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E2F and STAT3 provide transcriptional synergy for histone
variant H2AZ activation to sustain glioblastoma chromatin
accessibility and tumorigenicity
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The histone variant H2AZ is overexpressed in diverse cancer types where it facilitates the accessibility of transcriptional regulators
to the promoters of cell cycle genes. However, the molecular basis for its dysregulation in cancer remains unknown. Here, we report
that glioblastomas (GBM) and glioma stem cells (GSCs) preferentially overexpress H2AZ for their proliferation, stemness and
tumorigenicity. Chromatin accessibility analysis of H2AZ2 depleted GSC revealed that E2F1 occupies the enhancer region within
H2AZ2 gene promoter, thereby activating H2AZ2 transcription. Exploration of other H2AZ2 transcriptional activators using a
customized “anti-H2AZ2" query signature for connectivity map analysis identified STAT3. Co-targeting E2F and STAT3 synergistically
reduced the levels of H2AZ, histone 3 lysine 27 acetylation (H3K27ac) and cell cycle gene transcription, indicating that E2F1 and
STAT3 synergize to activate H2AZ gene transcription in GSCs. Remarkably, an E2F/STAT3 inhibitor combination durably suppresses
GSC tumorigenicity in an orthotopic GBM xenograft model. In glioma patients, high STAT3 signaling is associated with high E2F1
and H2AZ2 expression. Thus, GBM has uniquely opted the use of E2F1- and STAT3-containing “enhanceosomes” that integrate

multiple signaling pathways to achieve H2AZ gene activation, supporting a translational path for the E2F/STAT3 inhibitor

combination to be applied in GBM treatment.

Cell Death & Differentiation (2022) 29:1379-1394; https://doi.org/10.1038/s41418-021-00926-5

INTRODUCTION

Despite our improved molecular understanding of glioblastomas
(GBM), maximal surgical resection followed by radiotherapy and
adjuvant Temozolomide treatment remains the standard-of-care for
this disease. Tumor recurrence is unfortunately inevitable, high-
lighting an urgent need to uncover more durable treatment options
for GBM. A subset of GBM cells, commonly referred to as glioma
stem cells (GSCs), exhibit stem-like traits, robust proliferative and
invasive capacity, as well as therapy resistance, hence is widely
adopted as an invaluable experimental GBM model [1-5]. GBM
exploits various epigenetic aberrancies, including widespread
changes in DNA methylation, redistribution of histone marks and
interference in chromatin structure, to regulate its cell state and
differentiation programs [6-10]. We have also recently reported that
GBM is dependent on biotin distribution to carboxylases and
histones, in order to sustain its specific metabolic and epigenetic
requirement for proliferation and invasiveness [11].

Notably, two distinct isoforms of H2AZ variant histone, namely
H2AZ1 and H2AZ2 that are encoded by two non-allelic genes and
differ only by three amino acids, are overexpressed in multiple
cancers [12-15]. Like their canonical counterparts, the main
function of variant histone proteins is to generate nucleosomes
for genome organization within the nucleus. However, the variant
histones differ from the canonical histones in their unique
temporal expression patterns and genomic loci-specific deposi-
tion. As a result, they play a key role in controlling gene
transcription by directly affecting nucleosome structure and
stability or indirectly affecting chromatin organization via their
posttranslational modifications, thereby influencing organismal
development and tumorigenesis [16, 17]. While much is estab-
lished about the chromatin occupancy (e.g., mainly at gene
promoters and enhancers), deposition mechanisms (e.g., by p400
and SWI2-SNF2-related CBP activator protein (SRCAP)) and
posttranslational modification (e.g., acetylation) of H2AZ, as well
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as its effect on chromatin structure and gene transcription (e.g.,
destabilizes nucleosomes and facilitates gene transcription), how
H2AZ is dysregulated in cancer remains poorly understood
[14, 17-23]. Whether H2AZ levels influence GSC stemness and
GBM progression have also not been explored.

Genome sequencing studies of GBM have illuminated biologi-
cally relevant alterations in three core pathways, namely MDM2/
p53, Rb/E2F, and receptor tyrosine kinase (RTK)/Ras/phosphoinosi-
tide 3-kinase signaling, which endow GBM with unlimited
proliferative capacity [24, 25]. Given that histone protein synthesis
is required for cell proliferation, these dysregulated pathways may
exert a prominent role in histone gene regulation in GBM. Early
studies demonstrated a crucial role of H2AZ in cell cycle
progression and chromosome segregation, hinting that the
transcription of H2AZ, unlike that of other variant histones, may
be coupled to cell cycle progression [26, 27]. In addition, E2F1
regulates cell cycle gene transcription in a H2AZ- and BET
bromodomain protein-dependent manner in melanoma and GBM
[14, 17, 28]. There also appears to be a connection between
chromatin accessibility at E2F target genes and cell identity as it
decreases when wing and pluripotent stem cells differentiate and
exit from cell cycle [29, 30]. Collectively, these observations raise
the possibility that E2Fs may regulate H2AZ gene transcription,
which in turn affect cell proliferation and stemness of GSC.
Whether activation of other GBM signaling pathways, including
STAT3 that is downstream of RTK/JAK signaling, can direct H2AZ
transcription in GSC is also unclear. Such molecular insights are
important as they may offer new therapeutic opportunities
for GBM.

In this study, we report that E2F1 and STAT3 synergistically
activate H2AZ transcription in GSC by employing unbiased
epigenomic profiling and chemical biology approaches to identify
candidate transcriptional regulators. Our transcriptional analyses
of H2AZ led to the rational combination of E2F and STAT3
inhibitors as a potential anti-GSC therapy, which synergistically
reduced the levels of H2AZ, chromatin accessibility and cell cycle
gene expression. Intriguingly, a short-term treatment of GSC with
an E2F/STAT3 inhibitor combination durably impaired GSC
tumorigenicity in an orthotopic GBM xenograft model. Finally,
we highlight the intimate link between high STAT3 signaling, E2F1
and H2AZ2 expression in glioma patients. Thus, our findings
suggest that an E2F/STAT3 inhibitor combination may be further
developed for GBM treatment.

RESULTS

High expression of the H2AZ isoforms correlates with GBM
and GSC stemness

To assess the clinical relevance of the H2AZ isoforms in GBM, we
first examined their expression in GBM and GSCs. This revealed
their preferential overexpression in GBM and GSCs when
compared to the canonical H2A members, suggesting that the
H2AZ isoforms may play a critical role in regulating the epigenome
of GBM and GSC (Fig. 1A, B). Notably, the expression of the H2AZ
isoforms was significantly higher in GSCs than serum-induced,
differentiated GSCs, strengthening their relation with GSC stem-
ness (Supplementary Fig. S1A). The expression of both H2AZ
isoforms was also significantly higher in high grade (Grade Il and
GBM) than low grade gliomas and non-tumors in the TCGA and
NCI REMBRANDT datasets (Fig. 1C). Accordingly, we observed a
robust association between high H2AZ expression and poor
glioma patient survival in multiple patient cohorts (Fig. 1D). The
expression of both H2AZ isoforms was also significantly higher in
the proneural than mesenchymal and classical GBM subtypes in
the TCGA dataset, consistent with a potential role of H2AZ in GBM
stemness that is associated with the proneural subtype (Fig. 1E).
Correlative analysis of H2AZ levels with various GBM genotypes
revealed a significant, positive association with TP53 mutation and
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PDGFRA amplifications, but not IDHT mutation, promoter methyla-
tion of MGMT, CDK4/CDK6 amplifications and PTEN mutation in
GBM (Supplementary Fig. S1B-G). Interestingly, only H2AZ2 (but
not H2AZ1) expression rigorously correlated with GSCs as (1) its
expression was higher in GSCs (CD133™ or Nestin™9") than non-
GSCs (CD133™ or Nestin'") (Supplementary Fig. STH, I); and its
expression was significantly higher in GSCs than bulk GBM tumors
(Supplementary Fig. S1J). Given the lack of a H2AZ2-specific
antibody to further substantiate the overexpression of H2AZ2 in
GBM, we performed RNAscope analysis of H2AZ2 in glioma patient
tumor microarray wherein each single dot represents a H2AZ2
transcript at single cell resolution. This confirmed that GBM
preferentially expressed higher H2AZ2 levels than low grade
gliomas and non-tumors (Fig. 1F, G). Since the H2AZ1 and H2AZ2
isoforms share many similarities in their genome-wide occupancy
and protein interactions [14, 31, 32], we speculate that both
isoforms would regulate glioma proliferation. However, we
decided to focus on the H2AZ2 isoform in our transcriptional
studies due to its stronger correlation with GSC stemness markers,
including Nestin and CD133, than H2AZ1 from multiple published
datasets.

H2AZ2 depletion compromises GSC self-renewal/proliferation
and tumorigenicity

To evaluate the importance of H2AZ2 in GSC biology, we employed
a myriad of in vitro and in vivo assays, including the tumorsphere
assay (a readout for GSC proliferation); extreme limiting dilution
assay (a readout for tumor initiating cell frequency); soft agar colony
formation assay (a readout for GSC clonogenicity and transforming
potential); Transwell migration and invasion assay (a readout for GSC
invasiveness); and xenotransplantation assay (a readout for GSC
tumorigenicity) [5]. The efficient KD of H2AZ2 resulted in a dramatic
reduction in the number and size of tumorspheres of multiple GSC
lines (Supplementary Fig. S2A, B and Fig. 2A, B), indicating reduced
GSC proliferation (NB: the pan-H2AZ antibody detects both H2AZ2
and H2AZ1). Silencing H2AZ2 also significantly decreased GSC tumor
initiating cell frequency as revealed by the extreme limiting dilution
assay, which tracked with reduced FABP7 (a GSC marker) levels
(Fig. 2C, D). This corroborated with a significant reduction of GSC
colony formation upon H2AZ2 depletion (Supplementary Fig. S2Q).
Furthermore, H2AZ2 KD significantly impaired GSC invasiveness
(Fig. 2E, F) and sensitized GSC to carboplatin-induced apoptosis
(Supplementary Fig. S2D, E). Extending these in vitro findings to
xenotransplantation experiments, we showed that H2AZ2 depleted
GSCs generated significantly smaller tumor volume than the H2AZ2
intact controls (Fig. 2G, H). Accordingly, mice bearing H2AZ2
depleted GSCs survived significantly longer than those bearing
H2AZ2 intact GSCs (median survival of 42 vs. 29 days) (Fig. 2I).
Collectively, our data demonstrate that high H2AZ2 levels are crucial
for GSC proliferation, stemness, invasiveness and tumorigenicity.

Chromatin accessibility analysis unveils E2F1 as a
transcriptional activator of H2AZ2

The molecular basis for H2AZ2 overexpression in cancer remains
unclear. We hypothesize that the H2AZ2 protein may be
deposited on the promoters of GSC-critical genes, including
H2AZ2, where it controls the access of transcriptional complexes
to these genomic regions. To identify direct gene targets of the
H2AZ2 protein in GSC, we first performed H2AZ chromatin
immunoprecipitation followed by sequencing (ChIP-Seq) analysis
(using a pan-H2AZ antibody since H2AZ2 and H2AZ1 showed very
similar genome-wide occupancy [14, 32]). Consistent with
previous reports, we observed a selective enrichment of H2AZ
at the promoters (14.2%), CpG island (3.7%) and 5’ untranslated
regions (UTRs) (1.4%) of genes (Supplementary Fig. S3A, B)
[14, 32]. Comparison of H2AZ, H3K4me3 (active transcription
mark) and H3K27ac (active enhancer mark) ChIP-Seq peaks
showed that the H2AZ ChIP-Seq peaks colocalized with that of
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Fig. 1

High expression of the H2AZ isoforms correlates with GBM and GSC stemness. Gene expression of selected H2A variants and

canonical H2A in TCGA GBM (A) and GSCs (B). Only the top 4 canonical H2A genes (blue font) with the highest expression are shown. A *p <
1.0e—20 (Mann-Whitney test); B *p <0.01 (two-tailed unpaired Student’s t test) denotes that the given variant H2A gene expression is
significantly higher than expression of any of the shown canonical H2A genes. C Comparison of H2AZ mRNA levels in non-tumors vs. gliomas
of different clinical grades in TCGA and REMBRANDT cohorts. Man-Whitney test, *p < 0.05, **p < 1.0e—04, ***p < 1.0e—12. D Correlative
analysis of H2AZ levels with glioma patient survival in multiple glioma patient cohorts. OS overall survival. Wald test. E Correlative analysis of
H2AZ levels with classical (CL), mesenchymal (MES) and proneural (PN) GBM subtypes in TCGA GBM. Man-Whitney test, **p < 0.01, ***p < 0.001.
F Detection of H2AZ2 RNA transcripts in tumor cells from glioma patients of different clinical grades using the RNAscope assay. Scale bar, 10
pum. G RNAscope scores of H2AZ2 transcripts in different grades of glioma using glioma patient TMA (from F). H2AZ2 mRNA transcripts counts
are binned into three score classes according to the RNAscope ® Assay Semi-Quantative Scoring Guideline. Differences in gene expression are
estimated using Fisher-Freeman-Halton exact test. **p < 0.01, ***p < 0.001.
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Fig.2 H2AZ2 depletion compromises GSC self-renewal/proliferation and tumorigenicity. A, B Tumorsphere formation and representative
images of GSCs following H2AZ2 KD (N = 6) (mean * SD). *p < 1.0e—3. C In vitro limiting dilution assays of GSCs transduced with NT/control or
H2AZ2 shRNA calculated with ELDA analysis. D qRT-PCR analysis of FABP7 mRNA levels of GSCs with or without H2AZ2 KD (N = 3) (mean + SD).
The housekeeping genes include TBP, TATA box binding protein; HSP70, Heat shock protein 70; and ACTB, beta actin. *p < 0.05. E Transwell
migration and invasion assay of GSCs with H2AZ2 KD (n=3) (meanxSD). *p <0.05. F Representative images of (E). G, H In vivo
bioluminescence-based imaging 22 days post-orthotropic injection of GSC T5543 (1 x 10” cells) transduced with NT/control or H2AZ2 shRNAs.
Quantification of tumor volume based on bioluminescence (G) and representative images of the tumor-bearing mice (H) (n =5) (mean £ SD).
*p < 0.05. | Survival curves of mice implanted with GSC TS543 transduced with NT or H2AZ2 shRNA. A, C-E, G Two-tailed unpaired Student’s
t test; | log-rank test.

the H3K27ac, suggesting that H2AZ may regulate the accessibility DNA, accounting for 38.21% of the enhanced ATAC-Seq peaks
of transcriptional regulators to enhancer elements within GSC upon H2AZ2 KD (Fig. 3B and Supplementary Fig. S3D). That H2AZ2
gene promoters (Supplementary Fig. S3C). KD leads to reduced chromatin accessibility at enhancer regions
Next, the assay for transposase-accessible chromatin using within GSC gene promoters was consistent with a specific
sequencing (ATAC-Seq) analysis of H2AZ2 depleted vs. intact cells decrease in H3K27ac, but not H3K4me3 levels (Fig. 3C).
revealed that the majority of the differential ATAC-Seq peaks was To uncover genes whose promoter accessibility is directly
significantly reduced (6206 reduced peaks vs. 3346 enhanced controlled by the H2AZ2 protein, we intersected our H2AZ ChIP-
peaks) upon H2AZ2 KD (Fig. 3A). These reduced ATAC-Seq peaks Seq and ATAC-Seq datasets, and found H2AZ2 to be one of the
were mapped to gene promoters, CpG islands, 5 UTRs, as well as high confidence H2AZ2-associated genes that was common in
distal regions (including 3’ UTRs, exons, introns and transcription both analyses (Fig. 3D and Supplementary Table S1). Thus, the
termination sites) that were significantly enriched over genomic H2AZ2 protein associates with the promoter region of the H2AZ2

background control, accounting for 66.4% of the reduced ATAC- gene, where it may facilitate the access of transcriptional
Seq peaks upon H2AZ2 KD, indicating decreased chromatin regulators to the H2AZ2 gene promoter. Interestingly, our
accessibility mainly at gene promoters in GSC (Fig. 3B and integrative analysis also revealed that while H2AZ2 was deposited
Supplementary Fig. S3D). On the other hand, the enhanced ATAC- on numerous gene promoters, only a fraction of these gene

Seq peaks were mapped to repetitive elements, including short promoters (992 out of 12,306) significantly experienced chromatin
interspersed nuclear elements, long terminal repeats, and satellite compaction upon H2AZ2 depletion (Fig. 3D). From our ATAC-Seq
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Fig.3 Chromatin accessibility analysis unveils E2F1 as a transcriptional activator of H2AZ2. A Heatmaps displaying the differences in ATAC-
Seq signal after H2AZ2 KD. The panels on top of the heatmaps show the average signal for each group of regions in each individual sample.
B Barplot showing the log, enrichment of the observed over expected overlap of genomic regions with differential ATAC-Seq signal upon
H2AZ2 KD as shown in (A). C Western blot analysis of H3K27ac, H3K4me3, H3K9me3 proteins levels upon H2AZ2 KD of GSC. Histone H3 serves
as the loading control. D Venn diagram showing the 992 high confidence H2AZ2-associated gene targets from the intersection between the
H2AZ ChIP-Seq and ATAC-Seq analysis upon H2AZ2 KD. E Transcription factor enrichment analysis (ReMap software) within the significantly
decreased ATAC-seq peaks upon H2AZ2 KD. F Correlative analysis of H2AZ2 levels with that of E2F1 or E2F4 in glioma patients from TCGA and
REMBRANDT cohorts. G ChIP-qPCR analysis of E2F1 occupancy and H3K27ac levels on the H2AZ2 promoter in H2AZ2 depleted GSC (n =3)
(mean £ SD). ***p < 0.005. H qRT-PCR analysis of H2AZ2 and H2AZ1 mRNA levels in E2F1 KD GSC. HSP70 and TBP serve as the housekeeping
genes (n = 3) (mean % SD). *p < 0.05; **p < 0.005. | Western blot analysis of E2F1 and H2AZ protein levels upon E2F1 KD in GSC. J Quantification
of H2AZ band intensities in (I) when normalized to the p-actin control (n = 3) (mean + SD). **p < 0.005. G, H, J Two-tailed unpaired Student’s
t test.
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analysis of H2AZ2 KD cells, we searched the ReMap datasets and
identified E2F4 among the top glioma-relevant transcriptional
regulators whose promoter accessibility may be altered in H2AZ2
depleted cells (Fig. 3E and Supplementary Table S2). The E2F
family of transcription factors (TF) regulate S-phase entry and
there are at least seven E2F members in mammals. E2F1, E2F2 and
E2F3 have potent transcriptional activation activity, interact
exclusively with pRb and are expressed periodically during the
cell cycle [33]. In contrast, E2F4 and E2F5 are poor transcriptional
activators and appear to function as repressors by recruiting
pocket proteins to E2F-regulated promoters [33]. Since E2Fs bind
to similar DNA binding sequences [34], we conducted correlative
analysis of H2AZ2 with E2F1 and E2F4 in TCGA glioma. There was a
significant association between H2AZ2 and E2F1 (but not E2F4),
suggesting that E2F1 may be co-expressed with H2AZ2 in glioma
(Fig. 3F). Integrative analysis of our ATAC-Seq, H3K27ac and H2AZ
ChIP-Seq data, together with a published E2F1 ChIP-Seq analysis
of the U87 GBM cell line further supported the idea that E2F1 may
bind to the enhancer element within H2AZ2 gene promoter in GSC
(Supplementary Fig. S3E) [28]. Indeed, we validated a significant
decrease in E2F1 occupancy at the enhancer region within H2AZ2
gene promoter upon H2AZ2 depletion, which corresponded with a
reduction in the H3K27ac mark (Fig. 3G). Accordingly, E2F1 KD
significantly decreased H2AZ2 (and H2AZ1) mRNA and protein
levels in GSC (Fig. 3H-J). Importantly, we showed that H2AZ2
overexpression can partially rescue the impaired colony formation
of E2F1 KD GSC, indicating that H2AZ2 levels in part contribute to
the effect of E2F1 on GSC proliferation (Supplementary Fig.
S3F-H). Thus, we conclude that E2F1 activates H2AZ2 transcription
in GSCs.

E2F inhibition does not fully recapitulate the transcriptomic
changes elicited by H2AZ2 KD

In melanoma, it was proposed that H2AZ2 exerts its oncogenic
function by recruiting E2F1 and BRD2 to the promoters of cell
cycle genes [14]. Thus, we asked if direct E2F inhibition (to mimic
reduced E2F chromatin accessibility upon H2AZ2 depletion) by
using HLM006474, a selective E2F inhibitor (hereafter referred to
as E2Fi) [35], is sufficient to elicit the H2AZ2 KD-associated
transcriptomic changes in GSC. First, we demonstrated that 15 uM
E2Fi treatment significantly reduced GSC viability similar to that of
H2AZ2 KD (Fig. 4A). RNA-Seq followed by ConsensusPathDB
analysis of the differentially expressed genes (DEGs) revealed that
while both 15 pM E2Fi treatment and H2AZ2 KD downregulated
the cell cycle pathway, H2AZ2 depletion also downregulated other
GSC-critical pathways, including DNA replication and Rho GTPase
signaling (related to cell migration) (Fig. 4B, C). Transcriptomic
comparison of the E2Fi-treated vs. H2AZ2 KD GSC showed that
there were about 118 common downregulated genes, including
PLK1, BIRC5, CDC20, KIF20A, AURKA that are well-established E2F
targets (Fig. 4D). We validated a subset of cell cycle genes from
our RNA-Seq data, including MELK (that encodes a serine/
threonine-protein kinase that is involved in cell cycle regulation
and self-renewal of GSCs [36]) and PLK1 (that regulates centro-
some maturation and spindle assembly, mitotic exit, cytokinesis
and survival of GSCs [37]) in H2AZ2 depleted GSC (Supplementary
Fig. S4A). As expected, H2AZ2 depleted GSCs exhibited a block in
G1— S progression (Supplementary Fig. S4B) and there was a
significant reduction in S-phase cells upon H2AZ2 KD as revealed
by transient BrdU labeling analysis (Supplementary Fig. S4C, D). To
more precisely determine the downstream consequence of H2AZ2
KD in GSC, we performed further integrative analyses and found
that about 99 high confidence H2AZ2-associated genes with
reduced transcriptional output potentially harbor E2F1 and/or
STAT3 binding sites (68 E2F1 targets; 2 STAT3 targets; 18 E2F1 and
STAT3 targets, including H2AZ2) (Supplementary Fig. S4E, F and
Supplementary Table S3). Therefore, a direct outcome of H2AZ2
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gene silencing appears to reduce promoter accessibility of E2F1
and STAT3 to their target genes, which influence GSC proliferation
and invasiveness. Accordingly, H2AZ2 KD treatment significantly
reduced p-STAT3 levels in GSC (Fig. 4E, F). It is notable that
p-STAT3 levels also decreased with 15 uM E2Fi treatment of GSC,
consistent with H2AZ downregulation upon E2F1 KD (Fig. 4E, F
and 3l). Collectively, our findings indicate that E2F inhibition does
not fully recapitulate the transcriptomic alterations that are
elicited by H2AZ2 KD in GSC.

A chemical biology approach identified STAT3 as another
H2AZ2 transcriptional activator

Next, we attempted to identify other transcriptional regulators of
H2AZ2 by inferring from compounds that can downregulate H2AZ2-
associated genes (as a readout of H2AZ2 level). To this end, we
generated a query signature that comprised the low expression of
H2AZ2-positively correlated genes and high expression of H2AZ2-
negatively correlated genes in TCGA gliomas, and submitted this
“anti-H2AZ2" gene signature to the Connectivity Map Analysis (CMA)
(Fig. 5A and Supplementary Table S4). Briefly, CMA is a catalog of
thousands of drug-induced gene expression profiles, which provides
the opportunity to discover compounds that elicit similar (e,
activators) or dissimilar (i.e, inhibitors) gene expression profiles to
the query signature [38]. Using this approach, we identified
palbociclib as a top hit confirming our previous finding that the
E2Fs regulate H2AZ2 expression (Supplementary Fig. S5A). Among our
CMA hits, we also found TG101348 (a JAK2-selective inhibitor) and
dovitinib (a multi-targeted RTK inhibitor), suggesting that inhibition of
the RTK/JAK/STAT pathway may also downregulate H2AZ2 (Supple-
mentary Fig. S5A). We decided to focus on STAT3 inhibitors due to
our previous observation that the H2AZ2 gene promoter may also
harbor STAT3 binding site (Supplementary Table S3).

We first evaluated the effect of S31-201 (a well-established STAT3
inhibitor) on GSC viability after a 3-day treatment. Treatment of GSCs
with S31-201 significantly decreased GSC viability in a dose-dependent
manner (Fig. 5B). STAT3 inhibition led to a significant decrease in
H2AZ mRNA and protein levels in GSC (Fig. 5C-E), which
corresponded to reduced STAT3 occupancy on the enhancer region
within the H2AZ2 gene promoter (Fig. 5F, G). We also assessed the
transcriptomic changes upon S31-201 treatment of GSC. Reassuringly,
S31-201 treatment reduced the expression of a subset of genes in the
“anti-H2AZ2" gene signature that is expected to be downregulated in
our CMA (Supplementary Fig. S5B). In contrast to the downregulation
of cell cycle pathway upon E2Fi treatment, S3I-201 treatment
significantly downregulated genes that were enriched in pathways,
including extracellular matrix organization (related to cell migration) in
GSC (Figs. 4B and 5H. Taken together, these results indicate that
STAT3 also regulates H2AZ2 gene transcription in GSC.

S31-201 synergizes with E2Fi in reducing H2AZ expression and
GSC viability

To address if E2F1 and STAT3 may regulate H2AZ2 transcription in
a synergistic or redundant manner, we first quantified GSC
viability with E2Fi, S3I-201 and E2Fi/S3I-201 combination treat-
ments (3 days). Strikingly, the combination of 75 uM S31-201 and
10 uM E2Fi resulted in a reduction of cell viability that was
significantly greater than that achieved with 75 uM S31-201 or 10
MM E2Fi treatment alone (combination: >95%; S3I-201 or E2Fi:
40-60%) (Fig. 6A). This was accompanied by more cellular
apoptosis in drug combination-treated GSC than that of single
agent treatment (Fig. 6B). In contrast, there was only a modest
decrease in the cell viability of non-cancerous mouse astrocytes
under similar treatment conditions (~10%) (Fig. 6A). The
synergistic anti-GSC activity from the E2Fi/S31-201 combination
was not due to off-target effects of E2Fi as similar results were
obtained with the combination of palbociclio and S3I-201
(Supplementary Fig. S5C). RNA-Seq followed by ConsensusPathDB
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analysis of the DEGs revealed that the drug combination
downregulated many pathways, including cell cycle, DNA replica-
tion, generic transcription, Rho GTPase signaling, signal transduc-
tion and extracellular matrix organization (Fig. 6C). We also
observed that the drug combination led to the strongest decrease
in cell cycle gene expression when compared to E2Fi or S31-201
alone (Fig. 6D), which tracked with the greatest reduction of H2AZ
and H3K27ac protein levels in GSC (Fig. 6E-H). Since E2F1 and
STAT3 regulate H2AZ2 gene transcription by binding to the
enhancer region within H2AZ2 gene promoter, we next asked if
E2F1 can interact with STAT3. Using 293T cell lysates that have
STAT3 and HA-tagged E2F1 being overexpressed, we found a faint
E2F1 band in the STAT3 immunoprecipitates (Supplementary Fig.
S5D). In contrast, no E2F1 was detected in the STAT3 immuno-
precipitates from GSC lysates (Supplementary Fig. S5E). These
STAT3 immunoprecipitation experiments suggest that E2F1 may
weakly/ transiently interact with STAT3 as the E2F1-STAT3
interaction can only be detected when the levels of both proteins
are high. Thus, we conclude that co-inhibiting E2F and
STAT3 synergistically decreases H2AZ levels, chromatin accessi-
bility (reflected by H3K27ac levels), cell cycle gene transcription
and GSC viability.

S31-201/E2Fi combination potently and durably impairs GSC
tumorigenicity

Although some CDK4/6 inhibitors can penetrate the blood-brain
barrier, there are currently no such STAT3 inhibitors [39-42]. Thus,
we generated orthotopic xenografts using GSCs that were
pretreated with S31-201, E2Fi or E2Fi/S3I-201 combination (3 days)
to evaluate the durability of the respective drug treatment on
tumor growth. Strikingly, GSCs with the drug combination
treatment remained cytostatic while those with single agent
treatment grew albeit at a slower rate when compared to vehicle
control (Fig. 7A, B). We confirmed the engraftment of the drug
combination-treated GSC in the mouse brains (50 days post-
transplantation), as detected using a human NES-specific anti-
body, indicating that the cells were alive at the time of
transplantation (Fig. 7C). Accordingly, all mice that were chal-
lenged with drug combination-treated GSC remained alive for
more than 50 days posttransplantation, while those that bore
GSCs with single agent treatment only had an extended survival of
7-8 days when compared to the vehicle control (Fig. 7D) (NB:
H2AZ2 KD extended median survival by 13 days (Fig. 2I)). These
results corroborate with significantly less H3K27act GSC in drug
combination-treated GSC (at 50 days posttransplantation) when
compared to the DMSO control (at mouse euthanasia) (Fig. 7E, F).
Finally, we asked if the E2F/STAT3 inhibitor combination may find
its utility in glioma treatment. In both TCGA and Gravendeel
cohorts, gliomas with a STAT3"9" gene signature (associated with
inferior glioma patient survival and GBM [39]) significantly
expressed higher E2F1 and H2AZ2 levels than tumors with a
STAT3'°% gene signature (Fig. 7G, H). To strengthen the idea that
H2AZ2 also regulates cell cycle genes in glioma patients, we
subjected genes that positively correlated with H2AZ2 expression
in gliomas to the ConsensusPathDB analysis, revealing an
enrichment of the cell cycle pathway in both TCGA and
REMBRANDT cohorts (Fig. 7I). Collectively, these findings demon-
strate the superior anti-GBM activity of the E2F/STAT3 inhibitor
combination and its potential application in GBM treatment.

DISCUSSION

In this study, we first ascertain the clinical and functional relevance
of H2AZ2 in GBM malignant progression before setting out to
investigate its transcriptional regulation. On the basis of our ChIP-
Seq, ATAC-Seq and RNA-Seq analyses, we propose the following
model to explain how the H2AZ2 protein can regulate the

SPRINGER NATURE

transcription of H2AZ2 and other GSC-critical genes. When the
H2AZ2 protein is expressed, its deposition at enhancer region
within gene promoters confers an “open” chromatin conformation
that allows the access of E2F1 and STAT3 to the promoters of
H2AZ2 and other E2F and STAT3 target genes (Supplementary Fig.
S6A). In this way, the H2AZ2 protein facilitates the transcription of
these genes to promote GSC proliferation, self-renewal, invasive-
ness and tumorigenicity. Upon H2AZ2 KD, a more compact
chromatin conformation reduces the accessibility of E2F1 and
STAT3 to the enhancer region within the promoters of E2F and
STAT3 target genes. This decreases transcription of genes in the
cell cycle (E2F-regulated) and Rho GTPase (STAT3-regulated)
pathways, thereby impairing GSC function (Supplementary Fig.
S6B). Co-inhibition of E2F/STAT3 decreases the transcription of
H2AZ2 and other E2F and STAT3 target genes (Supplementary Fig.
S6C). The downregulation of H2AZ2 gene transcription leads to
less H2AZ2 protein, which in turn reduces H3K27ac levels and
hence cell cycle gene expression (Fig. 6). Such epigenetic changes
are a secondary effect of H2AZ2 downregulation upon E2F/STAT3
co-inhibition. Thus, the E2F/STAT3 inhibitor treatment mimics
H2AZ2 KD (Figs. 4C and 6C). That E2F/STAT3 provide transcrip-
tional synergy for H2AZ2 gene activation is a phenomenon that
has also been described in embryonic stem cells where the
binding of multiple TFs to enhancer regions generate “enhanceo-
somes” that are proposed to mediate embryonic stem cell-specific
gene expression [43]. Interestingly, the same study reported that
STAT3 and E2F1 do not frequently co-occupy on these multiple
TF-binding loci in embryonic stem cells. Thus, GBM has uniquely
opted the use of E2F1- and STAT3-containing enhanceosomes
that integrate multiple signaling pathways to achieve H2AZ gene
activation. Since H2AZ levels are higher in GSCs than non-GSCs,
this suggests that the GSCs are dependent on H2AZ-associated
chromatin conformation to sustain their cell identity.

Previously, it was demonstrated that H2AZ2 recruits E2F1 and
BRD2 to the promoters of cell cycle genes to drive melanoma
proliferation and invasiveness [14]. From our transcriptomic
comparison of H2AZ2 KD and drug-treated GSC, we found that
the downregulated pathways of H2AZ2 KD cells resembled that of
E2Fi/S31-201 combination treatments, suggesting that both E2F1
and STAT3 chromatin occupancy may be compromised in the
absence of H2AZ2. This would be consistent with our integrative
analyses showing E2F1 and/or STAT3 target genes among the 99
high confidence H2AZ2-associated genes with reduced transcrip-
tional output upon H2AZ2 KD (Supplementary Fig. S4E, F). Notably,
our mechanistic studies also illuminate a previously unrecognized
E2F1-H2AZ2 feedforward loop wherein E2F1 transcriptionally
activates H2AZ2, and the chromatin-incorporated H2AZ2 protein
in turn facilitates the access of E2F1 to the promoters of E2F target
genes. Thus, the E2F1-H2AZ2 feedforward loop may serve to
ensure the uninterrupted transcription of cell cycle genes that is
required for rapid GBM proliferation. Accordingly, H2AZ2 over-
expression can partially rescue the loss of GSC colony formation
upon E2F1 depletion, supporting the view that E2F1 functions in
part through H2AZ2 to promote GSC proliferation (Supplementary
Fig. S3F-H). Given the widespread H2AZ and E2F dysregulations
across diverse cancer types, these findings suggest that the E2F-
H2AZ feedforward loop may be a common theme in cancer.

As the Rb/E2F pathway is frequently deregulated in cancer, E2F
inhibition using CDK4/6 inhibitors are widely explored as
therapeutic agents in cancer. However, the dose-limiting toxicities
of the CDK4/6 inhibitors and the inevitable resistance of tumor
cells toward them have limited their clinical application, with the
exception of ER+ metastatic breast cancer [44, 45]. As a result,
there are now more than 100 clinical trials that attempt to
combine CDK4/6 inhibitors with targeted therapies, chemothera-
pies or immunotherapy for development of more superior anti-
cancer treatment options [44]. Our transcriptional studies of
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H2AZ2 led us to explore the use of E2F/STAT3 inhibitor
combination as an anti-GSC treatment. There are attempts to
combine CDK4/6 inhibitors with MEK inhibitors (for RAS-driven
cancers) or PI3K inhibitors (for breast cancer), but to our
knowledge this study is the first to propose the use of E2F/STAT3
inhibitor combination for GBM treatment [46]. Strikingly, a 3-day
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treatment of GSC with the drug combination induced a sustained
cytostatic effect (for as long as 50 days post-treatment) that is not
achievable with single agent treatment, suggesting that H2AZ
reduction beyond a certain threshold level may temporarily erase
the “transcriptional memory” of GSC for cell cycle gene activation.
“Transcriptional memory” is a phenomenon that occurs in genes
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Fig. 7 S31-201/E2Fi combination potently and durably impairs GSC tumorigenicity. Quantification of tumor volume based on in vivo
bioluminescence-based imaging (A) and representative images (B) of the tumor-bearing mice at 24 days posttransplantation (n = 6) (mean +
SD). The mice were challenged with of DMSO, 10 uM E2Fi, 75 uM S31-201, or 10 uM E2Fi + 75 uM S31-207-treated GSC TS543 (1 x 10° cells;
3 days treatment). Two-tailed unpaired Student’s t test; *p < 0.05, **p < 0.01. C Representative images of mouse brains showing engraftment of
drug combination-treated GSC as detected using a human-specific anti-NES antibody (n = 3). D Survival curves of mice from A. Log-rank test.
*p < 0.001. Representative images (E) and frequency (F) of H3K27ac* GSC (NES™) in DMSO vs. drug combination-treated GSC (n = 3, 4 sections
per mouse brain) (mean + SD). Comparison of E2F1 (G) and H2AZ2 (H) mRNA levels in TCGA and Gravendeel glioma patients based on a
STAT3"9" ys, STAT3'°" gene signature. | Pathways that are overrepresented in H2AZ2 correlated genes in glioma patients from TCGA and

that are frequently primed for reactivation and it allows cells to
mount a more rapid transcriptional response to a previously
experienced environmental challenge [47]. An example of
“transcriptional memory” may be illustrated by the regulation of
INO1 expression in yeast. H2AZ deletion leads to the inability of
yeast cells to retain INOT at the nuclear periphery after repression,
failure to recruit RNA Pol Il and thus a defect in the reactivation of
INO1 gene [47]. This corroborates with the established role of
H2AZ in RNA Pol Il recruitment and elongation, as well as
maintenance of chromatin that can be readily remodeled for
active transcription [48, 49].

In summary, we demonstrate that E2F1 and STAT3 provide
transcriptional synergy for H2AZ activation that is required to
sustain GBM chromatin accessibility and tumorigenicity. Our
transcriptional studies of H2AZ also unveiled an E2F/STAT3
inhibitor combination that durably suppresses GSC tumorigenicity.
The GSCs contribute to GBM proliferation, invasiveness, angiogen-
esis, plasticity and therapy resistance, thus represent the GBM
subset that is the most attractive to target for effective new GBM
treatment options [50]. Because numerous CDK4/6 and STAT3
inhibitors currently exist, including some that are already FDA-
approved, it should be relatively straightforward to assess their
clinical efficacy as a combinatorial therapy in GBM patients. With
the challenge of delivering clinically useful doses of STAT3
inhibitors into the brain, our findings will also motivate efforts
to develop new generation, blood-brain barrier-permeable STAT3
inhibitors that can subsequently be combined with CDK4/6
inhibitors for effective GBM eradication.

MATERIALS AND METHODS

Cell lines and compounds

Human GBM-derived GSCs were provided by Dr. Cameron Brennan
(Memorial Sloan Kettering Cancer Center) and Dr. Ronald A. DePinho (MD
Anderson Cancer Center). The GSCs were cultured in human neural stem
cell Maintenance Media (Millipore), 1% Penicillin-Streptomycin (PS), and
supplemented with EGF and bFGF (20ngml~" each). Non-cancerous
mouse astrocytes (C8-D1A from ATCC) were provided by Dr. Thiruma V.
Arumugam (La Trobe University) and cultured with DMEM/F12 with 10%
FBS and 1% PS. HEK293T cells were cultured with DMEM with 10% FBS and
1% PS. The following compounds were used in this study: Carboplatin
(Tocris, 2626), S31-201 (Selleckchem, S1155), HLM006474 (Selleckchem,
$8963), Palbociclib (MedChemExpress, HY-50767).

RNAscope assay

Fluorogenic RNAscope was performed on fixed cells or TMA (US Biomax)
sections using company protocols. Briefly, TMA sections were baked at 60 °
C for overnight, dewaxed and air-dried before pre-treatments. For all tissue
sections a standard pre-treatment protocol was used. Test probes included
Hs-OLIG2 (424191 Accession # NM_005806.3 - target region 959-2502),
H2AZ2 (3000031 Accession #NM_138635.3 sequence region 1668-3217)
and ITGA6 (559021 Accession # NM_001079818.1 -target region 831-1791)
were used to stain the TMAs. Detection of specific probe binding sites was
with RNAscope Multiplex Flourescent Reagent Kit v2 from ACD (Cat. No.
323100) with TSA Plus Cyanine3, and TSA Plus Cyanine5 (PerkinElmer). For
semi-quantitative microscopical evaluations of control or test probe mRNA
detection by RNAscope, the RNAscope®Assay Semi-Quantative Scoring
Guideline was implemented. Based on manufacturer’s recommendation,
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REMBRANDT cohorts using ConsensusPathDB analysis. G, H Mann-Whitney test, (I) hypergeometric test.
<

score 0 corresponded to no staining or <1 dot/10 cells; score 1: 1-3 dots/
cell; score 2: 4-9 dots/cell and/or no/very few dot clusters; score 3: 10-15
dots/cell and/or <10% dots are in clusters.

DNA constructs

The shRNAs against human H2AZ2 (shH2AZ2#1, TRCN0000278497 and
shH2AZ2#2, TRCN0000278496) and human E2F1 (shE2F1, TRCNO000010328)
were purchased from Sigma. GSCs were transduced with viral particles.
pDONR223_STAT3_WT (Plasmid #82235) and pCMVHA E2F1 (Plasmid
#24225) were purchased from Addgene. The STAT3 ORF was subsequently
shuttled into the pHAGE-EF1a-IRES-GFP vector (kindly provided by Dr. Ronald
A. DePinho from MD Anderson Cancer Center) using Gateway cloning.

In vitro limiting dilution and tumorsphere formation assays
GSCs were stained with PI, and Pl-negative cells (n > 6) were flow-sorted
with decreasing number of cells per well (1, 10, 25, and 100) plated in 96-
well plates. The percentage of wells with tumorspheres was quantified
after 7 days under a microscope. Extreme limiting dilution analysis was
performed using software available at http://bioinf.wehi.edu.au/software/
elda/. The tumorsphere formation assay involved seeding GCs at a density
of 1 cell per ul, and the number of tumorspheres in each well was
quantified after 7 days.

Anchorage-independent growth assay

Anchorage-independent growth assays were performed in replicates of
four in six-well plates. Indicated cells were seeded (1 x 10* cells per well) in
stem cell proliferation media with EGF and BFGF containing 0.5% low-
melting agarose on the top of bottom agar containing 1% low-melting
agarose stem cell proliferation media with EGF and BFGF. After 14-21 days,
colonies were stained with iodonitrotetrazoliumchloride (Sigma) and
counted. Each assay was performed in triplicate.

Transwell migration and invasion assay

The invasiveness of GSCs was measured using 6.5 mm Transwell with 8.0
pum pore polycarbonate membrane insert (Corning, CLS3422). Membrane
was coated with Matrigel Basement Membrane Matrix (100 pg/cm?) (BD
Biosciences). The drug-treated cells were seeded in the upper compart-
ment with serum-free GSC medium. The wells of the lower chamber were
filled with GSC medium containing 10% FBS. At the end of the invasion
assay, chambers were removed, fixed, and stained with a 0.5% Crystal
Violet. Cells on the upper surface of the filters were removed by wiping
with a cotton swab, and invasion was determined by counting the cells
that migrated to the bottom side of the filter using at least ten fields per
insert at x20 magnification. Each assay was performed in triplicate.

Immunofluorescence

For immunofluorescence, GSCs, and mouse brain samples were fixed,
blocked, and incubated with anti-BrdU (Biolegend, 339802), Nestin (Merck
Millipore, MAB5326), or H3K27ac (Abcam, ab4729) for overnight at 4 °C.
Following, secondary antibodies conjugated with Alexa 488 (Molecular
Probes) or Alexa 555 (Molecular Probes) were applied. Images were
captured with a Leica DCF 9000 GT digital camera, using a Leica DMi8
microscope. Data presented are from two independent experiments with
similar results.

RNA isolation and qRT-PCR
RNA was isolated with RNeasy® Mini or Micro Kit (Qiagen), and then used
for first-strand ¢cDNA synthesis using random primers and SuperScriptlll
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Reverse Transcriptase (Invitrogen). qRT-PCR was performed using
PowerUp™ SYBR® Green Master Mix (Applied Biosystems). Primers are
listed in Table S5. The relative expression of genes was normalized using
the indicated housekeeping genes. Each assay was performed in triplicate.

Western blot analysis and antibodies

Whole cell lysates were prepared in RIPA buffer (Thermo) with protease
inhibitor (Roche), and phosphatase inhibitor (Roche). For histone protein,
cells were incubated with 0.5 Triton X-100 for 10 min, and pellets were
incubated with 0.2N HCl overnight at 4°C. Protein concentration was
determined by DC Protein Assay (Bio-rad), and equal amount of protein
samples was used to perform SDS gel electrophoresis and transferred onto
nylon membranes (Bio-rad). TBST with 5% skim milk was used for blocking.
Incubation with primary antibody was performed at 4°C for 16 h. The
following antibodies were used: Cleaved-caspase3 (Cell Signaling, 9661),
H3K27ac (Abcam, ab4729), H3K4me3 (Abcam, ab8580), H3K9me3 (Abcam,
ab8898), H3 (Abcam, ab1791), phospho-STAT3 (Cell Signaling, 9145), STAT3
(ZooMAB, ZRB-1004 and Cell Signaling, 9139), E2F1 (Millipore, 05-376),
H2AZ (Active Motif, 39113), HA (Proteintech, 51064-2-AP), Vinculin (Sigma,
V9131) and B-actin (Sigma, A5316), HRP-linked anti-rabbit IgG antibody
(Cell Signaling, 7074), HRP-linked anti-mouse IgG antibody (Cell Signaling,
7076). Quantification of protein expression was performed using Image J,
and either Vinculin or -actin was used as the loading control for protein
normalization. Each assay was performed in triplicate.

RNA-seq analysis

GSC TS543 were transduced with non-targeting and H2AZ2 shRNAs, or
treated with DMSO, 75 pM S31-201, 10 uM HLMO006474, 15 uM HLM006474,
75uM S31-201, or 10 yM HLMO06474 + 75 uM S31-201 for 3 days (three
biological replicates per condition). Total mMRNA samples were sent to Axil
Scientific Pte Ltd, Singapore and NovogeneAIT Genomics Singapore for
RNA-Seq analysis. Transcriptomic sequencing (RNA-Seq) was performed on
the lllumina HiSeq platform according to the standard paired-end protocol.
RNA-seq data quality was monitored via FASTQC package (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Adapters and overrepre-
sented sequences have been removed using cutadapt software (https://
cutadapt.readthedocs.io/en/stable/). Further reads preprocessing was
performed by Trimmomatic (version 0.36) with the parameters: LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:50. Mapping of RNA-seq reads
was done using STAR_2.5.0a [51] with default parameters for RNA-seq data;
RSEM software [52] were used to quantify the gene-level expression. EBSeq
package was utilized for differential gene expression analysis. Gene set/
pathway enrichment analysis was performed using the ConsensusPathDB
(http://consensuspathdb.org/). Functional pathway enrichment visualiza-
tion was performed via Enrichment Map plugin in Cytoscape (version3.7.1)
(https://cytoscape.org/). In order to generate the Enrichment Map plots,
the lists of significantly enriched terms (g value < 0.05) under REACTOME
were used as an input for the Enrichment Map plugin.

Figure S5B was generated using the filtered gene list of “Anti-H2AZ2"
gene signature used as query in Connectivity Map Analysis. Filtering was
performed by selecting all significantly DEGs between two conditions
(padj < 0.05, DMSO vs. treatment with S31-201) in the list with fold changes
either >1.3 or <—1.3 for both up- and downregulated genes.

ChIP-seq and ChIP-qPCR analyses

Briefly, cells were cross-linked with 1% formaldehyde for 10 min at room
temperature. The cells were lysed using SDS Lysis buffer for ChIP (1%
SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8). The lysate was then sonicated
for 25 cycles at 30% amplitude (15s ON and 45s OFF). The sonicated
samples were then diluted in ChIP dilution buffer (0.01% SDS, 1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8, 167 mM NaCl) and used for
the immunoprecipitation with anti-H3K4me3 (Abcam, Ab8580) or
H3K27ac (Abcam, Ab4729) for ChIP-Seq, and rabbit IgG, mouse IgG,
STAT3 (Cell Signaling, 9139), E2F1 (Millipore, 05-376), or H3K27ac for
ChIP-gPCR with protein A/G agarose beads. After an overnight
incubation with antibody, the bound DNA was washed sequentially
with low salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCl pH 8, 150 mM NaCl), high salt wash buffer (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8, 500 mM NaCl), LiCl wash buffer
(0.25 M LiCl, 1% NP40, 1%deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH
8) and TE wash buffer (10 mM Tris-HCI pH 8, 1 mM EDTA) to remove non-
specific sequences and eluted in the elution buffer (84 mg NaHCO3, 1 ml
10% SDS, 9 ml H,0). Then the samples were reverse cross-linked using
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Nadl at 65 °C overnight. The eluted DNA was purified and used for library
preparation or ChIP-gPCR.

Library preparation was performed as follows. Briefly, end repair with
NEBNext End Repair enzyme (NEB, E6050) and clean-up with 2.4x volume
AMPure XP beads (Beckman Coulter, A63880). A-tailing with Klenow
Fragment (3’ -5 exo-, NEB, M0212) and purified with 2.4x volume
AMPure XP beads. Adapter ligation reactions contained annealed universal
adapter and T4 rapid ligase (NEB, B0202) and clean-up with 1.8x volume
AMPure XP beads. Chromatin was amplified using KAPA Real-time Library
Amplification Kit (KAPABIOSYSTEMS, KK2701) with universal primer and
barcoded primer. Amplified chromatin was purified with QIAquick Gel
Extraction Kit (Qiagen). Processing of ChIP-Seq data was very similar to the
analysis of ATAC-Seq data, except that the significant ChIP-Seq peaks were
identified using the MACS2 software (version 2.1.1.20160309) [53] at a
cutoff of g value 0.05.

In total, 12,306 putative gene targets of H2AZ in Fig. 3D have been
obtained by annotating H2AZ ChIP-Seq regions generated in the current
study using HOMER software. Only the genes with TSS located <1 kb and
>—1kb from nearest H2AZ ChIP-Seq peak border have been selected for
further analyses.

ChIP-gPCR was performed using PowerUp™ SYBR® Green Master Mix
(Applied Biosystems). Primers are listed in Table S5. Data presented are
from two independent experiments with similar results.

ATAC-seq analysis

Cells were harvested and frozen in culture media containing 5% DMSO.
Frozen cells were sent to Active Motif to perform the ATAC-seq assay. The
cells were then thawed in a 37 °C water bath, pelleted, washed with cold
PBS, and tagmented as previously described [54]. Briefly, cell pellets were
resuspended in lysis buffer, pelleted, and tagmented using the enzyme
and buffer provided in the Nextera Library Prep Kit (Illumina). Tagmented
DNA was then purified using the MinElute PCR purification kit (Qiagen),
amplified with ten cycles of PCR, and purified. Resulting material was
quantified using the KAPA Library Quantification Kit for lllumina platforms
(KAPA Biosystems), and sequenced with PE42 sequencing on the NextSeq
500 sequencer (lllumina).

Reads were filtered based on quality and adapter sequences were
removed from the ATAC-Seq experiments using Trim_galore (https://
github.com/FelixKrueger/TrimGalore) with the default options. The result-
ing fastq files were aligned to the human reference genome (hg19) using
STAR_2.5.0a [51] with the following parameters: “-alignintronMax 17,
“-outFilterMismatchNoverLmax 0.09”, “-alignMatesGapMax 2000”, “-out-
FilterMultimapNmax 17, “-alignEndsType EndToEnd"; the rest of the options
were set to the default. Duplicated reads were removed from the bam files
using MarkDuplicates (http://broadinstitute.github.io/picard/) and subse-
quently transformed to Bed format using bamToBed from Bedtools [55].
Differential open chromatin regions were called with DiffReps [56] using a
negative binomial test and the following parameters “-window 100",
“-gname hg19” and “-frag 0”; the rest of the options were set to default.
The resulting set of genomic locations were considered to have a
significant change in ATAC-Seq signal only if: the regions had a minimum
coverage of 50 reads in average for at least one of the conditions, a p
adjusted value lower than 0.05, a log, fold change of at least 0.5 in either
direction and if they did not overlapp with the ENCODE blacklisted regions.

Bam files were converted to bigWig for visualization purposes using
deepTools [57], normalizing by library size and transforming the values to
“counts per million”. ComputeMatrix and plotHeatmap from deepTools were
used to quantify and plot the heatmaps of the ATAC-Seq signal surrounding
the differentially open chromatin regions. We used the results of the hyper
geometric test from the biological functions GO table, using the hg19
assembly and the default settings of the Basal plus extension mode. The
differentially open chromatin regions were annotated with annotatePeaks
from the HOMER software [58] and the distribution was plotted with R.
Using the HOMER annotation, the regions with differential ATAC-seq signal
were divided into two groups: promoter regions (overlapping with the +1
Kb region around the TSS) or distal from TSS. Annotating promoter-
associated significantly decreased peaks upon H2AZ2 KD allowed us
identify 1336 putative genes functionally associated with H2AZ2. To
produce Supplementary Table S1, 1336 genes functionally associated with
H2AZ2 were intersected with 12,306 putative gene targets of H2AZ
obtained by ChIP-Seq, resulting in 992 high confidence H2AZ2-associated
gene targets. Only top 500 genes out of them are presented in the table.

ReMap [59] was used with default parameters to calculate TF enrichment
in differentially open chromatin regions at gene promoters. To generate
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Table S2, the top selected TFs enriched within reduced chromatin
accessibility regions at proximal promoters were also verified on positive
correlation with worse clinical outcome in TCGA glioma patient cohort.

Connectivity map analysis (CMA)

To identify candidate upstream regulators of H2AZ2 expression we used
L1000CDS2 drug screening database [60] (https://maayanlab.cloud/
L1000CDS2/#/index). Gene symbols positively and negatively correlated with
H2AZ2 expression in TCGA glioma cohort (Pearson correlation coefficient
>0.40 and <—0.40, respectively, Table S4) were used as “downregulated” and
“upregulated” input genes in the L1000CDS2 search engine, respectively. The
L1000CDS2 calculates the pair-wise cosine distance between the directions of
the disease-drug characteristics and provides ranked lists of scores for the
candidate compounds. First, the search engine prioritized small-molecules
that were predicted to mimic expression pattern of the H2AZ2 correlation
signature. Then, we calculated the aggregated score of each compound
which took into account the compound gene pattern consistency in multiple
cell lines: (1) average score value for original L1000CDS2 cell line scores for
each compound hit was calculated; (2) average score value for each drug hit
was multiplied by number of independent cell line hits to obtain the
aggregated score for each compound.

Cell viability assay

Cell-Titer Glow (Promega) was used to determine cell proliferation rate.
Briefly, GSCs and mouse astrocytes were seeded on the 96 wells, following
day cells were treated with different inhibitors. Cell viability assay was
performed 3 days after with Cell-Titre Glow. Data was normalized to DMSO
treatment. Each assay was performed in triplicate.

Immunoprecipitation

GSC and HEK293T cells were lysed in IP lysis buffer (50 mM Tris-Cl at pH 7.5,
150 mM Nadl, 1% Triton X-100) supplemented with protease inhibitor and
phosphatase inhibitor. Equal amount of proteins was incubated with the
indicated antibody and Protein A/G agarose (Thermo Fisher, 20421) at 4 °C
for 16 h. Beads were washed with IP lysis buffer five times and the bound
proteins were eluted with 2x SDS sample loading dye. The same volume of
eluted proteins was resolved using SDS electrophoresis and detected using
western blot analysis.

Intracranial tumor formation in vivo

GSCs (1x10° viable cells) were grafted intracranially into NSG mice
(InVivos) aged 6-8 weeks. Tumor incidence was determined at indicated
timepoints by luciferase imaging of mice using Xenogen IVIS (PerkinElmer)
according to manufacturer’s instructions. Animals were maintained until
neurological signs were apparent, at which point they were sacrificed.

Public datasets and data analyses

Processed tumor gene expression and clinical data for TCGA (RNA-seq;
glioma and GBM datasets), REMBRANDT and Gravendeel glioma patients’
cohorts have been obtained from GlioVis portal (http://recur.bioinfo.cnio.
es/). Histone gene expression profiling in four glioma stem cell lines in
Fig. 1B was done using an in-house microarray dataset.

For association analysis of gene expression of H2AZ1 and H2AZ2 with
hallmark GBM genetic phenotypes (IDH1 gene mutation status, MGMT
promoter methylation, TP53 and PTEN mutation status, PDGFRA and CDK4/
CDK6 amplification) TCGA patient genetic data were downloaded either
from GlioVis portal or from UCSC Xena browser (https://xenabrowser.net/).

The single cell gene expression data for GBM was downloaded from NCBI
GEO database (GSE57872) and analyzed as follows: (1) processed single cell
data have been ranged based on the stem cell marker gene expression
(FABP7); (2) H2AZ2 and H2AZ1 gene expression values were compared
between the cells from the 1st (0-25%, “low marker expression”) and the last
(75-100%, “high marker expression”) gene expression quartiles, respectively.
Bulk RNA-Seq gene expression data to compare H2AZ2 expression between
GSC and GBM tumors was obtained from Mack et al. [61].

E2F1 and STAT3 ChlIP-Seq occupancy regions and ChIP-PCR primers in
proximity of H2AZ2 promoter have been determined by analyzing public
ChIP-Seq data for multiple cancer cell lines (HeLa, LNCap, MDA-MD231,
U87, MCF10A, HCC70, SU-DHL-2) downloaded from ReMap database [59].

Gene list of 3165 direct STAT3 targets with ChIP-Seq binding sites within
the 1 kb window near TSS in U87 GBM cells have been obtained from
Zhang et al. [62]. 11730 direct E2F1 gene targets in U87 GBM cells with the
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same characteristics (1 kb window near TSS) have been retrieved as
follows. Processed E2F1 binding regions narrowPeak file was downloaded
from GEO: GSE99171; ChIP-Seq regions were annotated using HOMER
software [59]. Only the genes with TSS located <500 bp and >=—500 bp
from nearest E2F1 ChIP-Seq peak have been selected for further analyses.

STAT3 functionally-tuned gene signature derived from Tan et al. [39] was
utilized to stratify glioma patients into STAT3°" and STAT3"9" subgroups
from TCGA and Gravendeel glioma patients’ cohorts. Patients stratification
was performed using Nearest Template Prediction method using GenePat-
tern portal (https://www.genepattern.org/use-genepattern). Only stratified
glioma patients samples with statistical significance (Benjamini-Hochberg
FDR p value < 0.05, 1000 permutation tests) were included into the analysis.

In order to estimate whether the expression of gene of interest was
significantly associated with cancer patient’s survival, we used the one-
dimensional data-driven grouping (1-D DDg) method [63]. Briefly, after
sorting the patients’ data by the gene expression values, the values were
fitted to survival times and events using the Cox proportional hazards
model; goodness-of-fit analysis was applied to get the separation between
the sorted patients into low- and high-risk subgroups. To compute the
differences between the Kaplan-Meier survival curves, we used the Cox
hazards model and Wald test statistic. R package survminer was used for
visualization of survival curves.

Statistical analyses

Two-tailed Student’s t test and Man-Whitney test were performed using
either R3.4.1 or Cytel Studio (Version 9.0.0). Significance was defined as p <
0.05. For multiple testing correction Benjamini-Hochberg statistic was
applied to estimate the FDR. 1-D DDg method was used to estimate the
significance of association of H2AZ2 gene with cancer patient’s survival.
SigmaPlot (Version 11.0) or a set of R packages (ggplot2, ggpubr
ComplexHeatmap and survminer) were implemented for plots generation.
For all experiments with error bars, standard error mean was calculated to
indicate the variation within each experiment and data, and values
represent mean + SD, as indicated in the figure legends.

DATA AVAILABILITY

All data, supplementary data, and data in repositories are available. Raw and
processed data from RNA-Seq of H2AZ2 KD or drug-treated GSC TS543, ChIP-Seq data
of H2AZ, H3K27ac, and H3K4me3 in GSC TS543, as well as ATAC-Seq data of H2AZ2
KD GSC TS543 are available on the Gene Expression Omnibus database (GSE152861,
GSE152862, GSE152858, GSE189781).

REFERENCES

1. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, et al. Identification of
human brain tumour initiating cells. Nature. 2004;432:396-401.

2. Bao SD, Wu QL, McLendon RE, Hao YL, Shi Q, Hjelmeland AB, et al. Glioma stem
cells promote radioresistance by preferential activation of the DNA damage
response. Nature. 2006;444:756-60.

3. Chen J, Li YJ, Yu TS, McKay RM, Burns DK, Kernie SG, et al. A restricted cell
population propagates glioblastoma growth after chemotherapy. Nature.
2012;488:522.

4. Hu BL, Wang QH, Wang YA, Hua SJ, Sauve CEG, Ong D, et al. Epigenetic activation
of WNT5A drives glioblastoma stem cell differentiation and invasive growth. Cell.
2016;167:1281.

5. Ong DST, Hu BL, Ho YW, Sauve CEG, Bristow CA, Wang QH, et al. PAF promotes
stemness and radioresistance of glioma stem cells. Proc Natl Acad Sci USA.
2017;114:E9086-95.

6. Turcan S, Rohle D, Goenka A, Walsh LA, Fang F, Yilmaz E, et al. IDHT mutation is
sufficient to establish the glioma hypermethylator phenotype. Nature.
2012;483:479-U137.

7. Mack SC, Hubert CG, Miller TE, Taylor MD, Rich JN. An epigenetic gateway to brain
tumor cell identity. Nat Neurosci. 2016;19:10-9.

8. Schwartzentruber J, Korshunov A, Liu XY, Jones DTW, Pfaff E, Jacob K, et al. Driver
mutations in histone H3.3 and chromatin remodelling genes in paediatric glio-
blastoma. Nature. 2012;482:226-U119.

9. Sturm D, Witt H, Hovestadt V, Khuong-Quang DA, Jones DTW, Konermann C, et al.
Hotspot mutations in H3F3A and IDH1 define distinct epigenetic and biological
subgroups of glioblastoma. Cancer Cell. 2012;22:425-37.

10. Gallo M, Coutinho FJ, Vanner RJ, Gayden T, Mack SC, Murison A, et al. MLL5
orchestrates a cancer self-renewal state by repressing the histone variant H3.3
and globally reorganizing chromatin. Cancer Cell. 2015;28:715-29.

Cell Death & Differentiation (2022) 29:1379-1394


https://maayanlab.cloud/L1000CDS2/#/index
https://maayanlab.cloud/L1000CDS2/#/index
http://recur.bioinfo.cnio.es/
http://recur.bioinfo.cnio.es/
https://xenabrowser.net/
https://www.genepattern.org/use-genepattern

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

. Yoon J, Grinchuk OV, Kannan S, Ang MJY, Li ZL, Tay EXY, et al. A chemical biology

approach reveals a dependency of glioblastoma on biotin distribution. Sci Adv.
2021;7:1-14.

. Yang HD, Kim PJ, Eun JW, Shen Q, Kim HS, Shin WC, et al. Oncogenic potential of

histone-variant H2AZ1 and its regulatory role in cell cycle and epithelial-
mesenchymal transition in liver cancer. Oncotarget. 2016;7:11412-23.

. Hua S, Kallen CB, Dhar R, Baquero MT, Mason CE, Russell BA, et al. Genomic

analysis of estrogen cascade reveals histone variant H2A.Z associated with breast
cancer progression. Mol Syst Biol. 2008;4:1-14.

. Vardabasso C, Gaspar-Maia A, Hasson D, Punzeler S, Valle-Garcia D, Straub T, et al.

Histone Variant H2AZ2 Mediates Proliferation and Drug Sensitivity of Malignant
Melanoma. Mol Cell. 2015;59:75-88.

. Avila-Lopez PA, Guerrero G, Nunez-Martinez HN, Peralta-Alvarez CA, Hernandez-

Montes G, Alvarez-Hilario LG, et al. H2A.Z overexpression suppresses senescence
and chemosensitivity in  pancreatic ductal adenocarcinoma. Oncogene.
2021;40:2065-80.

. Venkatesh S, Workman JL. Histone exchange, chromatin structure and the reg-

ulation of transcription. Nat Rev Mol Cell Biol. 2015;16:178-89.

. Buschbeck M, Hake SB. Variants of core histones and their roles in cell fate

decisions, development and cancer. Nat Rev Mol Cell Biol. 2017;18:299-314.

. Creyghton MP, Markoulaki S, Levine SS, Hanna J, Lodato MA, Sha K, et al. H2AZ is

enriched at polycomb complex target genes in ES cells and is necessary for
lineage commitment. Cell. 2008;135:649-61.

. Hu GQ, Cui KR, Northrup D, Liu CY, Wang CC, Tang QS, et al. H2A.Z facilitates

access of active and repressive complexes to chromatin in embryonic stem cell
self-renewal and differentiation. Cell Stem Cell. 2013;12:180-92.

Billon P, Cote J. Precise deposition of histone H2A.Z in chromatin for genome
expression and maintenance. Biochim Biophys Acta Gene Regul Mech.
2012;1819:290-302.

Jin CY, Zang CZ, Wei G, Cui KR, Peng WQ, Zhao KJ, et al. H3.3/H2A.Z double
variant-containing nucleosomes mark ‘nucleosome-free regions’ of active pro-
moters and other regulatory regions. Nat Genet. 2009;41:941-U112.

Chen P, Wang Y, Li GH. Dynamics of histone variant H3.3 and its coregulation
with H2A.Z at enhancers and promoters. Nucleus. 2014;5:21-7.

Valdes-Mora F, Song JZ, Statham AL, Strbenac D, Robinson MD, Nair SS, et al.
Acetylation of H2A.Z is a key epigenetic modification associated with gene
deregulation and epigenetic remodeling in cancer. Genome Res. 2012;22:307-21.
Chin L, Meyerson M, Aldape K, Bigner D, Mikkelsen T, VandenBerg S, et al.
Comprehensive genomic characterization defines human glioblastoma genes
and core pathways. Nature. 2008;455:1061-8.

Brennan CW, Verhaak RGW, McKenna A, Campos B, Noushmehr H, Salama SR,
et al. The somatic genomic landscape of glioblastoma. Cell. 2013;155:462-77.
Dhillon N, Oki M, Szyjka SJ, Aparicio OM, Kamakaka RT. H2A.Z functions to reg-
ulate progression through the cell cycle. Mol Cell Biol. 2006;26:489-501.
Rangasamy D, Greaves |, Tremethick DJ. RNA interference demonstrates a novel
role for H2A.Z in chromosome segregation. Nat Struct Mol Biol. 2004;11:650-5.
Xu L, Chen Y, Mayakonda A, Koh L, Chong YK, Buckley DL, et al. Targetable BET
proteins- and E2F1-dependent transcriptional program maintains the malignancy
of glioblastoma. Proc Natl Acad Sci USA. 2018;115:E5086-95.

Goodnight AV, Kremsky I, Khampang S, Jung YH, Billingsley JM, Bosinger SE, et al.
Chromatin accessibility and transcription dynamics during in vitro astrocyte
differentiation of Huntington’s Disease Monkey pluripotent stem cells. Epige-
netics Chromatin. 2019;12:1-25.

Ma YQ, McKay DJ, Buttitta L. Changes in chromatin accessibility ensure robust cell
cycle exit in terminally differentiated cells. PLoS Biol. 2019;17:1-29.

Greenberg RS, Long HK, Swigut T, Wysocka J. Single amino acid change underlies
distinct roles of H2A.Z subtypes in human syndrome. Cell. 2019;178:1421.
Lamaa A, Humbert J, Aguirrebengoa M, Cheng X, Nicolas E, Cote J, et al. Inte-
grated analysis of H2A.Z isoforms function reveals a complex interplay in gene
regulation. Elife. 2020;9:1-27.

Dimova DK, Dyson NJ. The E2F transcriptional network: old acquaintances with
new faces. Oncogene. 2005;24:2810-26.

Morgunova E, Yin YM, Jolma A, Dave K, Schmierer B, Popov A, et al. Structural
insights into the DNA-binding specificity of E2F family transcription factors. Nat
Commun. 2015;6:1-8.

Ma YH, Kurtyka CA, Boyapalle S, Sung SS, Lawrence H, Guida W, et al. A small-
molecule E2F inhibitor blocks growth in a melanoma culture model. Cancer Res.
2008;68:6292-9.

Nakano |, Masterman-Smith M, Saigusa K, Paucar AA, Horvath S, Shoemaker L,
et al. Maternal embryonic leucine zipper kinase is a key regulator of the pro-
liferation of malignant brain tumors, including brain tumor stem cells. J Neurosci
Res. 2008;86:48-60.

Lee C, Fotovati A, Triscott J, Chen J, Venugopal C, Singhal A, et al. Polo-like kinase
1 inhibition kills glioblastoma multiforme brain tumor cells in part through loss of
SOX2 and delays tumor progression in mice. Stem Cells. 2012;30:1064-75.

Cell Death & Differentiation (2022) 29:1379- 1394

J. Yoon et al.

38.

39.

40.

41.

42,

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Subramanian A, Narayan R, Corsello SM, Peck DD, Natoli TE, Lu XD, et al. A next
generation connectivity map: L1000 platform and the first 1,000,000 profiles. Cell.
2017;171:1437.

Tan MSY, Sandanaraj E, Chong YK, Lim SW, Koh LWH, Ng WH, et al. A STAT3-
based gene signature stratifies glioma patients for targeted therapy. Nat Com-
mun. 2019;10:1-15.

Olmez |, Zhang Y, Manigat L, Benamar M, Brenneman B, Nakano |, et al. Com-
bined c-Met/Trk inhibition overcomes resistance to CDK4/6 inhibitors in glio-
blastoma. Cancer Res. 2018;78:4360-9.

Tien AC, Li J, Bao X, Derogatis A, Kim S, Mehta S, et al. A phase 0 trial of ribociclib
in recurrent glioblastoma patients incorporating a tumor pharmacodynamic- and
pharmacokinetic-guided expansion cohort. Clin Cancer Res. 2019;25:5777-86.
Patnaik A, Rosen LS, Tolaney SM, Tolcher AW, Goldman JW, Gandhi L, et al.
Efficacy and safety of abemaciclib, an inhibitor of CDK4 and CDK®6, for patients
with breast cancer, non-small cell lung cancer, and other solid tumors. Cancer
Discov. 2016;6:740-53.

Chen X, Xu H, Yuan P, Fang F, Huss M, Vega VB, et al. Integration of external
signaling pathways with the core transcriptional network in embryonic stem
cells. Cell. 2008;133:1106-17.

Alvarez-Fernandez M, Malumbres M. Mechanisms of sensitivity and resistance to
CDK4/6 inhibition. Cancer Cell. 2020;37:514-29.

Klein ME, Kovatcheva M, Davis LE, Tap WD, Koff A. CDK4/6 inhibitors: the mechanism
of action may not be as simple as once thought. Cancer Cell. 2018;34:9-20.

Sherr CJ, Beach D, Shapiro Gl. Targeting CDK4 and CDKé: from discovery to
therapy. Cancer Discov. 2016;6:353-67.

D'Urso A, Brickner JH. Mechanisms of epigenetic memory. Trends Genet.
2014,;30:230-6.

Adam M, Robert F, Larochelle M, Gaudreau L. H2A.Z is required for global
chromatin integrity and for recruitment of RNA polymerase Il under specific
conditions. Mol Cell Biol. 2001;21:6270-9.

Santisteban MS, Hang MD, Smith MM. Histone variant H2A.Z and RNA poly-
merase |l transcription elongation. Mol Cell Biol. 2011;31:1848-60.

Dunn GP, Rinne ML, Wykosky J, Genovese G, Quayle SN, Dunn IF, et al. Emerging
insights into the molecular and cellular basis of glioblastoma. Genes Dev.
2012;26:756-84.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast
universal RNA-seq aligner. Bioinformatics. 2013;29:15-21.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with
or without a reference genome. BMC Bioinforma. 2011;12:323.

Feng J, Liu T, Qin B, Zhang Y, Liu XS. Identifying ChIP-seq enrichment using
MACS. Nat Protoc. 2012;7:1728-40.

Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. Transposition of
native chromatin for fast and sensitive epigenomic profiling of open chromatin,
DNA-binding proteins and nucleosome position. Nat Methods. 2013;10:1213-8.
Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic
features. Bioinformatics. 2010;26:841-2.

Shen L, Shao NY, Liu X, Maze |, Feng J, Nestler EJ. diffReps: detecting differential
chromatin modification sites from ChIP-seq data with biological replicates. PLoS
ONE. 2013;8:265598.

Ramirez F, Dundar F, Diehl S, Gruning BA, Manke T. deepTools: a flexible platform
for exploring deep-sequencing data. Nucleic Acids Res. 2014;42:W187-91.
Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple combina-
tions of lineage-determining transcription factors prime cis-regulatory elements
required for macrophage and B cell identities. Mol Cell. 2010,38:576-89.
Cheneby J, Gheorghe M, Artufel M, Mathelier A, Ballester B. ReMap 2018: an
updated atlas of regulatory regions from an integrative analysis of DNA-binding
ChlP-seq experiments. Nucleic Acids Res. 2018;46:D267-75.

Duan Q, Reid SP, Clark NR, Wang Z, Fernandez NF, Rouillard AD, et al. L1000CDS
(2): LINCS L1000 characteristic direction signatures search engine. NPJ Syst Biol
Appl. 2016;2.

Mack SC, Singh |, Wang X, Hirsch R, Wu Q, Villagomez R, et al. Chromatin land-
scapes reveal developmentally encoded transcriptional states that define human
glioblastoma. J Exp Med. 2019;216:1071-90.

Zhang JX, Zhang J, Yan W, Wang YY, Han L, Yue X, et al. Unique genome-wide
map of TCF4 and STAT3 targets using ChiP-seq reveals their association with new
molecular subtypes of glioblastoma. Neuro Oncol. 2013;15:279-89.

Chen LM, Jenjaroenpun P, Pillai AMC, Ivshina AV, Ow GS, Efthimios M, et al.
Transposon insertional mutagenesis in mice identifies human breast cancer
susceptibility genes and signatures for stratification. Proc Natl Acad Sci USA.
2017;114:E2215-24.

ACKNOWLEDGEMENTS
We thank C. Brennan, R.A. DePinho, and T.V. Arumugam for the cell lines, as well as
Ker Zhing Lok for her assistance with the xenograft experiments.

SPRINGER NATURE



J. Yoon et al.

AUTHOR CONTRIBUTIONS

DSTO, JY, and OVG conceived and designed the study. Acquisition, analysis, and
interpretation of data were performed by JY, OVG, RTM, ZKN, EXYT, YHC, BWLL, JF,
KCC, CTO, and TB. The main part of the manuscript and figures were generated by JY,
OVG, RTM, and DSTO. All authors read and approved the manuscript.

FUNDING

This work is supported by the National Research Foundation (NRF-NRFF2017-01 to
DSTO); National University of Singapore (NUS) (Start-up grant, President’s Assistant
Professorship to DSTO; NUS Research Scholarships to RTM, BWLL, and YHC); and
Singapore Ministry of Education (Academic Research Fund Tier 2 MOE2018-T2-2-179
to KCQ).

COMPETING INTERESTS

The authors declare no competing interests.

ETHICAL APPROVAL

All animal procedures were performed in accordance to a protocol approved by the
National University of Singapore Institutional Animal Care and Use Committee.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41418-021-00926-5.

SPRINGER NATURE

Correspondence and requests for materials should be addressed to Derrick Sek Tong
Ong.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Cell Death & Differentiation (2022) 29:1379-1394


https://doi.org/10.1038/s41418-021-00926-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	E2F and STAT3 provide transcriptional synergy for histone variant H2AZ activation to sustain glioblastoma chromatin accessibility and tumorigenicity
	Introduction
	Results
	High expression of the H2AZ isoforms correlates with GBM and GSC stemness
	H2AZ2 depletion compromises GSC self-renewal/proliferation and tumorigenicity
	Chromatin accessibility analysis unveils E2F1 as a transcriptional activator of H2AZ2
	E2F inhibition does not fully recapitulate the transcriptomic changes elicited by H2AZ2 KD
	A chemical biology approach identified STAT3 as another H2AZ2 transcriptional activator
	S3I-201 synergizes with E2Fi in reducing H2AZ expression and GSC viability
	S3I-201/E2Fi combination potently and durably impairs GSC tumorigenicity

	Discussion
	Materials and methods
	Cell lines and compounds
	RNAscope assay
	DNA constructs
	In vitro limiting dilution and tumorsphere formation assays
	Anchorage-independent growth assay
	Transwell migration and invasion assay
	Immunofluorescence
	RNA isolation and qRT-PCR
	Western blot analysis and antibodies
	RNA-seq analysis
	ChIP-seq and ChIP-qPCR analyses
	ATAC-seq analysis
	Connectivity map analysis (CMA)
	Cell viability assay
	Immunoprecipitation
	Intracranial tumor formation in�vivo
	Public datasets and data analyses
	Statistical analyses

	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




