in Xu et al.”"). The pro-
posed mechanisms in other cancers often focus on its cytosolic
miRNA-sponging activity.**°°"? Additionally, HOXDeRNA binding
to EZH2 has been reported in other cancers,”®"* but the extent to
which the global epigenetic mechanism described here applies to
non-neuroglial cells remains unclear. Additional ChIRP-seq and
iIMARGI-seq experiments on other cell types would provide con-
trolling and contrasting datasets. Second, the applications of
bulk ChIRP-seq, ChIP-seq, and iIMARGI-seq crosslinking-based
techniques do not capture molecular dynamics and heterogeneity
observed in GBM.”>"® Additional studies enabling the analysis of
clinical samples and mouse models at single-cell resolution will
be necessary to investigate the details of HOXDeRNA activity
across numerous promoters. Such studies will also further validate
the physiological relevance of this newly identified mechanism in
glioma formation in vivo. Third, although nuclear HOXDeRNA con-
tains long introns, the segments interacting with target genes and
EZH2 appear exclusively exonic. The prevalence of exonic over in-
tronic reads, often observed with total non-polyA-enriched RNA in
NGS techniques, could indicate a technical bias. In summary, the
rules governing HOXDeRNA binding and chromatin modulation, as
well as their applicability to other IncRNAs, remain exciting topics
for future research.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EZH2 Active Motif RRID:AB_2614956; Cat# 39902
H3K27Ac Cell Signaling Technology RRID:AB_10545273; Cat# 4353
H3K27Me3 Cell Signaling Technology RRID:AB_2616029; Cat# 9733
ACTA1 GenScript Cat# A00885-40

EED Monoclonal Antibody (41D) Active Motif RRID:AB_2615071; Cat# 50-199-3233
Suz12 Monoclonal Antibody (2A09) Active Motif RRID:AB_2793377; Cat# 39877
RbAp46/48 Polyclonal Antibody Active Motif RRID:AB_2615007; Cat# 39199
Critical commercial assays

NEBNext® Ultra™ || DNA Library Prep Kit NEB Cat# E7546S

for lllumina®

SimpleChIP® Enzymatic Chromatin IP Kit Cell Signaling Cat# 9003

Monarch PCR and DNA Clean Up Kit NEB Cat# T1030L

Droplet Digital PCR System MOgene RRID:SCR_019707; Cat# QX200
Deposited data

Raw and analyzed NGS data This Study GEO: GSE227805

Imaging data and Immunoblots This Study Mendeley: https://doi.org/10.17632/

vzkdk7s4d5.1

Experimental models: Cell lines

Human: GBM4 Hiroaki Wakimoto laboratory N/A

Human: GBM6 Hiroaki Wakimoto laboratory N/A

Human: GBM8 Hiroaki Wakimoto laboratory N/A

Human: LN229 ATCC RRID: CVCL-0393; CRL-2611
Human: Normal human astrocytes Dr. Yukihiko Sonoda laboratory N/A

Oligonucleotides

Stellaris® Probes for HOXDeRNA ChIRP Biosearch Technologies N/A

and combined RNA-DNA FISH. Table S6.

Primers for RNA detection by gRT-PCR, This study N/A

CLIP-gPCR and gDNA detection by ChIRP-

qPCR. Related to Figures 5B, 6D-6F, S1E,

S2F, S6A, S7D, and S8 and Table S7

Recombinant DNA

pCMV_BE4max_P2A_GFP plasmid Addgene RRID: Addgene_112094

pLV[gRNA]-EGFP:T2A:Puro-U6
pPRP[Exp]-{SOX2 promoter}>Luc2
pPRP[Exp]-{OLIG2 promoter}>Luc2

CRISPRmod CRISPRa lentiviral
dCas9-VPR

Edit-R lentiviral HOXDeRNA sgRNAs

VectorBuilder
VectorBuilder
VectorBuilder
Dharmacon

Dharmacon

N/A
VB230906-1377enp
VB230906-1375sgq
Cat# VCAS11918

N/A

Software and algorithms

Bowtie2

MACS2
Samtools
Deeptools

Langmead and Salzberg’’
(version 2.3.4.1)

Liu’® (version 2.2.7.1)

Li et al.”® (version 1.13)

180 ¢

Ramirez et a version 3.5.0)

(RRID: SCR_016368) http://bowtie-bio.
sourceforge.net/bowtie2/index.shtml

RRID: SCR_013291
RRID: SCR_002105
RRID: SCR_016366

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BEDtools Quinlan et al.®’ RRID: SCR_006646

ChiPseeker Yu et al.®* (version 1.34.1) RRID: SCR_021322

Xgboost Chen and Guestrin®® RRID: SCR_021361

HISAT2 Kim et al.®* (Version 2.2.1) RRID: SCR_015530

Trimmomatic Bolger et al.®* (version 0.39) RRID: SCR_011848

ImageJ Schneider et al.®® RRID: SCR_003070 https://imagej.nih.
gov/ij/

R 3.6.3 R Core Team RRID: SCR_001905 https://www.r-

project.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell cultures and transfections

Human cells were used in accordance with institutional review board guidelines at Brigham and Women’s Hospital. Low-passage
human GBM stem cells (GBM4, GBM6, and GBM8) were a generous gift from Dr Hiroaki Wakimoto, MGH. The tumorigenic, genetic,
and molecular properties of these cells have been described previously.?” Cells were maintained in serum-free neurobasal media
supplemented with N-2 and B-27 Plus Supplements (Gibco™), 3 mM Gibco® GlutaMAX™ Supplement, 50 units/ml penicillin and
50 units/ml streptomycin (Gibco™), 2 ng/ml heparin (Sigma-Aldrich), 20 ng/ml FGF2 (Sigma-Aldrich), and 20 ng/ml EGF (Sigma-
Aldrich). Cells were passaged by dissociation using the Neurocult Stem Cells chemical dissociation kit (Stem Cells Technologies).
Normal human astrocytes immortalized by E6/E7/hTERT (a generous gift from Dr. Yukihiko Sonoda®” were maintained in Neurobasal
medium similarly to GSCs. Human primary astrocytes were cultured as previously described.®* Cell transfections with EZH2, OLIG2
or SOX2 siRNAs (50nM) have been performed as previously described.>® Cell cultures were regularly tested for mycoplasma and cell
lines were authenticated.

METHOD DETAILS

Cell Fractionation and Droplet digital PCR
Atotal of 1 x 107 GSCs were dissociated into single cells (StemCell Technologies, Catalog # 05707). Subsequently, cell fractionation
was performed using PARIS Kit (Invitrogen, AM1921), following the manufacturer’s prescribed protocol. Briefly, single cells were gently
re-suspended in 500 ul of cold Cell Fractionation Buffer through pipetting and then incubated on ice for 5 minutes. The sample was
subjected to centrifugation at 4°C and 500g for 5 minutes, then the supernatant, known as the cytoplasmic fraction, was carefully
collected. An additional 500 pl of Cell Fractionation Buffer was used to wash the nuclear pellet, effectively eliminating any residual cyto-
plasmic constituents. The nuclear fraction was vigorously extracted from the nuclear pellet using 500 pl Cell Disruption Buffer by vortex.
RNA was isolated from both the cytoplasmic and nuclear samples using a total RNA purification kit (Norgen, Catalog # 17270), and
genomic DNA was eliminated with a DNase | kit (Norgen, Catalog # 25720). For detecting U6 expression, we performed reverse tran-
scription of total RNA using the miRCURY LNA RT kit (QIAGEN, 339340) and employed the miRCURY LNA SYBR Green PCR kit (QIA-
GEN, 339347) with specific miRCURY LNA™ primers (YP00203907 for U6). To assess B-actin and GAPDH expression, 200 ng of total
RNA underwent reverse transcription to cDNA using BIO-RAD (Catalog #1708841). Primers are listed in Table S9. Fold change was
calculated as follows: delta Ct for each technical replicate = Cytoplasm or Nucleus Ct — Mean total RNA Ct, followed by 2/-delta Ct.
Isolated RNA from nuclear and cytoplasmic fractions was processed by MOgene using QX200 Droplet Digital PCR System with
Tagman primers specific for premature and mature HOXDeRNA (Table S1).

CRISPR activation of HOXDeRNA

Lentiviral plasmids to generate stable dCas9-VPR nuclease-expressing cell populations (CRISPRa dCas9-VPR), Edit-R CRISPRa
lentiviral sgRNA non-targeting control, and two custom-made Edit-R CRISPRa human HOXDeRNA lentiviral sgRNAs, all from Dhar-
macon, were employed as previously described.>® sgRNAs used for HOXDeRNA gene activation were: AAGGCGCAGGCTG
GCAGTTC, CCAGCCTGCGCCTTTGCAGC. Edit-R CRISPRa lentiviral sgRNA non-targeting control (cat. GSGC11913) was used
as control sgRNA. NHA cells were sequentially transduced with dCas9-VPR followed by sgRNAs according to the Dharmacon tech-
nical manual.

CRISPR base editing: plasmids, cell transfection, and data analysis

pCMV_BE4max_P2A_GFP plasmid was a gift from Dr. David Liu (Addgene plasmid # 112094; http://n2t.net/addgene:112094; RRID:
Addgene_112094). Plasmids encoding sgRNA for HOXDeRNA rG4-1 base editing (5’CCATTCCCCTCGGAGCAGCT) and control
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sgRNA were purchased from VectorBuilder (pLV[gRNA]-EGFP:T2A:Puro-U6, VB230203-1324ybu). Six-well plates of transformed
astrocytes in Neurobasal medium were transfected with 6 pl Lipofectamine 2000, 750 ng pCMV_BE4max_P2A_GFP, and 250 ng
sgRNA per well. Cell culture medium was changed 4 hours later, and Puromycin (100 pg/mL) was used for cell selection 24 hours
post-transfection. Genomic DNA was extracted using the genomic DNA purification kit (Dneasy Blood and Tissue kit, Cat. 69504,
Qiagen), the specific fragment containing rG4-1 sequence was amplified using Phire Green Hot Start Il PCR Master Mix (F126S)
with the forward primer 5’ TCCGCCTGGAAAAGAAGTCC and reverse primer 5’GAGGCAAGACTTTGGTGGGA, and the purified am-
plicon was sequenced at MGH DNA core facility.

Double RNA-DNA FISH

RNA FISH experiments employing Stellaris (Biosearch Technologies) probes were performed following the manufacturer’s protocol
for adherent cells. Briefly, cells were seeded onto coverslips one day before fixation. The fixation process involved treating cells with
4% paraformaldehyde (PFA) for 10 minutes, followed by washing in phosphate-buffered saline (PBS), and subsequent incubation in
70% ethanol at 4°C overnight for permeabilization. The next day, cells underwent a 5-minute incubation at room temperature in a
wash buffer A (comprising 10% formamide in 2x saline sodium citrate (SSC)). Subsequently, the coverslips were inverted onto a
drop of 200 pl hybridization buffer (containing 10% formamide, 2x SSC, and 10% Dextran sulfate) with 125 nM probe. This assembly
was placed in a humidified chamber sealed with parafilm and incubated in darkness at 37°C overnight. Following hybridization, the
coverslips were transferred to a fresh well and subjected to two 30-minute washes with Buffer A at 37°C, along with an additional brief
wash in Buffer B. DAPI was employed as a DNA counterstain, and cells were mounted using Vectashield Antifade (ref H-1200)
mounting medium. The probes used for HOXDeRNA detection are described in Table S8.

Further, DNA probes complementary to 'template’ genomic DNA strands of SOX2 and OLIG2 promoters were designed with Stel-
laris software and manufactured by Biosearch Corporation. Following RNA visualization, coverslips were washed with PBS and incu-
bated with RNAse A for 30 minutes at 37°C. DNA was denatured with probes in Hybridization buffer for 10 minutes at 80°C, followed
by incubation in a humidity chamber at 37°C overnight. Washes after hybridization were performed in 0.4 x SSC for 5 minutes at 72—
74°C, thenin 4x SSC with 0.1% Tween20 for 2 minutes at room temperature, and PBS for 10 minutes at room temperature. Mounting
medium was applied with subsequent visualization. The images were obtained using a Dmi8 Leica fluorescent microscope, and pic-
tures were saved in TIFF format. For Figures 3F (left) and S1E, all layers of the Z-stack were collapsed into one layer using maximum
projection function of ImageJ software.®®

Chromatin Immunoprecipitation followed by DNA Sequencing (ChlP-Seq) and data analysis

ChIP-Seq was performed using the SimpleChIP® Enzymatic Chromatin IP Kit (Magnetic Beads) (#9003, Cell Signaling). Briefly, 10
million cells were cross-linked with 1% formaldehyde and washed twice with ice-cold PBS. The collected pellet was resuspended
in 2 ml RIPA buffer (BP -115X, Boston BioProducts) with protease inhibitors and fragmented to ~300 bp using MISONIX S-4000 Son-
icator (amplitude 30%, 30 sec ON/ 30 sec OFF, 30 min). 20 pg of chromatin in 1 ml of IP dilution buffer (16.7 mM Tris-HCI pH 8, 0.01%
SDS, 1% Triton X-100, 167 mM NaCl, 1.2 mM EDTA) per ChIP was mixed with 10 pg of the following antibodies: H3K27Ac (#4353),
H3K27Me3 (#9733) (all from Cell Signaling), EZH2 (Cat. 39002, Active Motif). The IP mixes were incubated overnight under rotation at
4°C, followed by an additional 4 hours with Dynabeads™ Protein G (30 ul per sample). IPs were washed twice in a low salt buffer
(10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 150 mM NaCl, 1% Triton X-100 in distilled water), once with a high salt buffer
(10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 500 mM NaCl, 1% Triton X-100 in distilled water) and once in TE buffer, eluted and
de-crosslinked according to the instructions (SimpleChlP® Enzymatic Chromatin IP Kit). DNA was purified using the Monarch
PCR and DNA Clean Up Kit (#T1030L, NEB) and ChIP-seq libraries were prepared using the NEBNext® Ultra™ Il DNA Library
Prep Kit for lllumina® (E7546S, NEB) and sequenced on the lllumina HiSeq 2500 platform configured for 50-bp single-end reads.

For data analysis, Fastq files were aligned to the human reference genome (GRCh37/hg19) using Bowtie2 with default parameters.
PCR duplicates were removed using samtools rmdup version 1.13.”° The resulting aligned Bam files were transformed to Bigwig
format without scaling or normalization using deeptools version 3.5.0.%° Bed files for peaks were created using MACS2 (version
2.2.7.1).”® The IGV web application®® was used for visualization.

For Figure 4D, SOX2 (GSM1306360_MGGB8TPC.S0OX2, n=2) and OLIG2 (GSM1306365_MGGS8TPC.OLIG2, n=2) BED files (peaks)
were downloaded from GEO. All overlapping intervals were merged with MergeBED function (BEDtools®') after replicates were
concatenated tail-to-head. “Intersect intervals” function (BEDtools) was used to generate lists of SOX2-bound and OLIG2-bound
super enhancers. Resulting lists were intersected and visualized as Venn diagram.

ChIP-gPCR was performed with primers indicated in Table S9. Data were analysed in 4 steps: 1) 1% input Ct values were adjusted
to 100% by subtracting 6.64; 2) Ct (IP) was subtracted from the adjusted input Ct to obtain delta Ct; 3) calculate 100*2~delta CT for
each IP; 4) calculate a mean with SD for each condition.

Chromatin Isolation by RNA purification followed by DNA Sequencing (ChiIRP-Seq) and data analysis

ChIRP was performed based on the previously published protocol.?® Briefly, 48 biotinylated oligonucleotide probes specific for
nascent HOXDeRNA RNA were designed and manufactured using ChIRP probe designer from LGC Biosearch Technologies
(https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-designer). Probes for LacZ mRNA (Sigma-Aldrich,
03-307) were used as negative control. Single cell suspensions were prepared from 100 million adherent or suspension cells followed
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by cross-linking with 2% glutaraldehyde (Sigma, G5882-50), and rotation at 20 rpom RT for 20 minutes. The reaction was quenched
with glycine solution (7005S, Cell Signaling), and the cells were washed twice with ice-cold PBS. Sonication was performed in 15 ml
falcon tubes with RIPA buffer and protease inhibitors (cOmplete Mini EDTA free), and chromatin was fragmented to ~200 bp using
MISONIX S-4000 sonicator (amplitude 30%, 30 sec ON / 30 sec OFF, 20 min). The chromatin from each cell line was mixed with the
protease and RNAse inhibitors (Superaseln RNAse Inhibitor, AM2696, ThermoFisher Scientific), split into three tubes (for input, LacZ,
and HOXDeRNA binding), incubated for 4 h at 37C 1000 rpm with respective sets of biotinylated probes, and followed by another 2 h
incubation with Dynabeads MyOne Streptavidine C1 (62001, ThermoFisher). The beads were washed twice with low and high salt
buffers at 37C, 1000 rpm, followed by de-crosslinking with Proteinase K for 4 hours at 65C. For ChIRP-WB analysis, the beads
were loaded into NUPAGE Bis-Tris protein gels (Invitrogen, NPO335PK2). EZH2 (Cat. 39002, Active Motif, dilution 1:1000) and
ACTAT1 (Catalog # A00885-40, GenScript, dilution 1:500) antibodies were used for protein detection. For sequencing, DNA was pu-
rified using the Monarch PCR and DNA Clean Up Kit (#T1030L, NEB), lllumina NGS libraries were prepared using the NEBNext Ultra ll
DNA Kit (NEB, E7645S), and sequenced for 50-nt SE reads. For data analysis, Fastqsanger files were mapped to hg19 genome using
bowtie2”” (default settings), and the resulting aligned Bam files were transformed to Bigwig format using deeptools version 3.5.0.%°
Raw reads were quantified for each 50-nucleotide bin for each Bigwig file. The Bigwigs signal tracks were visualized with IGV
browser. Peaks were called using MACS version 2.0.10"® (default parameters). The resulting bed files were intersected with other
interval data. For Figure 2A, ChIRP peaks were annotated (using Homo_sapiens.GRCh37.75.gtf (hg19)) with ChlPseeker (version
1.34.1, %) to the nearest genomic feature. The number of peaks corresponding to various genomic features was plotted as a
Venn diagram. For Figure 2B, ChIRP peaks were annotated to the nearest gene for each cell line using ChiPseeker, followed by visu-
alization of intersected gene lists with a web tool ’Intervene’°. Average profile plots and heatmaps for Figures 2C-2F, 3A, 4C, and S2
were generated using the deeptools functions plotProfile and plotHeatmap.®°

The following negative controls were included for the assessment of the peaks’ quality: HOXDeRNA ChIRP-seq on naive NHA cells
not expressing HOXDeRNA, LacZ ChIRP-seq on all tested cell lines, and ChIRP-seq with probes for the genomic template (antisense)
strand of HOXDeRNA for all cell lines. The relative number of binding events in intergenic regions were measured with ChIPseeker in
all ChIRP-Seq GEO datasets with available BED files: GSE208012, GSE112602, GSE198808, GSE201567, GSE156121, GSE114981,
GSE128369, GSE76418, GSE47804, GSE31332. These control experiments produced no specific signals, validating the specificity
of HOXDeRNA binding to indicated DNA regions.

The ChIRP-gPCR data were analyzed using 2/-delta Ct formula, where delta Ct= Ct (IP) -Ct (GAPDH). Primers used in the reactions
are listed in Table S9.

iMARGI and data analysis

iIMARGI was conducted following the described protocol with slight modifications to enhance the detection of direct, non-protein-
mediated RNA-gDNA interactions.*" In brief, 20 million cells were crosslinked using 1% formaldehyde, and the nuclei were isolated.
Nuclear RNA and DNA were fragmented using RNase | and Alul restriction enzyme. Crosslinks were reversed by incubating nuclei
with proteinase K for 2 hours at 65°C. Nuclei integrity was monitored under the microscope. A specially designed linker was intro-
duced to ligate with the fragmented RNA and subsequently ligate with spatially proximal DNA. Nucleic acids were purified, and exo-
nucleases were used to remove any linker sequences that did not successfully ligate with both RNA and DNA. The resulting ligation
products, in the form of RNA-linker-DNA, were captured with streptavidin beads. The RNA part of the captured sequence was
reverse transcribed into cDNA, generating a complementary strand of (5') DNA-linker—-cDNA (3'). Single-stranded DNA-linker—
cDNA was released from streptavidin beads, circularized, and re-linearized, producing single-stranded DNA in the form of left.hal-
f.Linker-cDNA-DNA-right.half.Linker. The two halves of the linker (left.half.Linker and right.half.Linker) served as templates for PCR
amplification. The linearized DNA was then amplified with NEBNext PCR primers for lllumina, size-selected, and subjected to 150
cycles of pair-end sequencing with an lllumina Hiseq 2500.

Fastq forward and reverse reads for each sample were merged using FLASH, version 1.2.11°"), and read duplicates were collapsed
into a fasta with the calculation duplicates counts per read (fastx_toolkit (Version 0.0.14)). Reads were aligned to reference fasta file con-
taining transcript sequences (hg38_Homo_sapiens.GRCh38.100.fasta) using BWA-MEM®? in local alignment mode. The alignment
considered both strands with the following parameters: Seed length for 1st mapping iteration = 12, Seed length for 2nd mapping itera-
tion =12, Minimum alignment score for 1st mapping iteration = 18, Minimum alignment score for 2nd mapping iteration = 16, Matching
score for 1st mapping iteration = 1, Mismatch penalty for 1st mapping iteration = 4, Matching score for 2nd mapping iteration = 1,
Mismatch penalty for 2nd mapping iteration = 6, Gap opening penalty for 1st mapping iteration = 6, Gap extension penalty for 1st map-
pingiteration = 1, Gap opening penalty for 2nd mapping iteration = 100, Gap extension penalty for 2nd mapping iteration = 100, Maximum
number of allowed multi hits per read in 1st iteration = 50, Maximum number of allowed multi hits per read in 2nd iteration = 100. Multi-
mapped reads were filtered out. Unmapped reads were then mapped to the reference genome (hg38_Homo_sapiens.GRCh38.dna.to-
plevel.fa) in order to detect intergenic binding for Figure 3A. Significantly overlapping aligned positions were merged based on the refer-
ence mapping locations provided in GTF format (hg38_Homo_sapiens.GRCh38.100.gff) to define the expressed loci, which are regions
on the reference built from overlapping alignments. Common Read Loci, a set of expressed loci sharing most of their multi-mapped
reads, were determined and quantified. After obtaining information about the loci expression and Common Read Loci, the final step
involved extracting only the best scoring interacting partners for each read.”® The resulting file with chimeric reads, having
HOXDeRNA as the RNA arm and genomic DNA as the second arm, along with column definitions, can be found in a Table S6.
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mRNA-Seq, qRT-PCR, and data analysis

Total RNA was isolated with Norgen Biotek kit followed by treatment with DNAse | (Promega) at 37°C for 30 minutes. gRT-PCR re-
actions were performed as previously described,® with primers listed in the Table S9. The data were analysed in three steps: 1) Ct
(gene of interest) was subtracted from GAPDH Ct (normalization control) to obtain delta Ct; 2) 2/-delta Ct was calculated for each
sample; 3) means and SD for each group were calculated and plotted as bars. Alternatively, cDNA libraries were prepared, and
deep sequencing was performed by Novogene. For the analysis of RNAseq data, Fastq files were trimmed to remove lllumina
adapters with Trimmomatic (version 0.39%°) and aligned to the GRCh37/hg19 genome using HISAT 2.2.1%* with the annotation Ho-
mo_sapiens.GRCh37.75.gtf (hg19) containing exon-exon splice junctions. Raw counts were measured with featureCounts (part of
the subread 2.0.0 package®). Differential expression analysis was performed using Deseq?2 (version 1.39.4%%). PCA plot and GO anal-
ysis for Figure S1A were produced and visualized using Debrowser (version 1.24.1.°° Heatmaps for Figures 1B and S3 were gener-
ated with heatmap.2 function of the R gplots package, with z-scores calculated for each gene across all samples (version: 3.1.3).°”

Principal Component Analysis (PCA) based on machine learning selected features for Figure 1D was performed as following. We
used the TCGA TARGET GTEXx dataset from the UCSC RNA-seq compendium, where TCGA, TARGET, and GTEx samples were pro-
cessed using the same bioinformatic pipeline, including alignment to the hg38 genome, and gene expression calling with RSEM®®
and Kallisto®® methods. Uniform processing eliminated computational batch effects in this dataset. The dataset can be downloaded
at: https://xenabrowser.net/datapages/?cohort=TCGA%20TARGET %20GTEx&removeHub=https %3A%2F %2Fxena.treehouse.
gi.ucsc.edu%3A443. To make our RNA-Seq data directly comparable to the selected datasets, they were processed through the
same pipeline.

Feature selection and training for generating Figure 1D was performed as following. To define DEG between the groups, we used a
significance threshold of p < 0.05, followed by a selection of the top first 500 genes sorted by fold change from our RNA-seq data —in
naive astrocytes vs. transformed astrocytes. Feature selection was then applied to these 500 genes using the SHAP package.'*° We
calculated the importance of the genes using the Shapley values and used this information to improve the performance of the model
by removing the less important genes. In the final step, we selected 30 genes with the highest scores for model prediction. To account
for possible batch effects of different datasets, we transformed the data for the selected genes into a rank order before training the
model. We used an xgboost model® to predict whether the samples were associated with normal brain categories (Forebrain
(n=857), Cerebellum (n=214), Midbrain (n=57)), LGG (n=522), or GBM categories (Mesenchymal (n=54), Classical (n=41), Proneural
(n=39), and Neural (n=28)).

Cross-linking and immunoprecipitation (CLIP)

CLIP experiments were performed based on previously published protocol.’®" Briefly, to covalently cross-link proteins to nucleic
acids, 2 x 107 cells were exposed to UV irradiation (200 mJ/cm?) for 2 minutes. The cells were then lysed with RIPA buffer containing
Protease Inhibition Cocktail and RNase Inhibitor. Immunoglobin-coated magnetic protein beads (Thermofisher Scientific) were incu-
bated with EZH2, EED, SUZ12, RbAp46 (39002, 50-199-3233, 50-199-2923, 50-199-3951, all from Active Motif) or IgG (Catalog #
2729S, Cell Signaling) antibodies. The complexes were washed with RIPA buffer and the samples were treated with DNAse | (Prom-
ega) for 30 minutes at 37°C, followed by Proteinase K (10% SDS and 10 mg/ ml Proteinase K in RIPA buffer) treatment for 30 minutes
at 37°C with shaking. RNA was further isolated with a phenol:chloroform:isoamyl alcohol (25:24:1) solution, precipitated with isopro-
panol, and resuspended in RNase-free water. gqRT-PCR was performed for nascent HOXDeRNA and GAPDH mRNA. Primers are
listed in Table S9. Fold enrichment over IgG was calculated in two steps: 1) DDCt = (Ct IP) - (Ct IgG), and 2) fold enrichment = 2A-DDCt.

Circular dichroism (CD)

The oligonucleotides were dissolved in 150 mM K" in TE buffer (10 mM Tris-HCI, 0.1 mM EDTA). 200 uL of 10 uM solution was placed
in quartz cuvettes (1 mm path length) and the spectra were collected in the range between 200 and 320 nm at 20 °C from three scans,
and a buffer baseline was subtracted from each spectrum. Increased peak intensity of the oligo under the K* environment (compared
to the Li* environment) at 260-265 nm and a trough at around 240 nm suggests the formation of an rG4. JASCO J815 spectropolarim-
eter was used to collect CD spectra. The data was plotted using GraphPad Prism (Smooth: 10 neighbors on each side, second order
smoothing polynomial).

CD melting

CD melting experiments were performed in the same spectrophotometer and similar solution conditions as described above. The CD
ellipticity of 10 uM folded solution of rG4s was tracked at 263 nm using a variable temperature measurement method. The thermal
data was collected between 20 °C to 95 °C sampling per °C at arate of 1°C/ min. The data was plotted in a XY format using GraphPad
Prism (Smooth: 6 neighbors in each side, fourth order smoothing polynomial) and first derivative of the data was plotted to calculate
the melting temperature (T,,,) of the structure, which is defined as a temperature at which the sequence is equally populated in the
folded and unfolded states.

HOXDeRNA-PRC2 titration

Recombinant PRC2 complex (composed of EZH2, EED, and Suz12 subunits, Active Motif Catalog No 31337) was mixed with 25 ng of
plasmids containing the promoter regions of SOX2 (VB230906-1377enp vector, chr3:181711153-181712186, hg38) or OLIG2
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(VB230906-1375sgq vector, chr21:33024853-33026163, hg38) and with increasing concentrations of either HOXDeRNA WT rG4-1 or
rG4-1-mutated oligonucleotides in 50 ul reaction mix (20 mM phosphate pH 7.4, 0.05% Tween-20, 40 uM S-adenosylmethionine,
and 1000 ng enzyme complex) and incubated for 1h RT. The mix was adjusted to 1 ml with RIPA, sonicated and incubated with
EZH2 antibody (Cat. 39002, Active Moatif, dilution 1:1000) overnight at 4°C. EZH2 coverage was analysed at promoters of SOX2
and OLIG2 by ChIP-Seq.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses were performed using Prism 8 GraphPad Software. Statistical significance of the differences between groups

was measured with two-tailed unpaired t-test. In figure legends: *p< 0.05, **p<0.01, **P<0.001, ***p<0.0001. Non-significant differ-
ences are marked with NS.
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Supplemental Figure 1. HOXDeRNA is not expressed in normal neuroglial cells, in contrast to
glioma cells, and its activation globally alters transcriptional programs. Related to Figure 1.

A-B. HOXDeRNA expression monitored by RNA-Seq in normal brain cells (GSE122701,
GSE157461, GSE166847, GSE73721 and GSE119834 datasets) (A) and GBM tissues, GSCs
(GSE119834), and glioma Cancer Cell Line Encyclopaedia 78 (B). HOXDeRNA transcript, composed
of 3 exons, is expressed in all glioma samples but not in the normal cells of the brain.

C. Transcriptomic differences among primary astrocytes (n=3) and immortalized astrocytes naive or
transformed by HOXDeRNA (n=3), visualized as PCA plot.

D. The purity of cytoplasmic and nuclear fractions for HOXDeRNA quantification was assessed in
LN229 glioma cells, GSCs, and transformed astrocytes. SnRNA U6, 3-actin, and GAPDH served as
markers for nuclear and cytoplasmic fractions, respectively. After normalization to their levels in total
RNA fractions, Ct values were visualized as bars (mean of 3 technical replicates +SD).

E. smFISH probes specifically detect pre-HOXDeRNA in GBMS8 cells (top), with no signal observed in
naive normal human astrocytes (bottom).

F. Pre-HOXDeRNA was detected by smFISH and quantified in glioma cells, GSCs, and transformed
astrocytes, with levels ranging from 45 to 90 copies per nucleus. The center line shows the median
expression, box limits indicate the 25th and 75th percentiles, and whiskers extend to the minimum
and maximum values.

G. Representative key glioma TFs are upregulated after HOXDeRNA-mediated astrocyte
transformation. Relative gene expression was measured by gRT-PCR, normalized to GAPDH and
visualized as bar graph (mean +SD, n=3).
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Supplemental Figure 2. Glioma-specific TFs are repressed in the normal brain and activated in
GBM. Related to Figure 1.

A. SOX2 and OLIG2 are glioma-specific TFs. mRNA levels of SOX2 and OLIG2 were visualized
across 32 tumors and corresponding normal tissues (RNAseq, TCGA database) using the GEPIA2
website. Bar heights represent mean TPM values for each tumor or normal tissue.

B. mRNA expression of 35 glioma TFs in the human brain (n=1152) and GBM (n=153). TCGA
TARGET GTEx RNAseq dataset visualized as boxplots; unit: log2(norm_count+1). Center line shows
the median expression, box limits indicate the 25th and 75th percentiles, and whiskers extend to the
minimum and maximum values.

C. The 35 glioma TFs are epigenetically silenced in normal brain cells compared to GBM, based on
TCGA and ENCODE dataset analysis. Total reads between raw samples were equalized, log2
transformed, and computed Z-scores are plotted.
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Supplemental Figure 3. Genome-wide binding of HOXDeRNA is associated with exclusive
PRC2 removal from the transformation-induced genes. Related to Figure 2.

A. HOXDeRNA binds to all chromosomes. Relative chromosome length and number of HOXDeRNA
peaks were calculated for each chromosome as percent of total.

B, C. ChIRP-seq raw read coverage signal, representing the HOXDeRNA binding at the TSS (+/-
5Kb) of the reverse strand of genes downregulated or upregulated after astrocyte transformation, is
visualized as an average value for each group (B) or for each individual gene (C). The heatmap is
accompanied by a colour scheme indicating the value of the raw read counts.

D, E. Epigenetic status of genes upregulated or downregulated in transformed astrocytes. H3K27Ac,
H3K27Me3, and EZH2 ChlP-seq raw signals covering gene bodies of the negative strand (+/- 5Kb)
were normalized to gene length and counted, followed by visualization of the average signal for 3
groups: genes upregulated after astrocytes transformation and bound by HOXDeRNA,
downregulated after astrocyte transformation and HOXDeRNA-free, unchanged genes (D). Read
coverage values for every individual gene body were visualized as heatmaps for negative strand
genes, which are enriched in control or transformed astrocytes (E).

F. HOXDeRNA ChIRP-seq was validated by ChIRP-qPCR with primers specific for representative
glioma TFs in glioma cells. The HOXDeRNA binding was visualized as Input % (mean, +SD, n=3).

G, H. Genes encoding key glioma TFs are bound by HOXDeRNA after astrocyte transformation.
HOXDeRNA ChIRP-Seq raw read signal was normalized to gene length and visualized as mean
value (G) or individual values (H) for each TF gene body (+/- 10Kb) on forward and reverse strands.
The colour schemes represent the values of the raw read counts.

I, J. PRC2 is removed from genes encoding key glioma TFs after astrocyte transformation. The EZH2
and H3K27Me3 raw read coverage signal was normalized to gene length and visualized as mean
value () or individual values (J) for each gene body (+/- 10Kb) on both forward and reverse strands.
The colour scheme represents the values of the raw read counts.

K. H3K27Me3 and EZH2 ChlIP-seq tracks in transformed astrocytes visualized for selected key
glioma TF genes indicate incomplete removal of PRC2 activity in bulk chromatin after transformation.
A different scale is presented in Fig. 2G bottom tracks to visualize relative levels in both
non-transformed and transformed astrocytes.
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Supplemental Figure 4. HOXDeRNA binds to and removes PRC2 repression from multiple
glioma TFs, including key TFs. Related to Figure 2.

HOXDeRNA ChIRP-seq tracks in GSCs and transformed astrocytes, aligned with PRC2 (H3K27Me3,
EZH2) ChlP-seq coverage, before and after astrocyte transformation, and visualized for
representative key glioma TF genes.
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Supplemental Figure 5. Comparison of HOXDeRNA-bound regions detected by ChIRP-seq
and iMARGI-seq. Related to Figure 3.

A. Distribution of HOXDeRNA-bound gDNA regions across all chromosomes measured by
ChIRP-seq and iMARGI-seq in transformed astrocytes, along with chromosome lengths.

B. The percentage of cis-interactions on chromosome 2 (where HOXDeRNA gene is located) and
trans-interactions (on other chromosomes), detected by ChIRP-seq and iMARGI-seq in
transformed astrocytes.

C. Classes of HOXDeRNA-bound genes detected using ChIRP-seq or IMARGI-seq in transformed
astrocytes. The percentage of total for each class is visualized.



141100K 141500K 141900K
Chrs

Refseq
Genes
123 123
Control  transformed
Astracytes
Glioma == =
Superenhancers ———
[T R ey ==
CTCF glioblastoma ]
s 60 .: AL ll o] e | ..Il.lll._lJ 2y .:._ IhJ.Lul_I._,.J.‘JlL._,_ " ....:J_J. _ _._L“l._l___lq:_l S TP N Y T (P ._...J_I_.._. .
CTCF NHA ‘ I | |
CTCF astrocytes 60- : R ri s | L s v el - | LIII l L ]_.d_.] Ll " L l.
(cerEbe"um) :J..:..A._..... B ol S ,.........__-“._:...JLLLLL.]L‘LHJI.L.[ _— J.__:.LL_LM _.J._ l.lln_J...l.-l.L__ ..4_._-._L_..___.L. i,
CTCF astrocytes 501| | m | J m \ | I
(spinal cord) AR i B | YTV O N | .,J;...Ju,. 1 DR W T
H3K27Ac before 30] 1 ; | |
I TR L -41- ISR A.Ii s s il .
H3K27Ac after 30} i I |
transformation oy 1 1._.________L_____L*L__M..__.J‘.‘. ——

G523 HIC

G567 HIC

G583 HIC

astrocytes
HIiC

© ® ~N O O BWN

-
o

11

12

13

14



Supplemental Figure 6. Integration of astrocytes RNA-seq and ChIP-seq data with ENCODE
and GEO datasets suggests a mechanism of Protocadherin (PCDHB) family upregulation in
GBM. Related to Figure 4.

List of tracks from top to bottom:

1) protocadherin genes annotated with Refseq. A heatmap visualizing PCDHB2-16 RNAseq-based
expression in control and transformed astrocytes, transformed to z-scores;

2-4) SE tracks in three GCSs (GSE121601);

5-8) CTCF ChlP-seq tracks from ENCODE database for GBM (GSM822303) and three types of
astrocytes (GSM733765, GSM1022662, GSM749696). Genomic region with differential CTCF
binding is highlighted in yellow;

9-10) H3K27Ac coverage before and after astrocyte transformation shows activation of GBM specific
SEs (dotted lines);

11-14) 4 HiC maps for GSCs: G583, G567, G523 from EGAS00001003493, available for download
at (https://wangftp.wustl.edu/hubs/johnston_gallo/), and astrocytes (GSE105194). A subset of HiC
contacts representing SEs-protocadherins interactions are highlighted with dotted rectangles.
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Supplemental Figure 7. Confirmation of EZH2 modulation on chromatin upon its
siRNA-mediated KD and overexpression. Related to Figure 5D.

A. CLIP with EED, SUZ12, and RbAp46 antibodies, followed by gRT-PCR detection of
pre-HOXDeRNA, spliced HOXDeRNA, and GAPDH mRNA, was performed in glioma LN229 cells
and transformed astrocytes. EZH2/IgG ratios are demonstrated (n=3, mean+ SD).

B. EZH2 KD in transformed astrocytes leads to its disappearance from HOXDeRNA-bound
chromatin. Transformed astrocytes were transfected with siRNAs (control or EZH2-targeting),
followed by EZH2 ChIP-Seq. EZH2 reads were visualized as average (line graph) and individual
values (heatmap) at HOXDeRNA ChIRP peaks (center +/- 3 Kb), either overlapping (blue) or
non-overlapping (green) with EZH2.

C. EZH2 overexpression in transformed astrocytes increases EZH2 coverage at HOXDeRNA peaks.
EZH2 reads were visualized as average (line graph) and individual values (heatmap) at HOXDeRNA
ChIRP peaks (center +/- 3 Kb), either overlapping (blue) or non-overlapping (green) with EZH2.
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Supplemental Figure 8. Pre-HOXDeRNA is responsible for TF derepression and spheroid
formation. Related to Figure 5F.

A. The siRNA-mediated KD of either mature HOXDeRNA or pre-HOXDeRNA strongly and specifically
decreases expression of the respective cognate targets in transformed astrocytes. Cells were
transfected with two different siRNAs against control, premature, or mature HOXDeRNA. Relative
RNA levels were measured at 24-48 hours post-transfection by qRT-PCR and normalized to GAPDH
(mean +SD, n=3). At 72 hours post-transfection, pre-HOXDeRNA-targeting siRNA led to the reduced
levels of mature HOXDeRNA as well (data not shown).

B. The kinetics of HOXDeRNA and EZH2 binding to POU3F2 gene are tightly associated with the
genes’ expression in transformed astrocytes. After HOXDeRNA activation with CRISPRa system,
NHA cells were collected at different timepoints, followed by targeted HOXDeRNA ChIRP-Seq,
RNA-Seq, and EZH2 ChIP-Seq. At 24h after CRISPRa, the cells were transfected with specific
siRNAs against either premature HOXDeRNA or mature HOXDeRNA and analysed in similar ways.

C. KD of premature HOXDeRNA, but not mature HOXDeRNA, inhibits spheroid formation of
HOXDeRNA-activated NHA. Following astrocyte transformation by HOXDeRNA, cells were
transfected with two different siRNAs against Control, premature, or mature HOXDeRNA, and
spheroids counted, with their numbers visualized as bar graphs (mean +SD, n=3).
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Supplemental Figure 9. Characterization of rG4 candidates. Related to Figure 6.

A. Five putative rG4 forming sequences detected with QGRS mapper tool. Search parameters:
QGRS max length: 45, min G-Group size: 2, loop size: from 1 to 36.

B. Schematics of pre-HOXDeRNA with the following regions indicated: ChIRP probes (black),
predicted G-quadruplexes (blue), and IMARGI-detected fragments bound to the upregulated genes

(grey).

C. CD spectra of five putative rG4 forming sequences (rG4-1, rG4-2, rG4-3, rG4-4, and rG4-5), along
with one non-rG4 sequence. rG4-1, rG4-2, and rG4-4 exhibit common rG4 CD features (a higher
intensity peak at 263 nm under K+ environment).

D. CD-melting curves indicating the stability of predicted rG4 structures. rG4-1 showed the highest
melting temperature of 57.5 °C.

E. Base editing of rG4-1 does not alter premature HOXDeRNA expression levels in transformed
astrocytes. qRT-PCR analysis, normalized to GAPDH mRNA levels (mean + SD, n=3).



Gene expression at different timepoints after HOXDeRNA activation by CRISPRa
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Supplemental Figure 10. Transformation driven SOX2 and OLIG2 genes are
derepressed earlier than HOXD genes. Related to Figure 5F.

HOXD genes are barely derepressed at 32 hours post-HOXDeRNA induction in astrocytes,
whereas SOX2 and OLIG2 are derepressed starting from 8 hours. mRNA levels were
measured by gRT-PCR at different timepoints after HOXDeRNA activation. Ct values were
normalized to GAPDH and visualized as bar graphs (mean +SD, n=3).
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