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ABSTRACT

We investigated the role of 3D genome architecture in instructing functional properties of
glioblastoma stem cells (GSCs) by generating sub-5-kb resolution 3D genome maps by in situ Hi-
C. Contact maps at sub-5-kb resolution allow identification of individual DNA loops, domain
organization, and large-scale genome compartmentalization. We observed differences in looping
architectures among GSCs from different patients, suggesting that 3D genome architecture is a
further layer of inter-patient heterogeneity for glioblastoma. Integration of DNA contact maps with
chromatin and transcriptional profiles identified specific mechanisms of gene regulation, including
the convergence of multiple super enhancers to individual stemness genes within individual cells.
We show that the number of loops contacting a gene correlates with elevated transcription. These
results indicate that stemness genes are hubs of interaction between multiple regulatory regions,
likely to ensure their sustained expression. Regions of open chromatin common among the GSCs
tested were poised for expression of immune-related genes, including CD276. We demonstrate
that this gene is co-expressed with stemness genes in GSCs and that CD276 can be targeted with
an antibody-drug conjugate to eliminate self-renewing cells. Our results demonstrate that
integrated structural genomics datasets can be employed to rationally identify therapeutic

vulnerabilities in self-renewing cells.
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INTRODUCTION

Glioblastoma (GBM) is the most common malignant brain tumor in adults and current treatments
are mostly palliative (Stupp et al. 2005). Development of rationally-designed new treatments for
this malignancy has been hampered by intertumoral and intratumoral heterogeneity (Verhaak et
al. 2010; Brennan et al. 2013). Recent work has shown that intratumoral heterogeneity can be
observed at the genomic, epigenomic and functional level. Genomic heterogeneity is manifested
by the co-occurrence of multiple subclonal compartments in primary tumors and their dynamic
selection at recurrence (Meyer et al. 2015; Sottoriva et al. 2013; Snuderl et al. 2011; Szerlip et al.
2012; Johnson et al. 2014). Functional heterogeneity is reflected by the non-equipotency of GBM
cells: Only a subpopulation of cells with self-renewal properties contributes to sustained tumor
growth.

These self-renewing cells can engraft in transplantation experiments in
immunocompromised mice and they contribute to genetic tumor evolution (Singh et al. 2004; Galli
et al. 2004; Lan et al. 2017). We refer to these cells as cancer stem cells, or GBM stem cells
(GSCs). GSCs are resistant to standard-of-care therapy and are thought to be responsible for tumor
recurrence (Eramo et al. 2006; Bao et al. 2006). We and others have shown that chromatin (Gallo
etal. 2013; Heddleston et al. 2012; Gallo et al. 2015) and transcriptional profiles (Suva et al. 2014;
Patel et al. 2014) differ between GSCs and non-GSCs, suggesting that intratumoral epigenetic
heterogeneity may reflect functional differences between populations of stem-like and more
differentiated cells. It is therefore possible that specific epigenetic and chromatin states are pivotal
in maintaining a functional hierarchy in GBM, similar to their roles in preserving hierarchical

systems required for normal tissue homeostasis (Suva et al. 2009; Kim et al. 2013; Abdouh et al.
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2009; Jin et al. 2017; Gallo et al. 2013; Heddleston et al. 2012; Miller et al. 2017). However, it is
not currently known how chromatin states and cancer-associated genetic lesions interact to shape
overall three-dimensional (3D) genome architecture in GSCs.

3D genome organization refers to the stereotypical folding of each chromosome in three-
dimensional space. Hi-C sequencing (Lieberman-Aiden et al. 2009) allows characterization of
genome architecture by measuring the frequency of physical interactions between genomic
regions. Throughout this manuscript, we use the following terms to describe different features of
genome architecture as inferred from Hi-C data: “Interactions” refer broadly to any above-
background frequency of DNA contacts; “loops” refer to discrete points of high contact frequency
between non-adjacent genomic regions; “domains” refer to contiguous genomic regions involved
in self-interactions that occur at higher frequencies than with neighboring regions. Loops
frequently occur at the edges of a domain, are usually nucleated by the presence of anti-parallel
binding sites for CCCTC-binding factor (CTCF) (Rao et al. 2014), and often serve to connect
regulatory regions, such as enhancers and super enhancers (SEs) (Whyte et al. 2013), to their target
genes. Genomes can be further segregated into type A and type B compartments, which broadly
correspond to open and closed chromatin, respectively (Stevens et al. 2017, Lieberman-Aiden et
al. 2009; Dixon et al. 2012). Integration of information on loops, domains and compartment
organization is required to achieve precise understanding of genome organization for a specific
cell type.

Recent work has shown that disruption of genome architecture may contribute to the
etiology of developmental disorders (Lupidiez et al. 2015) and cancer (Flavahan et al. 2016)
through dysregulation of gene expression programs. The global impact of genome architecture on

transcriptional programs in gliomas and other brain tumors has been difficult to assess because of
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the lack of high-resolution 3D genome maps for these cancers. We hypothesized that differences
in 3D genome architecture could explain transcriptional heterogeneity between patients with
GBM. We have therefore generated sub-5-kb resolution Hi-C contact maps from patient-derived
primary GSC cultures. Integration of Hi-C, chromatin immunoprecipitation (ChIP-seq) and
transcriptomics (RNA-seq) datasets for each sample generated a comprehensive view of
transcriptional control mechanisms in GSCs. We provide proof-of-principle that 3D genome
information can be used to identify new potential therapeutic targets to curb the self-renewal

properties of GSCs.

RESULTS

Genes contacted by DNA loops in GSCs exhibit elevated expression

To characterize 3D genome architecture in GBM, we generated sub-5-kb resolution DNA contact
maps using in situ Hi-C (Rao et al. 2014) from low-passage GSC cultures from three patients
diagnosed with GBM (G523, G567 and G583; patient metadata presented in Table S1). Two
biological replicates were performed for each culture. Because inter-replicate contact map Pearson
correlation values exceeded 0.9, biological replicates were merged to maximize contact map
resolution for each culture (Figure S1A; Table S2; see Methods). We annotated loops, domains,
and compartment membership genome-wide for each sample (Figures S1B-F; Tables S3-5).
Although two-thirds of genes (16,466 of 24,261 annotated) were not involved in loop formation
in any sample, 7,795 genes were engaged by at least one loop and 3,111 genes were engaged with
at least two loops in any one GSC culture (File S1). Subsequently, we integrated Hi-C and RNA-
seq data for these cultures to investigate the impact of loop formation on transcriptional profiles

(for RNA-seq summary statistics see Table S6). We found that genes contacted by a single loop
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were expressed at significantly higher levels than those that were not part of any loop. Genes
contacted by two or more loops were expressed at significantly higher levels than genes contacted
by a single loop (Figure S1G). This finding suggested that gene expression can be enhanced by

the convergence of multiple regulatory regions.

Culture-specific loops drive differential expression between GSCs
Overall, loop calls between GSC cultures were highly correlated, with pairwise Spearman's
correlation scores ranging from 0.79-0.82 between cultures (Figure S1C). However, despite broad
similarity, there remained many differences in loop presence and loop strength between cultures.
(Figure 1A). To better understand the interplay between genome architecture and chromatin marks
in achieving GSC culture-specific gene expression profiles, we generated ChIP-seq datasets for
CTCF and the open chromatin mark H3K27ac (see Figures SIH-M for quality control). ChIP-
seq, SE calls, and Hi-C data were then integrated for each GSC culture. Genes that contacted an
SE via a loop had significantly elevated expression (Figure S1N). To examine whether differential
looping impacted transcriptional output, we identified culture-specific loops and tested for inter-
culture differential expression of genes at the anchors of these loops using RNA-seq datasets.
Permutation analysis indicated that culture-specific loops were enriched for genes with elevated
expression in that culture as compared to the others (Figure 1B). These results suggest that 3D
genome architecture may contribute to transcriptional heterogeneity in GBM cells.

A representative example of culture-specific loops affecting transcription is offered by the
QOKI locus, which differentially engages SEs in each of the three GSC cultures we profiled. The
number of SEs looped to QKI in G523, G567, and G583 was three, zero, and two, respectively

(Figure 1C, green track). G523 had two culture-specific loops contacting the QKI gene (Figure
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1C, cyan arc tracks). Additionally, the QKT locus exhibited many transitive loops — multiple loops
that share common anchor loci, potentially allowing a higher-order, multi-loop hub to exist within
an individual cell (Rao et al. 2017). To investigate the possibility that QK7 could be regulated by
a transitive loop hub, we reanalyzed Hi-C library sequence alignments near these loop anchors for
evidence of split alignments corresponding to more than two DNA regions within the same
sequenced molecule. This analysis revealed interactions between triplets of loop anchors in
different combinations (Figure 1D), supporting the notion that a multi-loop hub places QKI in
direct contact with multiple control regions concurrently within individual cells. Consistent with
the observation of multiple, culture-specific loops, QKI expression was nearly 12 times higher in
culture G523 than G567 and G583 (Figure 1E). Together, these results demonstrate that culture-

specific loops are associated with the transcriptional differences evident between GSC cultures.

Genomic structural variants result in new SE-promoter interactions

A wide range of loop lengths was observed within each GSC culture. Over 80% of the loops
detected were under 1 Mb in length (Figure S1B), which corresponds with the average length of
contact domains in human cells (Dixon et al. 2012; Nora et al. 2012). However, we also observed
many putative long-range contacts between genomic regions over 1 Mb apart, including rare loops
spanning an apparent distance greater than 100 Mb (Figure S1B; Table S3). We hypothesized
that these unusually long loop lengths could be explained by structural variants (SVs) in
chromosomes such as deletions or inversions. Upon alignment of Hi-C reads to the unrearranged
genome, large SVs would cause DNA interactions to appear at much greater distances than their
true molecular distance following rearrangement in the GSC genomes. We therefore used Manta

(Chen et al. 2016) to annotate SVs using whole genome sequences available for cultures G523 and
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G583 (File S2-3), and intersected SV loci with loop anchors to identify SV-associated loops (File
S4-5). Although SV-associated loops represented less than 5% of loop calls for each culture
(Figure 2A), the median apparent length of these loops was over an order of magnitude longer
than loops without nearby SVs (Figure 2B). The percentages of SV-associated loops reported here
should be considered to be the lower bound of the true prevalence; numerous inter-chromosomal
SVs were evident in the GSC contact maps but inter-chromosomal loops could not be assessed
using HICCUPS as this method is currently limited to identifying only intra-chromosomal loops.
For a representative example of the effects of large SVs on 3D genome architecture and
transcriptional output, we examined the JAK/ locus in culture G523. A large inversion spanning
140 Mb as well as other large associated deletions shifted two SEs normally located on the g-arm
of Chromosome 1 close to JAK!I on the p-arm (Figures 2C,D). Hi-C data showed clear physical
interactions between the two SEs (SE1 and SE2) and JAK, as illustrated by the heatmaps and the
loop arc plots (Figure 2C). These interactions were not identified in the other two GSC cultures,
which did not carry the Chromosome 1 inversion. Our computational analysis found high order
reads mapping to SE1, SE2 and JAK! (Figure 2E), providing evidence that these three elements
form a contact hub in at least a subpopulation of cells (Figure 2F). This example highlights how
a gene with known roles in GBM (McFarland et al. 2011) and other cancer types (Thomas et al.

2015) can be regulated by non-standard SEs as a result of structural variation.

Genes connected to multiple loops are enriched for stemness and cancer genes
Following the observation that transcription is elevated at genes possessing multiple loops (Figure
S1G), we hypothesized that genes with extensive looping would be enriched for genes promoting

maintenance of self-renewal, a key cancer stem cell property (Al-Hajj and Clarke 2004; Laks et


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 28, 2026 . Published by Cold Spring Harbor Laboratory Press

al. 2009). First, we annotated the number of loops contacting each gene in our GSC cultures and
identified 3,111 genes that were targeted by at least two loops in any one GSC culture (File S1).
Certain genes displayed extreme interactivity with the most highly looped gene in our cultures
being VSNLI, targeted by 23 loops (Figure 3A). We validated these findings by using C3D which
identifies 3D interactions between cis-regulatory elements based on correlations in chromatin
accessibility between loci in different samples (Mehdi et al. 2019) (Figure S2A).

Of the genes with the highest numbers of loops, many had known associations with brain
tumor and stem cell biology (summarized in Table S7). Accordingly, we ranked genes based on
the maximum number of loops they were associated with in any one GSC culture and performed
gene set enrichment analysis (GSEA) (Subramanian et al. 2005) (Fig 3B). We found significant
positive enrichment of genes involved in regulation of insulin secretion (normalized enrichment
score (NES): 2.19; q = 0.0886) (Figure S2B), metastasis (NES: 2.16; q = 0.0530) (Figure S2C),
and long-term hematopoietic stem cells (Ivanova et al. 2002) (NES: 2.12; q = 0.0487) (Figure 3B).
Overall, our data show that highly connected gene sets in GSCs are significantly enriched for genes

with established roles in cancer and in regulation of stemness properties (Figure S2A).

Integration of Hi-C and chromatin data allows dissection of mechanisms of transcriptional
regulation

Expression of stemness genes is important for maintenance of GSC self-renewal. Some of these
stemness factors are expressed at different levels in GSCs from different patients. Therefore, we
assessed transcriptional differences at established stemness genes and the underlying differences

in chromatin marks and genome architecture at such loci.

10
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The locus surrounding SOX2 exhibits similar compartment and domain organization
between GSC samples. All three cultures indicate strong H3K27ac signal and identify the region
overlapping SOX2 as an SE locus. Distinctively, the culture G523 possesses several culture-
specific loops emanating from an upstream region (Figure 3C). High order reads indicate that
SOX2 simultaneously is engaged in formation of multiple loops in G523 (Figure S3A).
Accordingly, SOX2 expression is found to be much higher in G523 compared to the other cultures
(Figure 3D). Sharing a similar genomic context, the overlapping non-coding RNA SOX2-OT is
also found to be elevated in G523 (Figure 3E). Similar observations were made for ASCL I, which
was shown to be important for the maintenance of self-renewal and tumorigenic properties of
GSCs (Rheinbay et al. 2013; Suva et al. 2014) (Figures S3B,C). These findings suggest that
genome architecture and chromatin states are not independently sufficient to achieve specific

transcriptional outputs.

Differential genome compartmentalization between GSC cultures affects transcriptional
output

Despite many transcriptional differences between GSC cultures being associated with differential
loops, the differential compartmentalization observed at the ASCLI locus prompted us to assess
the influence of compartmentalization on transcription genome-wide. Type A/B compartment
status was determined for 93% of the genome in at least one culture (2.86 Gbp of 3.09 Gbp) with
similar numbers and sizes of compartments identified for each culture. (Table S5). The correlation
in compartment membership between GSCs ranged from 0.57-0.73 (Spearman's correlation;
Figure S1E), with only 53% of compartment assignment (1.52 Gbp of 2.86 Gbp defined in any

culture) being homogenously called as type A or type B in all three cultures. This suggests a higher

11
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degree of dissimilarity at the compartment level than at the loop level of genome architecture
(Figure S1C). As expected, genes in type A compartments exhibited elevated expression while
genes in type B compartments were generally repressed (Figure S4A,B). The number of
differentially expressed genes was significantly increased in culture-specific compartments
(Figure S4C).

To examine the effects of differential compartmentalization on gene regulation, we present
the region of Chromosome 14 harboring SMOC! and RGS6. Expression was ~80x and ~400%
higher in G523 as compared to the other cultures for SMOC! and RGS6, respectively (Figure 4A).
Differences in loops and domain structures between cultures are subtle in this region, however,
only culture G523 exhibits type A compartmentalization spanning these genes (Figure 4B). Of
note, H3K27ac signal was present at the RGS6 locus in both G523 and G583, yet G583 did not
exhibit the same elevated transcription. These data highlight differential compartmentalization as

an important source of transcriptional heterogeneity between GSC cultures.

Using Hi-C data to identify potential therapeutic targets

Having established that regions of differential genome architecture can account for culture-specific
differences in transcription, we next sought to determine if shared elements of genome architecture
between GSC cultures could identify genes important for the key stemness property of self-
renewal. To identify potential therapeutic targets in GSCs, we looked for genes that met the
following criteria: (a) Type A compartment status in all GSC cultures; (b) share a common loop
among all GSC cultures; (c) expressed > 10 FPKM in all GSC cultures; (d) encode cell surface
proteins as determined by GO Term 0009986; (e) potentially targetable with current or

experimental compounds. The gene CD276 (also known as B7-H3) met all these criteria. In all

12
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three GSC cultures, the CD276 locus was contacted by a CTCF-delimited loop ~140 kb upstream
to the 5’ ends of genes NPTN and RECI14 (Figure SA). Additional loops connect CD276 to a
putative upstream enhancer element in G523 and G583, while G583 possesses a longer, culture-
specific loop to CTCF binding sites within the gene body of NEOI. Therefore, although all three
GSC cultures have high expression of CD276 (top third of expression genome-wide, Figure 5A)
and similar H3K27ac signals, its transcriptional regulation may be further tuned by differential
genome architecture. This is reflected by different transcriptional outputs for CD276 among the
three GSC cultures (Figure S5A).

CD276 is a putative immune checkpoint regulator (Lee et al. 2017) and is thought to be a
repressor of T cell activation, preventing release of IFN-y by T cells and impairing CD4" cell
proliferation (reviewed in Picarda et al., 2016). However, its exact role in immunomodulation is
still controversial (Hofmeyer et al. 2008). CD276 is aberrantly expressed in a number of solid
tumours and is detected on both tumour cells and in the tumour vasculature (Seaman et al. 2017).
Indeed, CD276 exhibits elevated expression in GBM relative to lower grade astrocytomas,
promotes tumor infiltration, and allows cells to resist lysis by NK cells (Lemke et al. 2011). We
found that CD276 expression was elevated in GSC cultures (n = 76) compared to bulk GBM (n =
76; p <0.001) or non-neoplastic brain tissue (n = 4; p = 0.0005) (Figure 5B).

We next asked whether transcription of CD276 is associated with a previously published
16-gene GBM self-renewal signature (Suva et al. 2014). We calculated Pearson correlation scores
for CD276, the 16-gene signature, and for a selected subset of immune genes that we found to be
highly expressed in GSCs, using bulk RNA-seq data from a collection of patient-derived GSC
cultures (n = 76). We found that although CD276 expression was most strongly correlated with

other immune modulators (/FNGRI1, IFNGR2, TNFRSF1A4 and TNFSRFIB), it was also positively
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correlated with a cluster of self-renewal genes including VAX2, SOX21, and CITEDI (Figure
SSB). This association with the stemness signature was unique to CD276, as the other immune
genes found were anticorrelated with the stemness signatures. Further meta-analysis of published
datasets showed that expression of CD276 stratifies adult glioma patients, with high CD276
expression being a negative prognostic factor (Figures 5C; S5C,D,E). Transcription data from the
BrainSpan atlas (Miller et al. 2014) reveals that CD276 expression in the human brain is higher
during the prenatal period (average RPKM 3.74) than the postnatal years (average RPKM 1.72,
two-tailed #-test p = 1.04 x 1072!!; Figure 5D). This immune-related gene might therefore be
associated with a primordial developmental program, providing a rationale for its association with

the expression of self-renewal genes in GSCs.

Targeting CD276 reduces self-renewal properties of GSCs

Considering the co-expression of CD276 and stemness genes in GSCs, we further explored a
possible role of CD276 in the self-renewal program of GSCs. To assess CD276 levels in cells with
reduced self-renewal capacity, we induced loss of self-renewal using an established growth factor
withdrawal protocol (Pollard et al. 2009; Gallo et al. 2015). Growth factor withdrawal resulted in
decreased protein levels for CD276 in G523 and G583 (Figure 6A), although it had no effect on
G567 (Figure S6A). In a complementary experiment, we hypothesized that reducing levels of
CD276 could cause decreased GSC self-renewal. Accordingly, we knocked down CDZ276 using
two inducible shRNA constructs (sh-CD276a and sh-CD276b) (Figure 6B). The effects of CD276
knockdown on self-renewal were assessed with in vitro limiting dilution assays (LDAs). For both
(G523 and G583, knockdown of CD276 caused significant reduction of self-renewal (Figure 6C).

These data functionally validate a role of CD276 in maintaining the self-renewing state of GSCs.

14
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Subsequently, we explored tools that allow targeting of CD276" cells and have translational
potential. Therapeutics against CD276, including a bispecific CD3-CD276 antibody
(ClinicalTrials.gov identifier NCT02628535), are active agents used in clinical trials. We explored
an alternative strategy, using an anti-CD276 monoclonal antibody conjugated with
pyrrolobenzodiazepine (PBD) to selectively eradicate CD276" cells. This m276-PBD antibody-
drug conjugate (ADC) was recently shown to be selective in delivering the PBD warhead to
CD276" cells in tumours and vasculature and to reduce tumor burden in several xenograft and
mouse models of solid tumors (Seaman et al. 2017). We performed LDAs by administering ICio
concentrations of m276-PBD (Figure S6B; see Methods) to G523 and G583 to assess the effects
of the ADC on their self-renewal. For both G523 and G583, m276-PBD effectively curbed self-
renewal (Figure 6D). Together, these data strongly suggest that targeting CD276" cells might be

a promising strategy to curb cancer stem cell properties in adult gliomas.

15


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 28, 2026 . Published by Cold Spring Harbor Laboratory Press

DISCUSSION

We report that inter-sample 3D genome heterogeneity is a molecular feature of GBM. Generation
of sub-5-kb Hi-C contact maps allowed us to call loops connecting regulatory regions to their
target genes. Together with the other genomic datasets we generated, these Hi-C maps will be an
important resource for the brain tumor field, and for future studies on the relationships between
3D genome, epigenetic factors and transcriptional regulation.

Our Hi-C maps highlighted that GSC cultures exhibit clear differences in DNA looping
and compartmentalization. The total number of looping interactions for a specific gene was
correlated with increased expression, and culture-specific loops had a strong effect on potentiating
transcriptional output. Some of these culture-specific loops engage SEs that are not available in
other cultures, and might reflect mechanisms of epigenetic evolution of the cancer cells. Our results
point to an important contribution of genome architecture to transcriptional heterogeneity in GBM.

Using primary surgical resections, we previously reported that the key self-renewal factors
like SOX2 are widely expressed in GBM cells, with between 5% and 50% of cells being SOX2*
in different samples (Gallo et al. 2013). This result is in apparent contradiction with functional
studies that showed that cancer stem cells are rare in this tumor type (Singh et al. 2004). However,
our data show that numerous stemness genes tend to be coexpressed in GSCs. We propose that
coregulation of many stemness genes is achieved through the combined action of epigenetic inputs
and transcription factor occupancy to achieve a consensus 3D genome state conducive to GSC-
self-renewal, with the expectation that perturbation of this state could destabilize transcriptional
programs of self-renewal with consequent loss of stemness properties. Considering that GSCs are

thought to nucleate tumor relapse, identification of methods to induce loss of self-renewal
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properties is a key goal of GSC research and could allow relapse to be delayed or prevented in
patients.

By identifying 3D genome features common among GSC cultures, we aimed at identifying
new members of the self-renewal signature. By integrating these findings with RNA-seq datasets
for 76 patient-derived primary GSC cultures, we found that CD276 is expressed at higher levels
in GSCs than in their matched bulk GBM samples or in non-neoplastic brain. Recent preclinical
studies showed that an m276-PBD ADC was effective at drastically reducing or even abrogating
tumor growth in several cancer models (Seaman et al. 2017). Here, we show that m276-PBD can
be used to target CD276" GSCs to curb their self-renewal potential. Of note, m276-PBD kills cells
in a cell cycle-independent manner. This is important, because self-renewing cells in vivo have
been shown to be relatively slow-cycling (Lan et al. 2017), partially explaining their resistance to
radiotherapy and the alkylating agent temozolomide that are currently used to treat GBM patients.
During the review process, another group published data in support of a role for CD276 in a
stemness circuitry in GBM (Zhang et al. 2019). We propose that adding m276-PBD to the current
standard of care might result in the eradication of self-renewing cells and slow the emergence of
recurrences. Besides m276-PBD, other strategies have been developed to target CD276" cells in
cancer. One of them, a CD3-CD276 bispecific antibody, is currently in clinical trials for several
solid malignancies, including neuroblastoma and head and neck cancer. Adding GBM patients to
these clinical trials could be beneficial for patients. Additionally, chimeric antigen receptor (CAR)
T cells could be used to target CD276, exploiting the several-fold higher expression of CD276 in
GSCs compared to non-neoplastic brain. The identification of CD276 as a putative new therapeutic

target in GBM provides proof-of-principle that integration of structural genomics and other
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genomic datasets can be successfully integrated to delineate self-renewal states and their

vulnerabilities.

METHODS

GSC cell culture

Use of all specimens and derivation of primary cultures was approved by the Health Research
Ethics Board of Alberta and the research ethics board of the Hospital for Sick Children (Toronto,
ON). Sample acquisition and derivation of GSC primary cultures G523, G567 and G583 were
performed using previously described methods (Pollard et al. 2009). Primary glioblastoma cultures
were grown in NeuroCult NS-A Basal Medium and Proliferation Supplement (StemCell
Technologies, #05751), supplemented with 20 ug/mL thEGF (Peprotech, AF-100-15), 10 pg/mL
bFGF (StemCell Technologies, #78003), and 2 pg/mL heparin (StemCell Technologies, #07980).
Cultures were grown adherently on Corning Primaria dishes coated with poly-L-ornithine (Sigma-
Aldrich, P4957) and laminin (Sigma-Aldrich, L2020), under standard temperature, oxygen and
humidity conditions. All cultures were used within the first 20 passages of generation. Adherent
cells were disassociated with Accutase (Stemcell Technologies, #07920) and plated onto fresh,
coated plates when confluence reached 80/90%. Viability and cell numbers were determined using

Countess II (Thermo Fisher Scientific, AMQAX1000).

Loss of self-renewal assays
Induced loss of self-renewal in GSCs was performed according to established protocols (Gallo et
al. 2015; Pollard et al. 2009). Briefly, 24 hours after re-plating, the media was replaced with NS-

A media lacking EGF and FGF. After one week, the media was replaced with differentiation media
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consisting of half-volume NS-A media (without NeuroCult supplement), half-volume Neurobasal
media (Thermo Fisher Scientific, #21103049), 2x B27 supplement (Thermo Fisher Scientific,
#17504-044) and 0.5% N2 supplement (Thermo Fisher Scientific, #17502001). After two weeks in

this media, cells were collected for analysis.

Knockdown of CD276 with short hairpin RNA

Targeted gene silencing was performed with shRNA constructs targeting CD276 (Dharmacon; see
supplemental methods for construct details). Nucleofection was performed using the mouse neural
stem cell nucleofection kit (Lonza, VPG-1004) and Amaxa Biosystems Nucleofector I, program
A-33. For each nucleofection, 6 pug of shRNA plasmid was applied to 2x10° cells. Following
nucleofection, cells were allowed to recover for 24 hours in media with 1x antibiotic-antifungal.
Expression was then induced with 1 pg/mL doxycycline for 24 hours. Selection for transfected
cells was performed by adding 1.5 pg/mL of puromycin to media for 48 hours, after which cells

were harvested for western blot and/or limiting dilution assays.

Dose-response curves for m276-PBD

Cells were plated at 3000 cells/well in NS media into laminin — poly-L-ornithine coated 96-well-
plates (Corning). The antibody-drug-conjugate, m276-PBD, was tested at different concentrations
(40 nM to 1.5 nM range; see Figure S6B) in PBS. Each concentration was applied to 6 wells for
each culture PBS-only was used as control. Cell viability was assessed on day 4. Alamar blue
(Thermo Fisher Scientific, Cat# DAL1025) was added and incubated at 37°C in the dark for 4
hours. Fluorescence was measured on the Spectramax spectrophotometer and normalized to the

PBS control.

19


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 28, 2026 . Published by Cold Spring Harbor Laboratory Press

Limiting dilution assays (LDAs)

Cells were plated on uncoated 96-well plates in a two-fold dilution series spanning from 2000
down to 4 cells per well in NeuroCult NS-A media (StemCell Technologies, #05751). A total of 6
replicates were plated for each concentration. Sphere formation frequency was estimated using
ELDA (Hu and Smyth 2009).

For m276-PBD: Drug was diluted to 2x the LD of the culture (LD1o for G523: 5 nM; LD for
G583: 0.2 nM) in NS-A media. For treated wells, the compound was applied to a final
concentration of 1x LD1o, while an equivalent amount of PBS was applied to the control plate.
Sphere formation was scored on day 4.

For CD276 knockdown: Cells transfected with wither sh-CD276 constructs or scramble shRNA
control (see “Knockdown of CD276 with short hairpin RNA” above) were used in LDAs as

described above. Sphere formation was scored on day 7.

Western blots

Protein concentration was determined using DC (detergent compatible) protein assay (Bio-Rad,
#5000112). Samples were prepared in 20 puL at 15 pg/uL in Laemmle loading buffer. Samples
were run on 7.5% Mini-PROTEAN gels (Bio-Rad, #4568025). Primary antibodies used: anti-
CD276 (Cell Signalling, #14508S, Lot# 1) at 1:1000; mAb anti-B-ACTIN (Sigma-Aldrich, A5441,
Lot# 127M4866V, Clone AC-15) at 1:1000, anti-LAMIN B1 antibody (Abcam, #16048, Lot#
GR3197369-1) at 1:10,000. Secondary antibodies used: Goat anti-rabbit [gG H&L (HRP) (Abcam,

#6721, Lot# GR3192725-6) 1:20,000, Goat anti-mouse IgG H&L (HRP) (Abcam, #6789, Lot#
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GR242773-5) at 1:5000. Densitometry was performed with ImageJ (https://imagej.nih.gov)

(Schneider et al. 2012).

Hi-C library generation and sequencing

Hi-C libraries were generated by an in sifu Hi-C library protocol (Rao et al. 2014) with minor
modifications. Cellular inputs consisted of 2.5 million cells from GSC cultures that had been
grown to passage 11-15. See supplemental methods for complete library generation protocol.

For quality control of our Hi-C libraries, we generated ~20 million reads per library with a NextSeq
500 (Illumina) at the Centre for Health Genomics and Informatics (University of Calgary) and
assessed library quality using HICUP (Wingett et al. 2015). Final sequencing was performed on
an Illumina HiSeq 2500 at the Princess Margaret Cancer Centre (Toronto, ON). Analysis of Hi-C
libraries was performed using Juicer and the associated Juicer Tools (Durand et al. 2016). Loop
calls were generated using HICCUPS and represent the union of calls made at 5-kb, 10-kb, and
25-kb resolution. Domains were called using Arrowhead at each resolution of 5-kb, 10-kb, 25-kb,
50-kb, and 100-kb, with only 10-kb domain calls presented in the figures. Compartment calls were
generated from principal components of the Pearson correlation matrix of 50-kb contact maps. See

Supplemental Methods for all parameters used.

Enrichment of genomic features
Enriched gene sets were identified using GSEA (Subramanian et al. 2005). Statistical significance
of overlap between differentially expressed genes, loops, compartments, methylation probes,

CTCEF sites and structural variants was calculated by permutation testing wherein the observed
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intersection between two features was compared to the overlap measured by iterative subsampling

of a larger background dataset.

Evidence of higher-order reads

To identify sequencing reads supporting higher-order loops, all reads proximate to loop anchors
of interest were extracted from the ‘abnormal.sam’ alignment file produced by Juicer. This file
contains alignments for reads that failed to be incorporated in the Hi-C contact map, including
those that may have ambiguously aligned to more than two genomic positions. Reads were
identified as potential higher-order reads if they had three alignments on the same chromosome
with each separated by at least 100 kb. Interactions of more than three positions were not detected
from a single fragment likely due to rarity of these fragments within the libraries as well limitations

of sequencing depth and length.

Chromatin immunoprecipitation with highly parallel sequencing (ChIP-seq)

ChIP-seq was done as previously described (Magnani et al. 2013; Gallo et al. 2015) with some
modifications. Antibodies used were anti-CTCF (Cell Signaling, #3418, Lot #1) and anti-H3K27ac
(Active Motif, #39133, Lot# 31814008). ChIP-seq peaks were called using MACS2 callpeak
(Zhang et al. 2008) on filtered alignments from BWA-MEM (Li and Durbin 2009). Super-enhancer
regions were then identified using ROSE (Whyte et al. 2013; Lovén et al. 2013) on our H3K27ac

data. See supplemental methods for complete library generation protocol and analysis parameters.

C3D Analysis
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C3D (Mehdi et al. 2019) was run using signal from individual replicate bedGraph tracks for
H3K27ac ChIP, open regions as the union of H3K27ac peak calls for all three GSC cultures, and
interaction anchors as gene bodies + Skb. An interaction window of 5 Mb around gene bodies was

considered, and only interactions with g-value <= 0.1 were maintained.

Stem cell and immune gene clustering

Log normalized read counts from RNA-sequencing data were analysed using R 3.4.3 (IThaka and
Gentleman 1996). A Pearson correlation was computed between all genes, and hierarchical
clustering was applied to the result to cluster genes with similar expression patterns. Results were

plotted using heatmap.2 in the gplots package.

Bulk RNA-seq datasets

RNA from tissue and cells was extracted using Qiagen AllPrep DNA/RNA/miRNA Universal Kit
(catalog # 80224). Strand-specific RNA-seq (ssRNA-seq) libraries were constructed from total
RNA samples using plate-based protocols. Libraries were sequenced at 75 bp PET using V4
chemistry on a HiSeq 2500 instrument (Illumina) at the Genome Sciences Centre (Vancouver,
BC). Reads were aligned with the STAR aligner (Dobin et al. 2013) v2.4.2a to hg38 human
reference genome (from iGenome). R Bioconductor DESeq?2 package (Love et al. 2014) was used

for normalization and vst transformation of the gene expression matrix.

Structural variant analysis
WGS sequencing (150 bp paired-read) for GSC culture and matched blood samples were generated

using a HiSeq X Illumina sequencer. WGS data were aligned with BWA to the hg38 human
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reference genome (igenome) and further processed according to the GATK (McKenna et al. 2010)
best practice pipeline. The WGS dataset has a coverage of on average of 60x.

Manta was run on the processed BAM files using the default parameters with the matched blood
WGS data as a reference to detect somatic SV in the GSC lines. Loop anchors overlapping
predicted SV were then identified genome-wide using BEDTools intersect. Additional loops were

identified as SV-associated upon manual review of loop calls and Hi-C contacts.

DATA ACCESS
Raw Hi-C sequencing data generated in this study have been submitted to the European Genome-

phenome  Archive (EGA;  https:/www.ebi.ac.uk/ega/) under accession number

EGAS00001003493. Processed Hi-C data generated in this study have been submitted to the

WashU Epigenome Browser (http://epigenomegateway.wustl.edu/browser/) and can be visualized
at the URL

http://epigenomegateway.wustl.edu/browser/?genome=hg38&position=chr3:179800000-

182700000&hub=https://wangftp.wustl.edu/hubs/johnston_gallo/johnston_gallo_datahub.json

All processed data is available for download at https://wangftp.wustl.edu/hubs/johnston_gallo/
Raw ChIP-seq data generated in this study have been submitted to the NCBI Gene Expression

Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE121601. Bulk

RNA-seq data generated in this study have been submitted to the EGA with accession number

EGAS00001003700.
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FIGURE CAPTIONS

Figure 1. Culture-specific loops promote gene expression in GSCs.

(A) Heatmap of loop scores for loops in the top 2% of variance between cultures. Top multi-
colored bar indicates clusters of loops with shared patterns of differential representation between
the cultures. Loops called by HICCUPS as 5-kb to 100-kb resolution merged loops throughout this
figure.

(B) Enrichment for genes with elevated expression at culture-specific loops. Grey curve:
Frequency of detecting significantly elevated expression determined by 2000 permutations of
randomly sampled expression values from genes with non-unique loops. Vertical bar: Measured
number of differentially expressed genes found overlapping culture-specific loops, expressed as
Z-score.

(C) Hi-C contact maps for G523, G567 and G583 surrounding the QKT locus displayed at 5-kb
resolution. Green track: super-enhancers called using ROSE. Purple arc tracks: Loops identified
by HiCCUPS (union of 5-kb, 10-kb, and 25-kb calls) with thickness proportional to loop score.
Cyan arc tracks: culture-specific loops to QKI present in G523.

(D) Chimeric reads derived from the same DNA fragment that align to more than two loop anchors.
(E) Expression of QK7 in G523, G567 and G583 was determined by RNA-seq. Y-axis represents
read counts normalized to G567 to give fold enrichment values.

Figure 2. Genomic rearrangements cause differential super-enhancer interactions in GSCs.
(A) Number of loops associated with local SVs. Loops called by HICCUPS as 5-kb to 100-kb
resolution merged loops throughout this figure.

(B) Loop length separated by SV status. SV-associated loops tend to connect genomic loci
separated by a much larger apparent distance, although this is unlikely the true molecular distance
following chromosomal rearrangement. P values calculated by Wilcoxon rank-sum test.

(C) Hi-C contact maps assuming a standard chromosomal order indicate the formation of a ~140
Mb loop connecting JAK! to two super-enhancers at the other end of chromosome 1. The central
grey region lacks signal throughout due to repetitive pericentromeric regions with ambiguous
sequence alignments. Contact maps displayed at 250-kb resolution for the left panel and 5-kb
resolution for the right panels. Loops represent the union of 5-kb, 10-kb, and 25-kb HiCCUPS
calls.

(D) Schematic indicating how a large inversion brings the super-enhancers and JAK/ in close
proximity.

(E) Chimeric reads aligning to JAK/ and both super-enhancers. Additional higher-order reads were
detected but not all are displayed due to redundancy.

(F) Diagrammatic representation of the convergence of two SEs (SE1 and SE2) to the JAK! locus
in G523.

Figure 3. Interplay of 3D genome organization and chromatin features in transcriptional
control of stemness genes in GBM.

(A) Genes ranked by the number of loops they contact. Only genes with at least two loops are
displayed. Loops called by HICCUPS as 5-kb to 100-kb resolution merged loops throughout this
figure.

(B) Gene set enrichment analysis based on gene ranking in (A).
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(C) Integration of genome browser tracks for ROSE super-enhancer calls, CTCF ChIP-seq,
H3K27ac ChIP-seq, RNA-seq, compartments (50-kb), domains (10-kb), and loops (union of 5-kb,
10-kb, and 25-kb calls) determined by Hi-C at the SOX2 locus. Cyan arc tracks indicate a hub of
culture-specific loops in G523.

(D, E) Relative expression of SOX2 and SOX2-OT as determined by RNA-seq.

Figure 4. Culture-specific compartmentalization of SMOCI and RGS6.

(A) Relative expression of SMOCI and RGS6.

(B) Example of culture-specific compartmentalization in GSCs. Compartmentalization called at
50-kb, domains at 10-kb, and loops as the union of 5-kb, 10-kb, and 25-kb calls.

Figure 5. CD276 is an immune gene with elevated expression in GSCs.

(A) 3D genome and chromatin landscape at the CD276 locus. This panel integrates CTCF ChIP-
seq, H3K27ac ChIP-seq, RNA-seq, compartments (50-kb), domains (10-kb), and loops (union of
5-kb, 10-kb, and 25-kb calls) determined by Hi-C for three patient-derived GSC cultures (G523,
G567 and G583).

(B) Expression of CD276 was determined by RNA-seq in bulk GBM samples (n = 76), GSCs (n
= 76) and non-neoplastic brain tissue (n = 4). P-values were calculated with the Mann-Whitney U
statistical test.

(C) Survival of glioma patients stratified by CD276 expression in the French dataset. Median gene
expression was used to stratify patients. P-value was derived with log-rank statistics. Shading
around curve indicates 95% confidence interval.

(D) Patterns of expression of CD276 in the prenatal and postnatal human brain. Data were
extracted from BrainSpan.

Figure 6. CD276 as a potential therapeutic target.

(A,B) Western blots comparing CD276 levels between cultures exposed to (A) growth factor
withdrawal or (B) shRNA constructs targeting CD276. Densitometry was performed to normalize
CD276 signals to their respective loading controls.

(C) Limiting dilution analysis for G523 and G583 transfected with either scramble (control) or
shRNA constructs targeting CD276 (sh-CD276a and sh-CD276b). Data show mean sphere-
forming frequency. Error bars correspond to 95% confidence interval. P-values were determined
with ELDA.

(D) Limiting dilution analysis for G523 and G583 treated with m276-PBD or vehicle control. Data
show mean sphere-forming frequency. Error bars correspond to 95% confidence interval. P-values
were determined with ELDA.
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