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Abstract

Diffuse intrinsic pontine glioma (DIPG) is a fatal pediatric brain tumor with the average
survival being only a year. To date the only treatment is radiotherapy, but it is not very effective
leaving a need to better understand DIPG biology to develop more effective treatment methods.
About 80% of DIPGs have a point mutation in one allele of H3F3A, one of two genes that codes
for histone variant H3.3, resulting in lysine 27 being mutated to methionine. The H3.3K27M
mutation is thought to be one of the first mutations to take place in DIPG tumorigenesis and results
in the global depletion of the repressive mark H3K27me3 and an increase in the activating mark
H3K27ac. In order to further investigate the effects of H3.3K27M and its subsequent abrogation
on normal histone post-translational modifications (PTMs) patterns, we used CRISPR-Cas9 to
revert H3.3K27M back to wild-type H3.3 in two patient DIPG cell lines. Here | used ATAC-seq in
these isogenic cell lines to study the unique chromatin structure and function at work in DIPG
tumors, including specifically what features are due to the H3.3K27M mutation as opposed to
other mutations DIPGs are known to have. H3.3K27M results in increased chromatin accessibility
surrounding genes that regulate neurogenesis and neuronal development, processes that have
been found to be key in DIPG tumor formation and maintenance. The binding sites of several
transcription factors including NOTCH signaling factor ASCL1 are enriched in unique open
chromatin regions in K27M cells. This provides further support for drug treatments targeting
NOTCH signaling and ASCL1. Overall, these studies indicate that both wildtype and mutant H3.3
are key regulators of chromatin dynamics and that K27M likely drives aberrant transcription in

DIPG in part through altered chromatin structure.



Acknowledgements

| could not have done this without the support of my family. To my mom Becky, who was
always there through all the ups and downs of grad school and pushed me to never give up: this
degree is as much for you as it is for me; we did it. To my brothers, Ty and Cameron, and my
sister Samantha, thank you all so much for all the encouragement, support, love, and “You're
going to be a doctor like Ross from Friends” jokes along the way. | couldn’t have done this without
your humor, encouragement, and inspiration. To Gianna and the twins, all three of you have
inspired and motivated me so much in the last year and a half of my PhD program. | can’t wait to
teach you all the science | have learned and do at home science experiments with you. Thank
you to my adorable and sassy calico cat Rey, she always managed to make me laugh and provide
the best snuggles after a long day in lab when experiments just did not want to cooperate. And
last, but certainly by no means least, my husband lvan. You have been there from day one of this
crazy journey. From all-nighters to get through classes, letting me practice my qualifying exam
with you, and meal prepping for me when | was just too overwhelmed and needed extra time to
work. But most importantly, thank you for always supporting me and reminding me why | wanted
this degree in moments when | couldn’t remember myself. Thank you for always believing in me.

| have been fortunate to have many academic mentors throughout my education and early
stages of my career. First and foremost, Dr. Ken Kaplan who first let me enter a lab. Thank you
for being my first mentor, guiding me through grad school applications, and giving me my first
research project and presentation opportunity. Dr. Dan Starr, for giving me my first in-depth
lessons about cells, helping to confirm | made the right the choice in majoring in Cell Biology, and
later giving me my first teaching assistance position allowing me to see how much | truly loved
teaching. Dr. Teresa Dillinger and Dr. Ellen Hartigan-O’Connor, for accepting me into the
Professors For The Future program allowing me to learn about and solidify my goal of pursuing
an education focused career after graduation. | would also like to thank Dr. Mona Monfared for

teling me about SABER and giving me my first guest lecture opportunity, and Dr. Connie



Champagne for allowing me to solo lead my first ever undergraduate journal club classes. All of
these experiences and opportunities have truly shaped my future career and | cannot thank you
all enough.

| would not be receiving this degree if not for my mentor, Dr. Paul Knoepfler. His letters of
support and science communication knowledge allowed me to explore communication fellowships
and trainings that have proved to be important for my future career. | am very thankful for the
opportunities | was given to present my work and improve my public speaking skills in addition to
both the dry- and wet-lab skills | acquired throughout the course of my degree. | owe an immense
amount of thanks to all my committee members, Dr. Dave Pleasure, Dr. Dave Segal, Dr. Janine
LaSalle, and Dr. Laura Borodinsky. Thank you all for your support and guidance throughout this
whole process and getting my dissertation work to its finished product. All your perspectives on
how to approach research were incredibly helpful in shaping this project and | am very fortunate
to have learned from all of you along the way. And Dr. Kermit Carraway for being my first rotation
lab mentor and giving thoughtful, helpful advice whenever it was needed.

And to my friends, both in and out of the lab. To my labmates, there is no way | could have
done this without you. Thank you all for your help with experiments, troubleshooting, and
preparing for presentations. | have grown so much as a scientist over the past five and half years
and it's in no small part thanks to each of you. I'm so fortunate to consider my coworkers dear
friends. And to my friends outside of the lab and academia, thank you for always being there for
me, cheering me on, and loving me even if | didn’t always have time to text back or hangout. Your
understanding and support kept me going and | cannot wait to celebrate this huge
accomplishment with every single one of you.

And finally, thank you God for being there every day and guiding my life. It is by Your
strength that | am finishing my education and starting a new chapter in life.

They say it takes a village. Everyone mentioned here is part of my village. From the bottom

of my heart, thank you all.



CHAPTER1

Introduction

The epigenetic impact of the histone H3.3 K27M mutation
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Abstract

Histone variant H3.3 is well-established as having an important role in development,
including specifically at bivalent genes. In recent years it has also been positioned as a defining
characteristic of two types of pediatric brain tumors: diffuse intrinsic pontine glioma (DIPG), which
possess the H3.3 K27M mutation, and glioblastoma (GBM) which can have either the G34R or
G34V mutations in H3.3. All three mutations influence histone marks resulting in changes to gene
expression. These marks as well as the downstream processes whose expression they affect are
the subjects of numerous potential drug therapies. This review focuses on the developmental
impact of histone H3.3 mutations pointing to a potential cell of origin for these tumors and the
epigenetic effects of these mutations. Furthermore, we discuss the recent advancements made
in drug treatments and the potential therapies that target the mutant H3.3-associated epigenetic

perturbations and their downstream pathways.

Introduction

Pediatric brain tumors are one of the main contributors to childhood cancer diagnoses and
deaths. Among the most aggressive of these tumors are diffuse intrinsic pontine glioma (DIPG)
with an estimated median survival of less than a year. They are located in the ventral pons of the
brainstem (Mackay et al., 2017; Warren, 2012). The poor prognosis of DIPGs is largely due to its
invasiveness and the fact that the ventral pons is an inoperable region leaving radiation to be the
main treatment method for these patients (Jones and Baker, 2014; Warren, 2012).

However, over the course of the last 8 years, significant progress has been made in
uncovering the molecular mechanisms involved in DIPG tumor formation and progression.
Specifically, the identification of the two mutually exclusive point mutations in the histone variant
H3.3 resulting either in changing lysine 27 to methionine (H3.3K27M) or glycine 34 to arginine or
valine (H3.3G34R/V) (Khuong-Quang et al., 2012; Schwartzentruber et al., 2012; Wu et al., 2012)

has sparked new insights. H3.3K27M has been found to occur in approximately 70-80% of DIPG



and is specific to the pediatric age group while H3.3G34R/V is present in approximately 13-15%
of glioblastomas (GBMs) and typically occurs in young adults (Bjerke et al., 2013; Khuong-Quang
et al., 2012; Mackay et al., 2017; Schwartzentruber et al., 2012; Wu et al., 2012). Although these
mutations are regarded as driver mutations, they cannot cause tumor formation on their own.
Cells with histone H3 mutations are found to have one or more of the following alterations: loss
of TP53, activation of PDGFRA, amplification of MYCN, upregulation of MYC, and mutations in
FGFR1 and ATRX/DAXX (Bjerke et al., 2013; Funato et al., 2014; Jones et al., 2013; Khuong-
Quang et al., 2012; Lewis et al., 2013; Mackay et al., 2017; Pathania et al., 2017; Saratsis et al.,
2014; Schwartzentruber et al., 2012; Sturm et al., 2012). The H3.3 coding mutations most often
occur in the H3F3A gene and patients are heterozygous (Yuen and Knoepfler, 2013). Since the
H3F3B gene encodes an identical H3.3 protein, DIPG patients have three wildtype H3.3 coding
alleles and one mutant, but the mutant appears to have a dominant negative effect and can
interfere with the modification of nearby wildtype histones (Yuen and Knoepfler, 2013).

Both the K27M and G34R/V mutations occur in the N-terminal histone tail of H3.3, a region
of the protein that is heavily modified by post-translational modifications (PTMs). Lysine 27 plays
an important role in gene regulation as it can be either methylated or acetylated leading to gene
repression or activation, respectively. The H3.3K27M mutation causes a global reduction in
H3K27me3 levels by interfering with the binding and enzymatic activity of PRC2, the protein
responsible for adding K27me2 and K27me3 to histone H3 although the exact mechanism is still
an open question (Bender et al., 2013; Chan et al., 2013; Fang et al., 2018; Lee et al., 2019;
Lewis et al., 2013; Stafford et al., 2018). Conversely, levels of H3K27ac, a mark that is associated
with active transcription, enhancers, and super-enhancers, have been shown to increase in
H3.3K27M DIPG cells (K.-Y. Chen et al., 2020; Creyghton et al., 2010; Funato et al., 2014; Hnisz
et al., 2013; Krug et al., 2019; Larson et al., 2019; Lewis et al., 2013; Lovén et al., 2013; Nagaraja
et al., 2017; Whyte et al., 2013). This signifies that changes in the levels of these two K27 marks

impact gene expression, which in turn is a key contributor to tumorigenesis. The epigenetic effects



of the H3.3G34R/V mutation have been less extensively studied but there is emerging evidence
that G34R/V impacts the methylation status and distribution of H3K36me3, which depending on
the context can either activate or repress transcription, and H3K9me3, a well-established mark of
heterochromatin and repressed gene expression (Becker et al., 2016; Bjerke et al., 2013; Lewis
et al., 2013; Voon et al., 2018; Wagner and Carpenter, 2012).

In addition to the advances made in understanding the epigenetic mechanisms of DIPG,
there has been progress testing different drugs in mice and cell line models. Many of the drug
treatments being explored exploit the alterations to the epigenetic landscape in DIPG caused by
the H3.3K27M mutation. Promising drug targets include BET bromodomain proteins, NOTCH
signaling pathway, histone deacetylase (HDAC), cyclin-dependent kinases (CDK), and PRC2 or
PRC2 components (K.-Y. Chen et al., 2020; Grasso et al., 2015; Lin et al., 2019; Mohammad et
al., 2017; Nagaraja et al., 2017; Piunti et al., 2017; Wiese et al., 2020). Given that the standard
treatment for these tumors is limited to radiation therapy the development, testing, validation, and
approval of chemotherapy options are of high importance in order to improve patient outcomes
and survival. This review will be focused on the epigenetic changes that occur as a result of the
K27M and G34R/V mutations, the proposed mechanisms by which these mutations are thought
to disrupt the epigenomic landscape, and the status of proposed drug treatments including those

that have entered clinical trials.

A developmentally intermediate cell type is likely the cell of origin for DIPGs

Identifying the cell of origin of DIPGs is important for better understanding the
development-related mechanisms driving the disease as well as determining what genetic
alterations initiate abnormal proliferation and, ultimately, cellular transformation. Currently, there
are two likely candidates for the DIPG cell of origin: neural precursor cells (NPC) and
oligodendrocyte precursor cells (OPC). In normal, healthy brainstem tissue the NPC markers

Vimentin and Nestin are co-expressed. In addition, Nestin positive cells have an expression



pattern that coincides with DIPG occurrence. Nestin is first expressed during infancy, then
decreases around 2 years old, before re-emerging again around 6 years old. This pattern has
been shown to coincide with the ages that many patients are diagnosed with DIPG (Monje et al.,
2011; Schwartzentruber et al., 2012; Sturm et al., 2012). Additionally, this initial study by Monje
et al. (2011) determined that human DIPG cells grown in culture express several NPC markers
including Nestin, Vimentin, and GFAP as well as CD133, a stem cell-related cell surface marker
that is used to identify tumor-initiating cells in the brain. Together these observations make NPCs
a cell type of high interest as the potential cell of origin of DIPG.

Funato et al. (2014) built off of this work by testing what effect known DIPG mutations
H3.3K27M, H3.3G34R/V, constitutively active PDGFRA, and loss of function of TP53 have on
NPC proliferation and transformation (Fontebasso et al., 2014; Khuong-Quang et al., 2012;
Nikbakht et al., 2016; Sturm et al., 2012). H3.3K27M on its own resulted in increased proliferation
but did not induce tumor formation, which is consistent with other reports (Larson et al., 2019;
Pathania et al., 2017). It is also important to note that this increase in proliferation in NPCs with
mutant histone expression alone is specific to H3.3K27M and is not observed with wild-type H3.3
or H3.3G34R/V (Funato et al., 2014). This contributes to a growing body of evidence suggesting
that H3.3K27M and H3.3G34R/V have different cells of origin due to tumors with these mutations
arising in different regions and times of brain development (Pathania et al., 2017; Sturm et al.,
2012).

Addition of TP53 loss of function and PDGFRA amplification alongside H3.3K27M have
more mixed results in NPCs. In the context of postnatal mouse brainstem NPCs, H3.3K27M
mutation and loss of p53 results in increased cell proliferation and result in the formation of ectopic
cell clusters but not tumorigenesis (Lewis et al., 2013; Pathania et al., 2017). PDGFRA
amplification along with H3.3K27M mutation and p53 loss of function increased proliferation in
postnatal NPCs, and these cells developed into tumors following injection into the pons region

(Funato et al., 2014). However, these tumors were slow-growing and regarded as low-grade



glioma, whereas DIPGs obtained from patients are by definition high-grade cancers (Funato et
al., 2014; Louis et al., 2016). These data suggest that while NPCs may still be the cell of origin,
the early initiation steps of tumorigenesis likely take place during development in utero and not
postnatally.

Other groups have turned to mouse models that induce these mutations during embryonic
development to test if a specific developmental window is the key to triggering tumorigenesis
(Larson et al., 2019; Pathania et al., 2017). In this context, loss of p53 together with H3.3K27M
mutation in NPCs resulted in tumorigenesis, accelerated tumor growth, and decreased survival
compared to loss of p53 alone and loss of p53 with wild-type H3.3 expression (Larson et al., 2019;
Pathania et al., 2017). Amplification of PDGFRA together with knock-down of the histone
chaperone ATRX (loss of ATRX has also been associated with DIPG and GBM) served to
decrease tumor latency and increase penetrance in H3.3K27M p53 loss of function mice
(Goldberg et al., 2010; Lewis et al., 2010; Pathania et al., 2017; Schwartzentruber et al., 2012).
Together, these results further support the idea that embryonic NPCs are a strong candidate for
the cell of origin, and at minimum H3.3K27M mutation and loss of p53 are required to induce
DIPG formation.

When DIPGs are grown in culture as neurospheres, a subset of those cells has been
found to express the OPC marker OLIG2 (Monje et al., 2011). This is consistent with the finding
that about half of Nestin positive cells in healthy ventral pontine cell populations express OLIG2
indicating that OPCs may also be a cell lineage of interest (Monje et al., 2011). A survey of normal
brain tissue from postnatal day 1 to 18 years old affirms that there is a peak of OLIG2 and
proliferation marker Ki67 expressing cells from 0-1 months old in the pons region, which makes
a significant contribution to the observed growth of the pons until approximately 5 years old (Tate
et al., 2015). Furthermore, single-cell RNAseq and super-enhancer analysis of H3.3K27M DIPG
tumor samples indicated increased gene expression and enrichment of the super-enhancer mark

H3K27ac at genes corresponding to OPCs and oligodendrocyte lineage differentiating cells such



as PDGFRA, CSPG4, MBP, and OLIG1/2, to name a few (Filbin et al., 2018; Nagaraja et al.,
2017). In addition, OPCs are the most abundant cell type among H3K27M malignant cells (Filbin
et al., 2018; Nagaraja et al., 2019, 2017). Further investigation into OPCs harboring the
H3.3K27M mutation revealed this cell type, similar to H3.3K27M DIPGs, is enriched for
expression of PRC2 target genes, which are repressed in more differentiated cell types (Filbin et
al., 2018; Nagaraja et al., 2019). When compared directly to NPCs possessing the H3.3K27M
mutation, notably H3.3K27M OPC enhancer profiles more closely match those of DIPG than
NPCs (Nagaraja et al., 2019).

Recently, an induced pluripotent stem cell (iPSC) model has shed light on how and when
in development and cell lineage specification DIPG tumor initiation occurs. H3.3K27M over-
expression and TP53 knock-down were induced in iNSCs (induced neural stem cells) and iOPCs
(induced oligodendrocyte progenitor cells) and injected into the brainstem of mice (Haag et al.,
2021). Surprisingly, malignant tumors were only detected in mice that were injected with INSCs
and not iOPCs despite previous reports that DIPG tumors contain OPCs and H3.3K27M
conferring a growth advantage in iOPCs in the present study (Filbin et al., 2018; Haag et al., 2021;
Monje et al., 2011; Nagaraja et al., 2019, 2017). Interestingly, further investigation into the gene
expression pattern of INSCs with H3.3K27M and shTP53 revealed that many genes associated
with the OPC lineage are upregulated in these INSC tumors (Haag et al., 2021). These genes are
largely found in developmental bivalent domains that contain heterotypic nucleosomes
(H3.3K27M and wild-type H3.3) and demonstrate decreased H3K27me3 following H3.3K27M
expression indicating that H3.3K27M expression in NSCs results in the dysregulation of
developmental programs and the premature activation of OPC programs while the ultimately NSC
cell identity allows the cells to retain stem-like characteristics leading to continued self-renewal
and proliferation and ultimately tumor formation (Banaszynski et al., 2013; Goldberg et al., 2010;
Haag et al., 2021). This phenomenon could serve as an explanation for why distinguishing

between NSC/NPC and OPC as the cell of origin for DIPG has been a hurdle in the field; because



characteristics of both cell types are present and this is triggered by the disruption of normal
development.

Altogether these findings suggest that rather than NPCs being the point of full
transformation they instead are likely the cell type where the H3.3K27M mutation first arises. It is
possible that only after partially differentiating into OPCs, gaining a more active chromatin
landscape, and expressing genes ultimately upregulated in DIPG (such as PDGFRA, and PRC2
target genes) as well as acquiring more mutations that these H3.3K27M-bearing OPCs continue
to proliferate and self-renew leading to full transformation to give rise to the DIPG tumor (Filbin et
al., 2018; Nagaraja et al., 2019; Tate et al., 2015). A similar developmental path has been found
for adult glioma, making the existence of an at least somewhat similar mechanism in pediatric
brain tumors plausible (Liu et al., 2011). An additional possibility is that the findings pointing to
both NPCs and OPCs as potential DIPG cells of origin are both in a sense correct and that an
intermediate cell type is the most common cell of origin.

Further investigation into how exactly H3.3 mutant DIPGs arise including the
developmental time-points that various mutations occur and how they affect development and
lineage specification will be key to uncovering the exact cell of origin and transformation. Similar
studies on G34 mutant gliomas will also be crucial. Such knowledge could prove useful for early
detection of these tumor cells, subsequent early treatment, and improved survival for these young

patients.

H3.3G34R/V results in histone mark and transcriptomic changes that are unique from
H3.3K27M

In addition to the H3.3K27M mutation, H3.3 is in some cases mutated at glycine 34 (G34)
to either arginine or valine, often denoted as H3.3G34R/V. These two mutations in H3F3A are
mutually exclusive and the G34R/V mutation only occurs in H3F3A whereas the K27M mutation

is found in both H3F3A and more rarely in HISTIH3B (H3.1) (Nagaraja et al., 2017;



Schwartzentruber et al., 2012; Sturm et al., 2012; Wu et al., 2012). H3.3G34R/V tumors are
typically found in the cerebral hemispheres (H3.3K27M tumors are generally found throughout
the midline and pons regions), and most often manifest in adolescents and young adults. They
have relatively somewhat longer survival than H3.3K27M tumors (Bjerke et al., 2013; Mackay et
al., 2017; Schwartzentruber et al., 2012), but also a very poor prognosis. H3.3K27M and
H3.3G34R/V have significantly different gene expression profiles while H3.3G34R and H3.3G34V
have very similar gene expression patterns and include increased expression of genes related to
cell adhesion, cell membrane, phosphoprotein, and glycoproteins (Bjerke et al., 2013; K.-Y. Chen
et al., 2020; Funato et al., 2014; Paugh et al., 2010; Schwartzentruber et al., 2012). However,
when human astrocyte (HA) and H3.3 wild-type high-grade glioma (HGG) cell lines undergo gene-
editing using CRISPR to introduce either the H3.3K27M or H3.3G34R mutations into H3F3A,
expression of many of the same genes related to neurogenesis, differentiation, developmental
proteins, and the NOTCH signaling pathway are induced in each case suggesting that these two
mutations may act through more similar mechanisms than previously thought (K.-Y. Chen et al.,
2020). Altogether this indicates that H3.3K27M and H3.3H34R/V mutations often cause unique
glioma tumors compared to each other and H3.3 wild-type tumors, that each glioma type forms
at different stages of development, and they may have different cells of origin (Bjerke et al., 2013;
Mackay et al., 2017; Schwartzentruber et al., 2012).

H3.3G34R/V tumors also have loss of function mutations in TP53 and the H3.3
chaperones ATRX-DAXX that deposit H3.3 at heterochromatin and telomeres. ATRX-DAXX are
thought to be linked to alternative lengthening of telomeres (ALT) in glioma (Goldberg et al., 2010;
Lewis et al., 2010; Schwartzentruber et al., 2012; Sturm et al., 2012). Many of the differentially
expressed genes in H3.3G34R/V tumor cells are related to distinct regions of brain development,
developmentally regulated transcription factors, and cell fate determining factors (Bjerke et al.,
2013; K.-Y. Chen et al., 2020). Among these differentially expressed factors is MYCN which

regulates brain development in normal, healthy tissue but gain-of-function mutations or



overexpression in neural stem cells results in the formation of a variety of neural tumors (Bjerke
et al., 2013; Knoepfler et al., 2002; Swartling et al., 2012). Identification of MYCN overexpression
in H3.3G34R/V gliomas provides insight for possible treatments of these otherwise difficult-to-
treat tumors by targeting proteins that normally help stabilize MYCN such as CHK1 and AURKA
(Bjerke et al., 2013; Cole et al., 2011; Otto et al., 2009).

A recent study utilized CRISPR-Cas9 to edit endogenous H3F3A to generate HA and
HGG cells with the H3.3G34 or H3.3K27M mutations to determine what cellular and molecular
changes in GBM are specific to H3.3G34R and if any are shared with H3.3K27M (K.-Y. Chen et
al., 2020). Several changes were observed between wild-type H3.3 cells and their edited
H3.3G34R counterparts including increased growth and proliferation in HA-H3.3G34R cells and
changes in chromatin marks at NOTCH signaling pathway promoters (K.-Y. Chen et al., 2020).
H3.3 was increased at the promoters of neurogenesis and NOTCH signaling genes in HA- and
HGG-H3.3G4R/K27M cells compared to wild-type along with decreased levels of H3K27me3,
H3K27ac, and H3K36me3 at these same promoters (K.-Y. Chen et al., 2020). Consequently,
increased expression at both the transcript and protein level of NOTCH signaling and
neurogenesis genes was seen in HA- and HGG-H3.3G4R/K27M cells demonstrating that NOTCH
and neurogenesis pathways are shared key mechanisms in DIPG and GBM (K.-Y. Chen et al.,
2020). This is further supported by the finding that combining standard irradiation with DAPT, a
y-secretase inhibitor that inhibits NOTCH signaling, significantly decreased cell viability of HA-
H3.3K27M and HGG-H3.3G34R in culture in comparison to wild-type cells demonstrating that this
combination therapy could be an effective treatment for both DIPG and GBM harboring either
H3.3K27M or H3.3G34R mutations (K.-Y. Chen et al., 2020).

Despite these insights, the mechanisms by which the H3.3G34R/V mutations stimulate
tumor formation and changes to gene expression are still mostly open questions. Glycine 34 itself
is not a site for post-translational modifications (PTMs) but it is only two residues away from

H3K36, which can either be methylated or acetylated. Different studies report that H3K36me3
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levels are either increased, decreased, or unchanged in GBM patient samples (Bjerke et al., 2013;
K.-Y. Chen et al.,, 2020; Fontebasso et al., 2014; Jain et al., 2020; Lewis et al., 2013;
Schwartzentruber et al., 2012; Voon et al., 2018). There are two main theories for how H3K36me3
levels are affected by G34 mutations: H3.3G34R/V either prevents methylation by the
methyltransferase SETD2 or blocks demethylases KDM4 A/B/C (Jain et al., 2020; Lewis et al.,
2013; Voon et al., 2018). It is worth noting that these theories are not mutually exclusive, both
methyltransferase and demethylase dynamics could be affected by G34 mutations in the same
cell, but one mechanism may be more affected than the other in a given cell line or patient (Jain
et al., 2020; Voon et al., 2018). G34 mutations do not result in global decreases in H3K36me3
but do cause H3K36me3 to be depleted from nucleosomes that contain the H3.3G34 mutant thus
supporting they hypothesis that G34 mutations inhibit SETD2 activity (Lewis et al., 2013). These
H3.3G34 mutant nucleosomes with decreased H3K36me3 are improved substrates for the
methyltransferase PRC2 and result in increased levels of H3K27me2/3 (the mark that PRC2
deposits) on the same nucleosome containing the H3.3G34 mutation suggesting a cis-acting
mechanism (Jain et al., 2020). This leads to a spreading and increase of the H3K27me2/3
repressive mark while simultaneously decreasing the activating marks H3K27ac and H3K36me3
at a subset of enhancers and active genes resulting in decreased gene expression leading to
tumorigenesis in these cells.

Conversely, it has been found that H3K36me3 levels can be unchanged or slightly
increased in H3.3G34R/V GBM due to a decrease in KDM4 A/B/C demethylase activity (Bjerke
et al., 2013; Schwartzentruber et al., 2012; Voon et al., 2018). This slight increase in H3K36me3
does not uniformly occur throughout the genome and instead is concentrated to specific gene
regions and genes, including MYCN, resulting in increases in gene expression at these specific
regions because H3K36me3 is a transcription activating mark (Bjerke et al., 2013; Voon et al.,
2018; Wagner and Carpenter, 2012). KDM4 family of demethylases bind preferentially to

H3.3G34R compared to wild-type H3.3 and H3.3G34R not only binds to KDM4 but also
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inactivates and sequesters it suggesting that H3.3G34R is a trans-acting mutation in this situation
(Voon et al., 2018).

While the two theories explained here ultimately would have generally opposite effects on
H3K36me3 levels and distribution within different regions of the genome, protein structure
analysis work demonstrates in both cases that inactivation of the respective enzymes is likely due
to hindrance caused by the small glycine group at residue 34 being replaced by the considerably
larger arginine or valine and that these larger residues significantly reduce enzymatic activity of
SETD2 and KDM 4 A/B/C (Chen et al., 2006; Couture et al., 2007; Jain et al., 2020; Voon et al.,
2018; Yang et al., 2016). While H3G34 is not directly modified, it may play an important role in
maintaining H3K36 modifications and the mutations found in GBM disrupt key epigenetic writers,
which then substantially change gene expression either through H3K36me3 levels or through the
spread of H3K27me3 via PRC2. These differences in mechanisms could be due to variation
between patient samples or another biological change that has not yet been found. In future
studies it will be important to determine under what circumstances SETD2 is inhibited versus
KDM4 is inhibited (or both). It will also be important to know if this enzyme inhibition varies across
patients or if an active cellular mechanism balances increases and decreases in H3K36me3 at
specific locations to drive tumorigenesis. H3.3G34R/V gliomas are not nearly as extensively
studied as H3.3K27M and further investigation into epigenetic mechanisms at play, gene
expression changes, and drug sensitivities are proceeding to improve our understanding and

treatment for this subset of high-grade childhood glioma.

H3.3K27M increases H3K27ac levels leading to increased expression of super-enhancer
related genes

Lysine 27 on histone H3 is a heavily modified residue and can either be acetylated or
methylated, generally resulting in gene activation or repression, respectively. Therefore, it would

be expected that the H3.3K27M mutation in DIPG would have an effect on H3K27ac levels.
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Multiple studies have reported global increases in H3K27ac levels accompanied by increases in
gene expression and, in some cases, increase chromatin accessibility in H3.3K27M DIPG
samples (K.-Y. Chen et al., 2020; Krug et al., 2019; Larson et al., 2019; Lewis et al., 2013;
Nagaraja et al., 2019; Wang et al., 2021). Interestingly, the increase in H3K27ac is found on
heterotypic nucleosomes, those that contain an H3.3 mutant (either K27M or G34R) and H3.3
wild-type (Lewis et al., 2013; Piunti et al., 2017; Wang et al., 2021; Wiese et al., 2020). This
increase in H3K27ac coincides with a sharp decrease in H3K27me3 leading to very low to no
detectable H3K27me3, aberrant gene expression, and hyperacetylation in the same genomic
locations as H3.3K27M-H3K27ac nucleosomes due to H3.3K27M negatively impacting PRC2
activity (Krug et al., 2019; Lewis et al., 2013; Piunti et al., 2017; Wiese et al., 2020). Increases in
H3K27ac appear to be H3K27M dependent with knock-down, knock-out, and gene-editing K27M
to wild-type each reduce H3K27ac (K.-Y. Chen et al., 2020; Krug et al., 2019; Silveira et al.,
2019). Similarly, mouse H3.3K27M knock-in and CRISPR-Cas9 gene editing wild-type H3F3A to
H3F3A-K27M models result in increased H3K27ac levels indicating that H3.3 mutation status has
a direct effect on H3K27ac levels (K.-Y. Chen et al., 2020; Larson et al., 2019). There is evidence
suggesting that changes in H3K27ac are reflective of changes to the amount of H3K27ac at these
sites and not a complete loss of H3K27ac sites, in the case of removing H3.3K27M mutation, or
gain of de novo sites, when H3.3K27M mutation is present (Krug et al., 2019).

Importantly, H3K27ac is a mark associated with enhancers and super-enhancers. Super-
enhancers are similar to enhancers in that both are cis-regulatory regions but super-enhancers
can be thousands of base pairs long (compared to enhancers which are typically hundreds of
base pairs), have high levels of Mediator complex and transcription factors important for
establishing and maintaining cell identity such as Oct4, Sox2, Nanog, Klif4, and Essrb, and high
levels of H3K27ac (Whyte et al., 2013). Genes regulated by super-enhancers tend to be very

highly transcribed and related to cell identity and/or oncogenesis making them prime regions of
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study in DIPG and potential drug targets (Hnisz et al., 2013; Lovén et al., 2013; Whyte et al.,
2013).

Super-enhancers specific to H3.3K27M DIPG tumors have high levels of H3K27ac and
are linked to highly transcribed genes involved in neurogenesis, axon guidance, proliferation, Rho
GTPase signaling, development, and signal transduction of several pathways including NOTCH
signaling, Hedgehog, and PDGF signaling, all of which have been shown to play key roles in
DIPG tumorigenesis and maintenance (C. C. L. Chen et al., 2020; K.-Y. Chen et al., 2020; Krug
et al., 2019; Larson et al., 2019; Monje et al., 2011; Nagaraja et al., 2019, 2017; Pathania et al.,
2017; Paugh et al., 2013; Taylor et al., 2015; Wang et al., 2021; Wiese et al., 2020). CRISPR-
Cas9 gene editing models show that the high levels of H3K27ac at super-enhancers and
subsequent gene activation are dependent on the H3.3K27M mutation. After gene-editing of
H3F3A-K27M (either knockout or reversion to wild-type) there is a reduction of H3K27ac and an
increase in H3K27me3 at super-enhancers leading to decreases in gene expression of many
oncogenic and Notch signaling pathways (K.-Y. Chen et al., 2020; Krug et al., 2019). Altogether
these data indicate that H3K27ac and super-enhancer are potential candidates for therapeutic
targets. In fact, to date there has been some success in using histone deacetylase (HDAC)
inhibitors, CDK7 inhibitors, Notch signaling inhibitors, and bromodomain and extra-terminal (BET)
domain inhibitors to treat these tumors in cell culture and mouse xenograft models (K.-Y. Chen et
al., 2020; Grasso et al., 2015; Nagaraja et al., 2017; Piunti et al., 2017; Wang et al., 2021; Wiese
et al., 2020).

Enhancers and super-enhancers are not the only genomic regions that display an increase
in H3K27ac and subsequent increases in gene expression in H3.3K27M DIPG. H3K27ac levels
have also been shown to be elevated in repetitive elements, specifically at endogenous retrovirus
(ERVs) sequences, resulting in activation of these otherwise silenced regions (Krug et al., 2019).
The activation of ERVs results in viral mimicry, a phenomenon wherein double-stranded RNA

expression is induced leading to activation of immune response pathways (Chiappinelli et al.,
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2015; Roulois et al., 2015). This is a clear demonstration of increased global H3K27ac levels
resulting in aberrant gene expression and presents another potential therapeutic strategy. There
is evidence in DIPG that combining DNA demethylating drugs and HDAC inhibitors further
increase ERV expression resulting in decreased cell viability in H3.3K27M cells (Krug et al.,
2019). Enhancers, super-enhancers, repeat elements, and the interplay between H3K27ac and
H3K27me3 levels play a key role in regulating gene expression in pathways that are targetable
with known drug treatments. Further characterization of these genomic regions and histone marks
will be important to better understand the epigenetic intricacies of DIPG as well as determine
potential drug treatments that specifically target mutant H3.3 DIPG cells while not harming healthy

tissues, something that the current radiation alone treatment plan lacks.

HDAC inhibitor mono- and combination therapies are promising treatments for DIPG

One of the largest obstacles facing the DIPG field is developing drug therapies that can
cross the blood brain barrier and specifically target tumor tissue and not healthy brain tissue. In
recent years, huge strides have been made in uncovering vulnerabilities in these tumors and one
drug has even advanced to clinical trials specifically for DIPG. Perhaps one of the most
extensively investigated drug treatments for DIPG is the histone deacetylase inhibitor (HDACI)
panobinostat. Panobinostat is currently FDA approved for treating multiple myeloma and has
been in phase | clinical trials for a variety of adult cancers, including brain (NCT01324635)
(Grasso et al., 2015; Hennika et al., 2017). Following a large drug-screening study it was found
that DIPG tumor cells are sensitive to panobinostat resulting in decreased cell viability and
reduction of proliferation genes (Grasso et al., 2015; Hennika et al., 2017). Panobinostat
increases H3K27ac levels which then restores H3K27me3 levels because acetylation of other
residues on the histone tail blocks PRC2 interaction with H3K27M (Brown et al., 2014; Grasso et
al., 2015). This allows PCR2 to interact with and methylate the K27 on the wild-type H3 histone

on a heterotypic nucleosome resulting in the rescue of normal gene expression profiles (Brown
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et al., 2014; Grasso et al., 2015). In vivo mouse studies yield mixed results with some indicating
that panobinostat significantly decreases tumor cell growth and increases survival but others have
struggled to replicate this citing toxicity issues and no improvements to survival (Grasso et al.,
2015; Hennika et al., 2017; Krug et al., 2019; Lin et al., 2019; Meel et al., 2020). This could be
due to differences in drug delivery systems which is worth investigating further given the difficulty
of identifying drugs that can cross the blood-brain barrier (Grasso et al., 2015; Hennika et al.,
2017; Sandberg et al., 2002).

Despite being one of the few drugs for treating DIPG to advance to clinical trials
(NCT02717455), panobinostat is not without complications that need to be carefully considered
(Cooney et al., 2018). For one, the detrimental effect on cell viability and proliferation is observed
in H3.3K27M, H3.3G34R, and wild-type H3.3 cells which on the one hand alleviates the need to
sequence patient tumors prior to administration but could also be the underlying cause for
cytotoxicity observed in xenograft studies and negative side-effects observed in current clinical
trials (K.-Y. Chen et al., 2020; Grasso et al., 2015; Hennika et al., 2017; Vitanza et al., 2021).
Additionally, it has been well documented that H3.3K27M DIPG cells develop resistance to
panobinostat upon long-term exposure or follow-up treatment indicating that combination
therapeutic approaches will be key to effectively using panobinostat in the clinic (Grasso et al.,
2015; Nagaraja et al., 2017).

Many different cellular processes have been targeted in combination with panobinostat in
order to address drug resistance including proteosomes, epithelial to mesenchymal transition
(EMT), CDK signaling, and BET proteins (Grasso et al., 2015; Krug et al., 2019; Lin et al., 2019;
Meel et al., 2020; Nagaraja et al., 2017). A high-throughput drug screening study revealed that
the proteasome inhibitor marizomib had a high degree of synergy with panobinostat and could
cross the blood-brain barrier (Lin et al., 2019). Just as with panobinostat alone, marizomib and
panobinostat together resulted in decreased cell proliferation and increased apoptosis in all

glioma samples, regardless of H3 status, and this effect was greater than either drug alone (Lin
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et al., 2019). Patient-derived xenograft mouse experiments with combination therapy resulted in
a 20% increase in survival which, while arguably marginal, is still an improvement over current
treatment options and predicted patient outcomes (Lin et al., 2019). Current data suggests that
the combination therapy largely affects metabolism and cellular respiration by triggering oxidative
stress and downregulating oxidative phosphorylation genes, increasing levels of ubiquitinated
proteins, and upregulating genes related to the unfolded protein response (Lin et al., 2019). This
demonstrates that metabolic processes are compromised in DIPGs and are therefore vulnerable
to compounds that target metabolic pathways showcasing another approach that should be
investigated further.

A common characteristic of cancer, including DIPG, is the activation of mesenchymal
genes through the epithelial to mesenchymal transition (EMT) and has been shown to occur when
H3.3K27M is introduced into mouse NSCs making it a target worth investigating (Larson et al.,
2019; Meel et al., 2020; Puget et al., 2012). Specifically, the receptor tyrosine kinase AXL is highly
expressed in DIPG which is dependent on the presence of H3.3K27M and is a known initiator of
EMT in adult glioma making it a prime drug target (Meel et al., 2020; Paugh et al., 2011; Silveira
et al., 2019; Vajkoczy et al., 2006). Inhibiting AXL alone with BGB324 resulted in decreased
viability and a significant decrease in the expression of mesenchymal-associated genes, an effect
that was even more pronounced when combined with panobinostat (Meel et al., 2020). The
combination therapy led to further gene expression changes that were not observed with either
drug alone including a decrease in stem cell markers and an increase in neuronal differentiation
genes (Meel et al., 2020). The synergy of the two drugs was maintained in in vivo xenograft
studies where a modest increase in survival was observed but it is important to note that this
result was only seen when the convection-enhanced delivery (CED) system was used providing
further evidence that this method is likely crucial to delivering the necessary concentrations of
drugs to the brain (Meel et al., 2020; Sandberg et al., 2002). Importantly, the synergist effects

were specific to H3K27M DIPG cells and were not observed in wild-type H3 glioblastoma thus
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making this particular regiment most promising for H3K27M tumors and potentially easing side-
effects because surrounding wild-type H3 cells will be minimally affected if at all (Meel et al.,
2020).

While this was not included in the in vivo studies, the group also tested BGB324 and
panobinostat together with radiation and found that this resulted in triple synergy in vitro with DIPG
neurospheres being the most sensitive to this treatment regimen and no regrowth was observed
after treatment ended (Meel et al., 2020). This finding is especially important given that the only
approved treatment method to date for DIPG is radiation therapy which by itself does not abolish
the tumors. Future studies replicating the benefits of combining HDACi and EMT inhibition as well
as HDACI, EMT inhibition, and radiotherapy could be critical next steps to developing an effective
treatment regimen and improving the survival outcomes for these young patients.

In addition to alterations in histone mark levels and distribution, transcription dysregulation
is another main characteristic of DIPG making it a prime candidate to target in combination with
H3K27ac. The two primary ways of doing this are by targeting BET proteins and CDKs that
regulate RNA Pol Il i.e. BRD4 via JQ1 (Nagaraja et al., 2017; Piunti et al., 2017; Taylor et al.,
2015; Wiese et al., 2020) and CDK7 via THZ1 (Nagaraja et al., 2017). Combining panobinostat
with JQ1 or THZ1 both resulted in reduced cell viability and proliferation and increased apoptosis
to a greater degree than any of the three drugs alone (Nagaraja et al., 2017). The issue of drug
resistance was also specifically tested and DIPG that developed resistance to panobinostat were
also resistant to JQ1 but were sensitive to THZ1 (Nagaraja et al., 2017). Upon investigation, it
seems that cells may become resistant to JQ1 following panobinostat treatment because the two
drugs downregulate many of the same genes that are related to nervous system development
instead of targeting different families of genes such as ASCL1 (Nagaraja et al., 2017). THZ1 and
panobinostat however do target different gene sets with THZ1 largely downregulating genes
related to transcription and gene regulation likely explaining why these two drugs have synergy

and sensitivity to THZ1 is maintained even after panobinostat treatment (Nagaraja et al., 2017).
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Many of the genes that were repressed by the three drugs were also those associated with super-
enhancers with H3K27ac specifically being reduced following panobinostat treatment further
reinforcing that super-enhancers are elements to assess and test further for pathways that are
important to DIPG biology and be modulated with chemotherapies (Nagaraja et al., 2017; Wiese
et al., 2020). All three drugs target core processes central to DIPG biology and therefore make
promising combination therapies, CDK targeting drugs more so than BET inhibitors, once CDK
and BET inhibitor compounds that can cross the blood brain barrier are developed (Nagaraja et

al., 2017).

Overview

High-throughput sequencing has allowed the field to identify key, unifying mutations in
DIPG tumors including H3.K27M. While it is clear that H3.3K27M plays a key role in DIPG disease
biology and has recently been shown to play a crucial role in tumor maintenance, there are still
many unanswered questions regarding its effect on gene expression, the chromatin landscape,
and downstream pathways that can serve as drug targets.

In Chapter 2, the role of H3.3K27M in chromatin dynamics is discussed. Isogenic H3.3
wild-type cell lines were made using the CRISPR-Cas9 gene-editing system and matched to
parental, unedited H3.3K27M DIPG patient cell lines. Distinct differences in accessible gene
groups were found between with impacts on gene expression, namely regarding neuronal
development and cell adhesion. The differences in accessible chromatin and genes expression
were found to potentially also be due to differences in transcription factor binding sites and we
identify some transcription factors of interest for future study.

Chapter 3 discusses future directions for studies that should be conducted on H3.3K27M
DIPG tumors, summarizes our chromatin dynamics study, and concludes with proposed drug

targets based on regions and genes of interest we found to be accessible and upregulated.
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Abstract

The H3.3K27M mutation is a defining characteristic of diffuse intrinsic pontine glioma
(DIPG). This histone mutation is responsible for drastic alterations to histone H3 post-translational
modification (PTMs) and subsequent aberrant gene expression. However, much less is known
about the effect this mutation has on chromatin structure and function, specifically open versus
closed chromatin regions. Recently, we developed isogenic CRISPR-edited cell lines that are
wild-type for histone H3.3 that can be compared to their matched K27M lines. Here we show via
ATAC-seq analysis that H3.3K27M glioma cells have unique open chromatin at gene regions
corresponding to NOTCH, neurogenesis, and neuronal development pathways and correspond
to genes that are overexpressed in H3.3K27M compared to isogenic wild-type cell line. Accessible
enhancers and super-enhancers corresponding to increased gene expression in H3.3K27M cells
were mapped to genes involved in neurogenesis and NOTCH signaling, further supporting our
previous findings that these pathways are key to DIPG tumor maintenance. MOTIF analysis
implicates specific factors as central to K27M signaling including ASCL1. Altogether our findings
indicate that H3.3K27M causes chromatin to take on a more open configuration at key regulatory
regions for NOTCH and neurogenesis genes, resulting in increased oncogenic gene expression,

which is reversible upon editing K27M back to wild-type.

Introduction

Diffuse intrinsic pontine gliomas (DIPG) are a leading cause of cancer-related deaths in
children with survival typically being less than 2 years (Mackay et al., 2017). One of the defining
features of DIPG is the presence of the histone tail mutation H3.3K27M, which is estimated to be
in 80% of DIPG tumors (Khuong-Quang et al., 2012; Sturm et al., 2012; Yuen and Knoepfler,
2013). The K27M mutation greatly impacts epigenetic modifications including causing global
decreases in the repressive mark H3K27me3, an increase in the activating mark H3K27ac, and

a reduction in DNA methylation (Bender et al., 2013; Chan et al., 2013; Creyghton et al., 2010;
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Lewis et al., 2013). Current data suggests that H3.3K27M either sequesters, excludes, or
enzymatically inactivates PRC2 thus preventing it from methylating wild-type H3 nucleosomes
except at strong affinity sites that lack H3.3K27M deposition (Bender et al., 2013; Fang et al.,
2018; Herz et al., 2014; Justin et al., 2016; Lee et al., 2019; Lewis et al., 2013; Mohammad et al.,
2017; Piunti et al., 2017; Sarthy et al., 2020; Stafford et al., 2018). More recently, a fourth
hypothesis was proposed that H3K27M prevents the spread of H3K27me3 from high-affinity
PRC2 sites, specifically large unmethylated CpG islands related to lineage differentiation
(Harutyunyan et al., 2019).

The exact mechanisms are still to be defined, but it is established that this disruption to
epigenetic marks by H3.3K27M is essential for the maintenance of tumor properties (Chen et al.,
2020; Harutyunyan et al., 2019). Several studies have been conducted investigating interventions
to correct the disrupted epigenetic landscape with some showing possible clinical promise.
Namely, small-molecule inhibitors of EZH2, the catalytic subunit of PRC2 responsible for the
H3K27me3 mark, and the histone deacetylase inhibitor (HDACIi) panobinostat have been heavily
investigated with the latter advancing to clinical trials (Grasso et al., 2015; Hennika et al., 2017;
Mohammad et al., 2017; Piunti et al., 2017). Further decreasing H3K27me3 initially appears
counter-intuitive, but this approach reduced H3K27me3 at tumor-suppressor genes that are
otherwise silenced in DIPG leading to reduced proliferation (Mohammad et al., 2017; Piunti et al.,
2017). Similarly, further increasing histone H3 acetylation has the unexpected result of partially
restoring H3K27me3 levels due to histone tail polyacetylation blocking PRC2, and H3K27M
interactions leading to decreased proliferation and restoration of normal gene expression (Brown
et al., 2014; Grasso et al., 2015). However, both strategies have pitfalls including patient-to-
patient variability, development of resistance, and cytotoxicity (Grasso et al., 2015; Krug et al.,
2019; Lin et al., 2019; Meel et al., 2020; Mohammad et al., 2017; Piunti et al., 2017). This

complexity demonstrates the necessity to further understand the mechanism(s) at play in DIPG
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that disrupt histone marks and the downstream effects on chromatin and gene expression to
identify other potential drug targets.

Importantly, the DIPG H3.3K27M mutation, and subsequent chromatin mark changes,
results in modifications to the transcriptome that are unique from H3.1K27M DIPG and H3-WT
glioblastoma, including increased expression of genes related to neural development,
neurogenesis, NOTCH signaling, and differentiation (Chen et al., 2020; Harutyunyan et al., 2019;
Larson et al., 2019; Nagaraja et al., 2017; Sturm et al., 2012). Drug studies have demonstrated
that inhibition of the NOTCH pathway leads to both reduced proliferation and viability in DIPG
further supporting its importance to tumor maintenance and presenting a promising treatment
method (Chen et al., 2020; Hurtado et al., 2019; Taylor et al., 2015). While the epigenetic effects
of K27M have been extensively studied, relatively much less is known about the impacts on
chromatin structure and function (Krug et al., 2019; Wang et al., 2021).

Here we build upon our previous work where we used CRISPR-Cas9 to gene edit the
point mutation responsible for the H3.3K27M mutation in established DIPG lines to generate
isogenic H3.3 wild-type cell lines (Chen et al., 2020). We assessed differential open chromatin
regions (ATAC-seq) between the pairs of isogenic DIPG cell lines and found that in H3.3K27M
DIPG cells genes regulating neurogenesis and neuronal processes were enriched in open
chromatin regions, including their corresponding enhancers and super-enhancers. These genes
also had increased expression in H3.3K27M DIPG compared to their matched control H3.3 wild-
type gene-edited cell lines. Binding motifs for ASCL1, which we previously showed to be
upregulated in H3.3K27M and important to tumorigenesis, and NEUROD1, a transcription factor
known to be essential for neurogenesis, were enriched in H3.3K27M cells at genes related to
neuronal processes and nervous system development. Based on these findings, we propose a
model in which H3.3K27M nucleosome deposition results in a more euchromatic structure at

super-enhancers and gene bodies of genes related to neurogenesis and NOTCH signaling,
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exposing the binding site motifs for key transcription factors like ASCL1 and NEUROD1, resulting

in increased expression of their target genes that contribute to tumorigenesis.

Results
Accessible chromatin regions in pediatric gliomas

To study how the oncohistone H3.3K27M affects chromatin dynamics and gene
expression, we used Assay for Transposase-Accessible Chromatin using sequencing (ATAC-
seq) (Buenrostro et al., 2015, 2013; Corces et al., 2017) on our previously described panel of
isogenic DIPG cell lines that were gene-edited to have wild-type H3.3 using CRISPR-Cas9
(Buenrostro et al., 2013; Chen et al., 2020; Corces et al., 2017). Briefly, two H3.3K27M DIPG
lines SU-DIPG-XIII and SU-DIPG-XVII (hereafter referred to as Xlll and XVII, respectively, and
also more generally as “parental” cells), and their CRISPR gene-edited counterparts (XIlI-WT and
XVII-WT) were used for this study.

We performed ATAC-seq using biological duplicates for each cell line and called peaks
for each replicate. We then used the R package DiffBind to identify open chromatin peaks shared
between replicates and that were differential between H3.3-WT and H3.3K27M cell lines. The XIlI
and XIII-WT cells had 4,522 and 12,860 unique peaks, respectively, and XVII and XVII-WT had
13,136 and 211 unique peaks, respectively (Supplementary Table 1). Distinct chromatin
accessibility profiles were observed between H3.3-WT and H3.3K27M cells for each line,
consistent with substantially changes chromatin accessibility (Fig. 1a-d). Principal Component
Analysis (PCA) analysis of the matched isogenic lines indicated high reproducibility between
replicates and that H3.3-WT and H3.3K27M separate from each other (Fig. 1e-f). When both sets
of matched isogenic lines were included in the DiffBind analysis hierarchical clustering suggested
that lines clustered by H3F3A mutation status (Supplementary Fig. 1a). However, PCA analysis
suggested a slight bias for clustering based on the original cell line, with XVII and XVII-WT

separating from Xl and XIII-WT (Supplementary Fig. 1b). This suggests that across DIPG cell
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lines the presence of H3.3K27M results in significant differences in open chromatin regions
compared to wild-type, however there are unique features in DIPG patient lines that are
maintained regardless of H3F3A status. These findings point to other factors likely influencing
open chromatin regions that are specific to each cell line and are worthy of future investigation.
We determined the proportion of open chromatin peaks that were in exons, introns,
promoters (defined as between 2 kb upstream and 1 kb downstream of the TSS), and intergenic
regions of the genome for each cell line. Interestingly, the percentage of peaks that mapped to
the promoter regions decreased upon reversion of H3.3K27M to wild-type (Fig. 2a).
Approximately 40% or more of the peaks across all lines (except XVII, which had a more even
distribution across all genomic categories) were found in intergenic and intronic regions while the
remaining 5-20% of peaks were found in promoters and exons (Fig. 2a and Supplementary Table
1). This analysis demonstrates that most of the accessible chromatin are located in regulatory

regions.

Open chromatin regions are uniquely enriched for neuronal genes in K27M cells

Within the ATAC-seq datasets we looked to see which functional groups of genes were
enriched in the open chromatin peaks using gene ontology (GO) analysis of biological processes,
cellular components, molecular function, and KEGG Pathways. Both parental lines (XIIl and XVII)
showed enrichment for nervous system development and homophilic cell adhesion terms in their
respective open chromatin regions (Fig. 2b and d, blue graphs). Due to low peak numbers, no
significant GO terms were identified for XVII-WT, but the XIII-WT open regions corresponded to
GO terms related to cytoskeleton, actin binding, and focal adhesion (Fig. 2c, blue graph).

When the ATAC-seq data from all four lines were compared using DiffBind, some specific
gene clusters were enriched in all H3.3K27M cell lines compared to wild-type H3.3 and vice versa.
Parental lines XIIl and XVII shared 464 peaks, mapping to 245 genes, while XIlII-WT and XVII-

WT shared 3,402 peaks and 1,378 genes (Supplementary Table 1). No significant GO terms for
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the open chromatin genes shared between parental lines, despite sharing the key H3.3K27M
mutation that is a defining feature of DIPG, suggesting that there is some degree of heterogeneity
between patient tumors. The CRISPR gene-edited H3.3 wild-type cells, however, did have
significant shared GO terms including cytoskeleton, cytosol, pathways in cancer, and actin
binding, further supporting the hypothesis that H3K27M plays a key role in regulating chromatin
accessibility at genes that contribute to cell morphology and tumor characteristics (Supplementary
Fig. 2a).

To determine if the differentially open regions of chromatin in each cell line corresponded
to genes that showed increased expression in the same cell types, we compared our ATAC-seq
data with 3'Tag-seq gene expression data from our previous study (Chen et al., 2020). ATAC-seq
peaks from DiffBind for each cell line were mapped to the genomic coordinates of genes that
demonstrated increased expression via Tag-seq analysis. This intersection analysis determined
that 1,881 and 5,627 statistically significant upregulated genes in Xlll and XVII, respectively,
mapped to open chromatin ATAC-seq peaks in the two parental cell lines (Supplementary Table
2). Conversely, 4,874 and 119 statistically significant upregulated genes in H3.3-WT cell lines
corresponded to open chromatin ATAC-seq peaks in XII-WT and XVII-WT, respectively
(Supplementary Table 2). This analysis demonstrated that many genes with increased expression
also reside in these accessible regions of chromatin, likely explaining in part why these genes are
upregulated.

GO analysis was conducted on these overlapping gene lists to determine which gene
families were enriched for open chromatin resulting in increased expression (Fig. 2b-d, red
graphs). Parental lines (XIIl and XVII) had open chromatin in numerous upregulated genes related
to the nervous system such as to cell junction, axon guidance, postsynaptic density, neuron
migration, nervous system development, neuronal cell body, and glutamatergic synapse to name
afew (Fig. 2b and d, red graphs). The XIII-WT line had open regions corresponding to upregulated

genes in terms related to adhesion, actin, and the extracellular matrix (Fig. 2c, red graphs). This
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is consistent with our observation that XIlI-WT cells undergo morphological changes and become
more adherent even in suspension culturing conditions following the reversion of H3.3K27M to

wild-type (Chen et al., 2020).

Enhancer analysis points to nervous system signaling and stem cell pathways

Since H3.3K27M DIPG cells have a distinct active enhancer profile compared to normal
pons tissue (Nagaraja et al., 2019), we compared the enhancer regions with open chromatin
specific to our parental DIPG to the isogenic wild-type DIPG lines using the Genomic Regions
Enrichment of Annotations Tool (GREAT) analysis (Fig. 3a) (McLean et al., 2010). Briefly,
enhancers were defined as regions with H3K27ac, the peaks for which were obtained from a
previous ChlP-seq dataset (Nagaraja et al., 2017) and were called using MACS2 default
parameters (Feng et al., 2012; Zhang et al., 2008), excluding promoters as previously defined
(Supplementary Table 3). Similar to GO analysis conducted on gene bodies and upregulated
genes, parental H3.3K27M lines were enriched for enhancers linked to genes related to various
signaling pathways and nervous system development including NOTCH signaling and
myelination, both of which have previously been shown to play a role in pons development and
be upregulated in DIPG tumors (Chen et al., 2020; Tate et al., 2015; Taylor et al., 2015).
Additionally, neuronal stem cell population maintenance and oligodendrocyte differentiation-
related enhancers were present in parental lines. These results support prior findings that key
mutations, such as H3.3K27M, likely occur in neural precursor cells (NPCs)/neural stem cells
(NSCs), but the cells continue to either partially differentiate into oligodendrocytes or at least gain
key oligodendrocyte lineage characteristics and this disrupted development contributes to tumor
formation (Filbin et al., 2018; Haag et al., 2021; Nagaraja et al., 2019; Tate et al., 2015).
Visualization of ATAC-seq peaks for select genes of interest overlaid with the previously

described H3K27ac ChIP-seq dataset revealed increased accessible chromatin peaks that
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mirrored increased H3K27ac signal and known enhancer regions for genes known to be involved
in NOTCH signaling and neuronal development (Fig. 3b).

Conversely, XIII-WT cells continued to show enrichment for processes important to cell
adhesion and differentiation into a variety of cell types (Fig. 3a). Interestingly, the GO category
negative regulation of MAPK cascade was also enriched in XIlI-WT enhancers, which has been
shown to be an important signaling pathway in DIPG tumors demonstrating that reverting the
K27M mutation may be sufficient to somewhat reverse the activation of this pathway and
contribute to a decrease in tumor-like characteristics in the isogenic line (Nagaraja et al., 2019,
2017). Together, these results suggest that oncohistones specifically contribute to chromatin
accessibility at enhancers that are important to cell identity and key signaling pathways resulting

in activation of processes linked to DIPG tumorigenesis.

Open chromatin regions are enriched for transcription factor binding sites related to
neuronal lineage in K27M cells

Given the distinct ATAC-seq profiles in gene bodies, enhancers, and super-enhancers,
and transcriptomic differences between parental and wild-type cell lines, we decided to assess
the potential transcription factors at play at the interface between gene expression and regulatory
elements. We first scanned for motifs and mapped them to parental or wild-type ATAC-seq peak
regions using MEME-FIMO and HOMER (Fig. 4a-b and Supplementary Fig. 3d-e). One notable
finding was enrichment of the DNA binding motif for ASCL1, which we previously identified as
upregulated in H3.3K27M DIPG cells and important for cancer-related cellular functions (Chen et
al., 2020), in both XIll and XVII cells compared to their wild-type counterparts. Motifs for
transcription factors known to play roles in stem cell potency, development, and differentiation
into the neuronal lineage including GBX1, GBX2, NEUROD1, OLIG2, and HOXAZ2 were also
enriched in parental K27M cells (Fig. 4a and Supplementary Fig. 3d). In support of previous data,

GO analysis of ASCL1 and NEUROD1 FIMO regions indicated that these motifs were found in
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genes related to nervous system development, axon guidance, GTPase activity, cell junction, and
postsynaptic density (Supplementary Fig. 3a-b). By contrast, Xlll- and XVII-WT cells were
enriched for a number of FOS::JUN family transcription factors motifs, which have previously been
identified to either be enriched in wild-type H3K27 high-grade gliomas or shared across multiple
glioma subtypes (Fig. 4b and Supplementary Fig. 3e) (Krug et al., 2019).

We also used HINT-ATAC (Li et al., 2019) to identify differential transcription factor
footprints in open chromatin regions of parental and wild-type cell lines. This analysis also
identified transcription factors related to NOTCH signaling, neurogenesis, development, and
oncogenesis including HEY1, PAX2, and HOXB9 in parental lines (Fig. 4c and e). While the
MEME-FIMO and HINT-ATAC analyses did not identify shared specific factors, the factors that
were identified did belong to shared common pathways further highlighting the importance of
these pathways in DIPG disease biology. FOSL1::JUN was present in wild-type using both
analysis methods as well as factors related to migration, cytoskeleton remodeling, and Sonic
Hedgehog signaling including LHX6, GLI2, CDX1, CDX2, and SNAI1 (Fig. 4d and f,
Supplementary Fig. 3c). This is consistent with GO analysis of XIII-WT ATAC-seq peaks and open
chromatin corresponding to increased gene expression (Fig. 2c). Transcription factor analysis
further confirmed differences between parental and wild-type lines that are H3.3K27M dependent

and likely driven by neuronal factors and NOTCH signaling.

Super-enhancer analysis points to actin nucleator COBL as a shared open region in DIPGs

Super-enhancers are linked to oncogenesis in several tumor types, including DIPG, and
we have previously demonstrated that H3.3K27M leads to loss of H3K27me3 at super-enhancers,
resulting in increased expression of linked genes that likely lead to tumorigenesis (Chen et al.,
2020; Lovén et al., 2013; Nagaraja et al.,, 2017). We found that XlII cells had 306 uniquely
accessible super-enhancers with 107 of these linked to transcriptionally upregulated genes

(Supplementary Table 4). Similarly, XVII cells had 294 accessible super-enhancers and 99 of
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these were tied to upregulated genes (Supplementary Table 4). XIII-WT cells had uniquely
accessible super-enhancers at 282 genes and only 52 of those corresponded to upregulated
genes in that cell line (Supplementary Table 5). The XVII-WT cells only had one accessible super-
enhancer that corresponded to upregulated genes in that cell line, likely due to the low number of
unique peaks, and were not analyzed further (Supplementary Table 5). Additionally, visualization
of ATAC-seq peaks for select super-enhancer regions of interest displayed differences in peak
patterns between parental and wild-type cell lines providing further evidence that H3.3K27M
deposition results in more open chromatin, especially at key regulatory regions such as super-
enhancers (Fig. 5c¢).

Upregulated genes linked to super-enhancers in either parental line included some related
to neurogenesis and NOTCH signaling including NOTCH1, RAP1GAP, POU3F2, and NEUROD1
as well as genes important for stemness, differentiation, and development such as SOX2, OLIG2,
and PTCH1 (Fig. 5a-b and Supplementary Table 4). Further, Xlll and XVII cells shared the
following nine genes that were associated with accessible super-enhancers and displayed
increased expression: CELF2, COBL, DAB2IP, FAM222A, GAB2, LINC01158, SASH1, STK32B,
and TSHZ1 (Fig 5a-c and Supplementary Table 4). From this list of common genes we decided
to validate the gene expression of COBL, an actin nucleator responsible for neurite outgrowth and
of particular importance to proper cerebellum formation (Ahuja et al., 2007; Haag et al., 2012), via
RT-gPCR and also included OL/G2 as a control due to its established importance in DIPG biology
and having already been validated in our previous study (Chen et al., 2020; Filbin et al., 2018;
Haag et al., 2021; Monje et al., 2011; Nagaraja et al., 2019, 2017; Tate et al., 2015; Wang et al.,
2021). We were able to validate the general changes in gene expression by RT-qgPCR (Fig. 5d).
Taken together, these analyses suggest that the super-enhancers of neurodevelopmental genes
become more open in H3.3K27M cells and this contributes to aberrant gene expression, whereas
in H3.3 wild-type these regions become more closed resulting in a gene expression profile more

typical of normal NPCs.
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Discussion

A substantial amount of progress has been made in understanding DIPG biology, arguably
one of the most important discoveries being the prevalence of the mutations in histone H3
proteins. The subsequent changes to epigenetic marks and the transcriptome have been
extensively studied, however, the mechanisms behind these changes remain an active area of
study. In an effort to better understand the mechanisms behind these transcription changes, a
few groups have investigated the chromatin landscape in H3.3K27M DIPG and H3.3K27M
knockout DIPG cell lines (Krug et al., 2019; Wang et al., 2021). However, these studies did not
primarily focus on chromatin accessibility leaving this an under-studied component of DIPG
biology. We built upon this previous work using ATAC-seq and our isogenic CRISPR-Cas9
reverted to wild-type H3.3 and H3.3K27M DIPG lines. While there were consistencies between
the two DIPG cell lines and the isogenic H3.3 wild-type lines, distinct differences still remained
resulting in some degree of clustering based on patient origin rather than completely based on
H3F3A status as was originally expected. It has been extensively documented that while histone
H3 and IDH1 mutation status are the main identifiers for pediatric high grade-glioma (HGG) and
DIPG subgroups, there are other secondary mutations within these subgroups that drive disease
progression (Castel et al., 2018, 2015; Mackay et al., 2017; Nikbakht et al., 2016; Saratsis et al.,
2014; Schwartzentruber et al., 2012; Sturm et al., 2012). Therefore, it is possible that these
secondary mutations are involved in chromatin dynamics and could explain why we observe a
degree of clustering based on cell line instead of solely based on H3.3 mutation status as
expected.

To address if more accessible chromatin is in part responsible for increased gene
expression, we integrated our ATAC-seq data with our previous 3’ Tag-seq expression data (Chen
et al., 2020). Xlll and XVII open chromatin regions corresponding to increased gene expression

were enriched for genes with GO terms related to neuronal development. The abundance of
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nervous system-related terms reflects the developmental origins of these tumors (Funato et al.,
2014; Monje et al., 2011; Nagaraja et al., 2019) and supports the hypothesis that the formation of
these DIPG tumors is through the dysregulation of neuronal developmental programs (Funato et
al., 2014; Haag et al., 2021; Harutyunyan et al., 2019; Mohammad et al., 2017; Pathania et al.,
2017). Conversely, XIlI-WT analysis of overexpressed genes with open chromatin regions
revealed enrichment for morphology genes, including actin cytoskeleton and cell adhesion, with
little to no enrichment for neuronal terms. Together these results suggest that the mutant
H3.3K27M promotes open chromatin and subsequent increased expression of genes related to
the nervous system and development, thus driving the progression of tumor formation. In contrast,
wild-type H3.3 results in open chromatin and upregulation of cell adhesion genes that lead to
decreased tumor-like morphology. This is consistent with changes to cell morphology we had
previously observed as well as previous reports indicating that H3K27M DIPG cells express
mesenchymal and oligodendroglial gene signatures and phenotypes (Castel et al., 2015; Chen et
al., 2020; Haag et al., 2021; Meel et al., 2020; Puget et al., 2012).

A similar pattern was also observed following overlaying the regulatory enhancer and
super-enhancer regions with open chromatin regions. Xlll and XVIl were enriched for enhancers
and super-enhancers related to NOTCH signaling and nervous system development genes
including, but not limited to, ASCL7 and NEUROD1. ASCL1 and NEUROD1 are basic-helix-loop-
helix (bHLH) transcription factors with known functions in neuronal cell fate and differentiation of
glioblastoma stem cells (GSCs) and normal neuronal cells (Gao et al., 2009; Guichet et al., 2013;
Park et al., 2017; Rajakulendran et al., 2019; Vierbuchen et al., 2010). Our group and others have
shown that ASCL1, in connection to NOTCH and WNT signaling pathways, plays a key role in
GBM and DIPG tumors and can act as a pioneer factor and bind to chromatin in order to promote
a more open chromatin configuration at enhancers of neuronal genes (Chen et al., 2020; Park et
al., 2017; Rajakulendran et al., 2019; Vue et al., 2020; Wang et al., 2021). NEUROD1 has similar

dynamics to ASCL17 in medulloblastoma and has also been shown to be a pioneer factor in
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embryonic stem cells (ESCs) binding to heterochromatic promoters and inactive enhancers
resulting in increased H3K27ac levels and subsequent increased expression of neuronal
development genes (Cheng et al., 2020; Pataskar et al., 2016). Motif analysis revealed that open
chromatin regions in H3.3K27M cells are enriched for ASCL1 and NEUROD1 binding motifs.
Those motifs are located in genes related to neuronal development including COBL, which is
upregulated and has accessible enhancer and super-enhancer regions in H3.3K27M cells. COBL
is a calcium and calmodulin-dependent actin nucleator in developing neurons, particularly in the
cerebellum, that increases neurite formation and branching (Ahuja et al., 2007; Haag et al., 2012;
Hou et al., 2015). Calcium and calmodulin GO terms are enriched in H3.3K27M DIPG open
chromatin regions which potentially explains the previously mentioned morphology changes
between our H3.3K27M and H3.3 wild-type cells.

Taken together, our data support a model wherein the H3.3K27M-H3K27ac heterotypic
nucleosomes are incorporated into the genome specifically at enhancers and super-enhancers
related to neuronal genes that in H3.3 wild-type cells are located in heterochromatic regions and
contain H3K27me3 (Lewis et al., 2013; Piunti et al., 2017). H3.3K27M promotes the opening of
chromatin at these neurodevelopmental enhancers and leads to the initial increase in expression
of ASCL1 and NEUROD1. These transcription factors are then recruited to their binding motifs at
enhancers and super-enhancers to further increase chromatin accessibility and ultimately
promote enhancer/super-enhancer interaction to aberrantly induce other neurogenesis and
oncogenesis related genes, such as COBL (Fig. 6).

Our study confirmed the increase in open chromatin in the OL/G2 enhancer region for
both H3.3K27M DIPG lines compared to matched isogenic H3.3 wild-type lines (Wang et al.,
2021), as well as open chromatin in the super-enhancer of OL/G2 in line XIIl and the promoter of
line XVII. Similar to previous work, we found that approximately 50% of our ATAC-seq peaks in
H3.3K27M lines had the activating mark H3K27ac (Krug et al., 2019). However, in our dataset we

observed a sharp decrease in the percentage of open chromatin regions with H3K27ac in our
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gene-edited H3.3 wild-type lines, approximately 10%, whereas previous work demonstrated an
increase in the overlap of ATAC-seq and H3K27ac peaks in wild-type and K27M knockout lines
(Krug et al., 2019). This could be because the previous dataset was collected from K27M knockout
lines whereas our data was collected using edited H3.3 wild-type lines. In line with this, reversion
to wild-type, along with increased H3K27me3 levels, resulted in 5 times more unique H3.3 ChIP-
seq peaks in our wild-type lines compared to parental H3.3K27M which we concluded to mean
that H3.3K27M alters normal H3.3 distribution in the genome (Chen et al., 2020). This increase
in unique H3.3 peaks in our wild-type lines could explain the discrepancy in the proportion of open
chromatin with H3K27ac because these “new” H3.3 sites may have other PTMs that are not
H3K27ac which would be in agreement with previous reports that H3.3K27M results in increased
H3K27ac in DIPG over normal tissue and knockout/reversion of K27M to wild-type reduces
H3K27ac levels (Chen et al., 2020; Krug et al., 2019; Larson et al., 2019; Lewis et al., 2013;
Nagaraja et al., 2019; Wang et al., 2021). Additionally, H3K27ac ChIP-seq has not yet been
conducted on our isogenic H3.3 wild-type lines and a previous dataset (Nagaraja et al., 2017)
was used to approximate where the H3K27ac mark would be located in the genome and therefore
could be missing de novo H3K27ac sites in our wild-type lines. Future work would involve
performing ChIP-seq for the H3K27ac mark as well as other important histone marks in our
matched parental and wild-type lines to obtain a complete picture of what epigenetic changes are
specifically caused by the K27M mutation as opposed to H3.3 itself. Additionally, analysis of
chromatin dynamics following drug treatments, especially NOTCH inhibition given its promise as
a drug target and our data supporting its importance in DIPG biology, could provide further insight
into how drug treatments are affecting open versus closed chromatin and the subsequent
changes to gene expression and downstream processes (Chen et al., 2020; Hurtado et al., 2019;

Taylor et al., 2015).

Materials and Methods
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Cell Culture

Patient-derived pediatric glioma cells were provided by Dr. Michelle Monje (SU-DIPG-XIII and
SU-DIPG-XVII) and isogenic H3 wild-type cell lines were made by Dr. Kuang-Yui Chen as
previous described (Chen et al., 2020). All cell lines were cultured in Tumor Stem Media as
described in (Nagaraja et al., 2017). Briefly, the media contains DMEM/F12 1:1 (Invitrogen),

Neurobasal-A (Invitrogen), 10 mM HEPES (Invitrogen), 1 X MEM sodium pyruvate (Invitrogen),

human basic fibroblast growth factor and human epidermal growth factor (20 ng/mL each)
(Shenandoah), human platelet-derived growth factor (PDGF)-A and PDGF-B (20 ng/mL)
(Shendandoah), heparin (10 ng/mL) (StemCell Technologies), and B27 without Vitamin A

(Invitrogen).

Assay for transposase-accessible chromatin (ATAC-seq) library preparation

ATAC-seq for cell lines was performed similarly to previously published protocols (Buenrostro et
al., 2015; Corces et al., 2017) with some modifications. Cells were dissociated and 100,000 cells
were washed twice with cold PBS at 4°C. Cells were resuspended in 50 uL of ATAC-
Resuspension Buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1% Igepal, 0.1%
Tween-20, and 0.01% Digitonin) and triturated until cells were lysed. Samples were incubated on
ice for 3 minutes, washed with 1 mL of the buffer (excluding 0.1% Igepal), and centrifuged at 500
RCF for 10 minutes at 4°C. The pellet was resuspended in 50 uL of transposition mixture
containing 25 uL of 2x TD Buffer (20 mM Tris-HCI pH 7.6, 10 mM MgCl,, 20% Dimethyl
Formamide), 5 uL Transposase (lllumina Nextera Kit), 0.5 uL 0.1% digitonin, 0.5 uL 10% Tween-
20, and PBS, and incubated at 37°C for 60 minutes, and DNA recovered using Zymo DNA Clean
and Concentrator-5 Kit. Libraries were generated by PCR in 50 uL reaction (20 uL of samples, 25
uL 2x NEBNext Master Mix, and 2.5 uL of each custom primers made by Integrated DNA

Technologies (IDT) (for sequences see (Buenrostro et al., 2013). The PCR reaction was as
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follows: 72°C for 5 minutes, 98°C for 30 sec, and 5 cycles of 98°C for 10 sec, 63°C for 30 sec,

and 72°C for 1 minute. DNA was recovered using Zymo DNA Clean and Concentrator-5 Kit.

Bioinformatics

ATAC-seq samples were sequenced in duplicate using HiSeq at Novogene with paired-end 150
bp sequencing. Adaptors were removed from raw paired-end sequencing files using bbduk
(BBMap version 38.70 BBDuk, sourceforge.net/projects/bbmap). Reads were aligned to the hg19
genome using Bowtie2 (version 1.1.2, (Langmead et al., 2009)). The resultant Sequence
Alignment Map (SAM) files were compressed to the Binary Alignment Map (BAM) files on which
mitochondrial reads were removed using samtools (samtools 1.4, (Li et al., 2009)). Peaks were
called using HOMER (v4.11, (Heinz et al., 2010). Unique peaks in each cell line were identified
using the R package DiffBind (R version 3.6.3, DiffBind version 2.12.0, (Ross-Innes et al., 2012;
Stark and Brown, n.d.). Gene ontology analysis was performed using DAVID and GREAT (Huang
et al., 2009a, 2009b; McLean et al., 2010). Motif analysis was performed using MEME-ChIP and
FIMO (versions 5.4.1, (Grant et al., 2011; Machanick and Bailey, 2011) and HOMER (v4.11,
(Heinz et al., 2010). Modeling of DNA footprinting in ATAC-seq peaks was performed using HINT-

ATAC (v0.13.2, (Li et al., 2019).

Reverse transcription PCR

RNA was extracted from cells using NucleoSpin RNA Kit (Macherey-Nagel) from which cDNA
was made using the iScript cDNA Synthesis Kit (Bio-Rad). RT-gPCR was performed using the
PowerUp SYBR Green Master Mix (Applied Biosystems; for human COBL and OLIG2, normalized

to GAPDH) on a Stratagene Mx3005P. Primers are listed (5'-to-3’) as follows:

COBL forward TCGCAGCAGAACTTGGTTCG
COBL reverse GCATGGCTCCCATTGAGCA
OLIG2 forward TGGCTTCAAGTCATCCTCGTC
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OLIG2 reverse ATGGCGATGTTGAGGTCGTG
GAPDH forward GGAGCGAGATCCCTCCAAAAT

GAPDH reverse GGCTGTTGTCATACTTCTCATGG

Statistical Analysis

For statistics comparing global RNA of parental to wild-type lines by gPCR, Student’s t-tests with
a minimum of n=4 biological replicates were performed using GraphPad t-test Calculator. Error
bars represent s.e.m. ATAC-seq statistics were performed with the program DiffBind in R. The
Benjamini adjusted p-value was used to determine significance for gene ontology analysis.

Otherwise the standard p-value was used.
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Figure Legends
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Figure 1. Genome-wide profile of accessible chromatin regions in H3.3K27M and H3.3-WT
DIPG tumor samples. a. Read density heatmaps and average profiles of ATAC-seq peaks for
Xl and Xl WT, b XVII and XVII WT. ¢ Hierarchical clustering analysis of accessible chromatin
regions via ATAC-seq comparing Xl and XIIl WT, d XVII and XVII WT. e Principal component

analysis (PCA) of significantly differential peaks between Xl and XIIIl WT, f XVIl and XVII WT.
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Figure 2. H3.3K27M DIPG cells are enriched for open chromatin peaks in upregulated
genes related to the nervous system compared to their isogenic gene-edited wild-type
counterparts. a Bar plot showing proportion of peaks in various genomic regions. Promoters
were defined as 1 kb upstream of the TSS and 2kb downstream. 75% or more of the peaks for
each line were found in Intergenic regions or Introns. b. Gene ontology analysis of differential
open chromatin (blue, left side) and specifically open chromatin regions linked to increased gene
expression (red, right side) in XIll, ¢ Xlll WT, and d XVII. For enriched GO terms p-values were

obtained from the Benjamini-Hochberg method.
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Figure 3.
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Figure 3. H3.3K27M and H3.3-WT DIPG have differentially accessible enhancer regions. a
GREAT analysis of differentially open chromatin regions between parental (XIlII and XVII) and
CRISPR gene-edited isogenic wild-type lines (XIII-WT). b. Gene tracks with our ATAC-seq,
H3K27ac peaks from Nagaraja et al., 2017 GEO: GSE94259, and enhancer regions defined by

GREAT analysis for genes of interest.
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Figure 4.
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Figure 4. Determination of physiologically relevant enriched transcription factors in
H3.3K27M and H3.3 wild-type cells. a-b Motifs identified using MEME-ChIP and number of
times that motif occurred in the ATAC-seq peaks was determined using FIMO. Background was
calculated by scrambling DNA sequence and inputting that sequence into FIMO. Threshold for
significant fold enrichment was set to 2 (black dashed line). c-d HINT-ATAC identified DNA
binding footprints in ATAC-seq data made by transcription factors. Those that were statistically
significant (p-value<0.05, black dashed line) and of interest from MEME-ChIP analysis are plotted
for ¢ parental and d wild-type. e HINT-ATAC line plots showing the differential footprints of
transcription factors significantly differentially bound in Xl (HEY1) and XVII (Pax2), and f XIllI-

WT (LHX6 and FOSL1::JUN).
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Figure 5.
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Figure 5. H3.3K27M DIPG cells have accessible super-enhancers resulting in increased
gene expression compared to H3.3-WT DIPG samples. a Select super-enhancers of interest
with open chromatin according to ATAC-seq data and increased gene expression via Tag-seq
ranked according to fold change relative to H3.3-WT in XlIl and b XVII. ¢ Gene tracks with ATAC-
seq peaks from UCSC Genome Browser of sample super-enhancer regions of interest. d COBL
and OLIG2 were selected for validation using gPCR. Fold change expression in H3.3K27M DIPG
were calculated relative to H3.3-WT. n=4, *p-value<0.05, and error bars were calculated based

on SEM.
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Figure 6.
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Figure 6. Model of how H3.3K27M affects the chromatin landscape and subsequent gene
expression. Normal brain cells have H3K27me3 throughout the genome resulting in
heterochromatin and decreased gene expression at neuronal, NOTCH signaling, and
oncogenesis genes. After the introduction of point mutation to H3F3A resulting in the H3.3K27M
mutation. H3K27me3 levels are decreased and H3K27ac levels increase. The chromatin begins
to open upon deposition of H3.3K27M-H3K27ac nucleosomes at enhancer and super-enhancers
responsible for regulating expression of neurogenesis genes. ASCL1 and NEUROD1
transcription factors bind to their respective motifs in these regions. We propose that ASCL1 and
NEUROD1 binding facilities enhancer and super-enhancer and further open the chromatin
regions ultimately resulting in increased expression of neurogenesis, NOTCH, and oncogenesis
genes. Adapted from “Regulation of Transcription in Eukaryotic Cells”, by BioRender.com (2021).

Retrieved from https://app.biorender.com/biorender-templates
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Supplemental Figure S1. Genome-wide profile of accessible chromatin regions in
H3.3K27M and H3.3-WT DIPG tumor samples. a Hierarchical clustering analysis of accessible
chromatin regions via ATAC-seq comparing XllI XVII. b Principal component analysis (PCA) of

significantly differential peaks between all glioma lines.
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Supplemental Figure S2.
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Supplemental Figure S2. H3.3K27M DIPG cells are enriched for open chromatin peaks
genes related to the nervous system and GTPase activity compared to their isogenic gene-
edited wild-type counterparts. a. Gene ontology analysis of differential open chromatin regions
in both isogenic gene-edited wild-type cell lines. For enriched GO terms p-values were obtained

from the Benjamini-Hochberg method.
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Supplemental Figure S3.
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Supplemental Figure S3. H3.3K27M DIPGs specific transcription factor binding sites are
enriched in nervous system and neuronal development genes. a. Gene ontology analysis of
differential open chromatin regions with ASCL1 and, b NEUROD1 transcription factor binding
motifs. For enriched GO terms p-values were obtained from the Benjamini-Hochberg method. c.
HINT-ATAC line plots showing the differential footprints of transcription factors significantly
differentially bound in XVII-WT (LHX6) d. Transcription factor motifs identified as enriched via
MEME-ChIP/FIMO and Homer. Percentage indicates increase of motifs in Xlll and XVII, and e

XIHI-WT and XVII-WT cell lines over background.
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Supplemental Tables

Supplementary Table 1. Summary of HOMER and DiffBind results for ATAC-seq samples.

DIPG Cell Line ATAC-seq Analysis

Supplementary Table 2. Overlap of gene expression changes and ATAC-seq peak changes between

WT and K27M cells.

Line XIlI

K27M up genes

K27M down genes

Xl only ATAC-seq peaks

1,881

1,215

XIII-WT only ATAC-seq peaks

1,814

4,874

Line XVII K27M up genes K27M down genes
XVIl only ATAC-seq peaks 5,627 1,758
XVII-WT only ATAC-seq peaks 41 119

73

Sample Peaks Counts
Xlll rep 1 64,889
Xlll rep 2 59,906
Xl WT rep 1 68,076
Xl WT rep 2 91,934
XVilrep 1 51,520
XVll rep 2 82,559
XVIIWTrep 1 70,331
XVIIWT rep 2 42,148
DiffBind Analysis
Sample Unique Peaks
Xl 4,522
X WT 12,860
XVII 13,136
XVII WT 211
Gene Region Peak Analysis
Intergenic Gene Bodies
Samples Unique Peaks Promoters Gene Bodies | Regions [Excluding Promoter{introns| Exons
Xl 4,522 625 2,347 2,156 1,722 2,235 | 323
X' WT 12,860 238 7,158 5,652 6,920 6,900 | 1,001
XVII 13,136 3,858 8,366 3,960 4,508 6,641 | 2,949
XVII WT 211 12 95 110 83 91 7
DiffBind Analysis
Sample Unique Peaks
XII + XVII 463
XIN-WT + XVII-WT 3,401




Supplementary Table 3. Overlap of enhancer and super-enhancer regions with ATAC-seq
peaks in Xlll and XVII cell lines.

Samples Unique Peaks Overlap with H3K27ac | Overlap with Enhancers
Xl 4,522 2,046 1,920
XIWT 12,860 1,489 1,368
XVII 13,136 7,422 4,145
XVII WT 211 20 19
Samples Unique Peaks Overlap with Super-Enhancers
Xl 4,522 306
Xl WT 12,860 292
XVII 13,136 309
XVIIWT 211 2
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Supplementary Table 4. Super-enhancers with open chromatin and increased gene-expression in
parental DIPG lines

Wil il

Super-Enhancers and nd Upreg ulated Genes
LINGO1
TAM1
SORCS2
[ADCYT 85139265 15007607
[PPP2RIC 82266304 1.9449 4
ZNF521 54430668 3.846-C
GAB2 83237197 4.3403E-C
[NRXNZ 85270592 5.3515C ¢
VN1 57155109 8.3899-C
UNCOL158
(ANGPTL2 11227987
GAS7 07059156
[NAV1 27209633
TSHz1 03715111
usP3 92656759
FIRTL 17737364
G 23414063
[FAVIS9C 25792881
[ATOHS.
[VSTMA
poveTL
GRIKe 13457818 9.
vTss 1 74367708 11554505
5TK328 193901196 1.16576-05
coeL 87952161 1.1689%-05,
criry 66380782 1.21037-05
PD9A 74175463 14463705
Sez6L 54179581 16919605
TNFRSF18 12711053 1 05|
RAPIGAP 07647859_1.83977-05,
0,62 71854997 2 6386£.05
VYLD 00979451 3.1303€.05,
(GRIK3 760348054 855605
ST8SIAS 24400673 82745605
FAVI222A 64641051 8.5223¢.05
AGAPL 52455004 9.3141£-05
EFNAZ 69693573 0.00010139 93367696
[PLEKHAG 63044332 000010577 1.51941029
[PKNOX2 99071197, 0.00014245) 1.87008209
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SEMASS 37129475 0.00015823 44959321
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AP3A2 56107711 000016615, 49665749
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RGS3 57135233 000019713 63917411
[ONMT3A 68370408 000024446 73799156
PREXL 61604794 000025456 51834296
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TR IM67 82255973
FPBa1LY 34654868 0.
(GRIDI 87252723
KeNJ12 14439377
= 16676525,
BC118 1.9588443
YPEL2 45178116 0.00117555
suLF2 99214713 0.00121824
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[VAPKAPKZ 79880101 0.00189145
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28TE7C 1.36568144]_0.0032302]
[WNKZ 56112342 000369758
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KUHLS 1379678 0.00540256)
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[VEGF11 39931474 000672132
SH38P4 35942267 0.00747869
INCK2 1.3371993| 0,00793328
GLs2 1.43629461] 0.00846277
TMEMI32E 1.32504844 | 0.00966643)
u 134467367, 0.00993173
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Supplementary Table 5. Super-enhancers with open chromatin and increased gene-expression in isogenic
wild-type lines

Xl wWT XVIIWT

Super-Enhancers and Dow lated Genes FC P-value Super-Enhancers and Downregulated Genes FC P-value
ACTN4 0.3611 5.07E-19 KLF9 0.20120945| 7.3872E-29
ADAM12 0.1398 1.26E-56
AES 0.6581 2.27E-05
B4GALTS 0.5932 2.01E-06
CBR1 0.1034 1.23E-40
CCND3 0.6388 5.97E-05
CDH5 0.0711 4.19E-14
CLU 0.4702 2.41E-10
CTBP2 0.6152 1.86E-06
CUEDC1 0.3234 1.87E-22
DIRAS3 0.1912 1.59E-17
DLGAP1-AS2 0.1160 1.68E-03
ECE1 0.3625 1.98E-22
GNA12 0.6613 8.36E-05
KIRREL 0.4543 4.66E-03
LAMC1 0.6607 1.88E-03
LDLRAD3 0.6303 1.11E-05
LIMD1 0.6149 1.00E-02
LINC00511 0.3967 2.84E-02
LOC101926964 0.3237 6.03E-03
LOC101929705 0.1265 2.54E-04
LRIG1 0.4311 1.94E-10
MACF1 0.5689 2.50E-08
MAGEF1 0.7514 6.46E-03
MBP 0.1587 2.33E-32
ME3 0.0966|  6.56E-08
MSI12 0.5304 1.46E-03
MYH9 0.4855 4.84E-12
NACC2 0.7617 1.91E-02
NCOR2 0.5770 3.53E-07
NDRG1 0.3562 7.35E-21
PCDH10 0.3018 1.38E-27
PHLDA1 0.5252 1.41E-11
PPFIBP1 0.6475 2.68E-05
PSD3 0.5482 4.05E-08
RAB31 0.5340 3.71E-09
RCAN1 0.1387 1.88E-72
RNF1448 0.2318 5.27€E-08
SH3PXD2B 0.4928 7.15€E-12
SLC6A6 0.2631|  7.05E-16
SOCS3 0.3358|  4.08E-06
SOD3 0.3092 4.15E-04
SOX2 0.6227 1.58E-06
ST3GAL1 0.2203|  1.07E-38
TMEM189 0.4051 2.76E-13
TNK2 0.7578 2.26E-02
TRDMT1 0.4290 2.24E-03
TRIM2 0.5468 6.56E-08
VAMP3 0.6181 1.21E-03
VAPA 0.6883 2.71E-04
VGLL4 0.7754 2.84E-02
ZNF217 0.6832 2.86E-03
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CHAPTER 3

Conclusions and Future Directions
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The K27M and G34R/V mutations in histone H3.3 are key defining features of DIPG and
GBM tumors. This is thought to be largely due to the epigenetic disruptions these histone
mutations cause, which then result in dysregulation of gene expression. H3.3G34R/V is much
less understood compared to H3.3K27M. The main known consequence of H3.3G34R/V being
fluctuations in H3K36 methylation status, the direction and mechanism of which is currently
debated, and resulting changes in gene expression (Bjerke et al., 2013; Chen et al., 2020;
Fontebasso et al.,, 2014; Funato et al., 2014; Jain et al., 2020; Lewis et al., 2013;
Schwartzentruber et al., 2012; Voon et al., 2018). H3K27M results in global reduction of
H3K27me3 and those sites that retain H3K27me3, and therefore remain suppressed, correspond
to tumor suppressors and neuronal development genes (Bender et al., 2013; Chan et al., 2013;
Lewis et al., 2013). Further, H3.3K27M cells also display an increase in H3K27ac at enhancers
and super-enhancers resulting in increased expression of genes related to several pathways
important to development and tumor formation including Hedgehog and NOTCH signaling as well
as neurogenesis (Nagaraja et al., 2019, 2017). Importantly, NOTCH and neurogenesis pathway
perturbation is one of the few known shared characteristics between H3.3K27M and G34R/V
pediatric brain tumors (Chen et al., 2020). This highlights the importance of these pathways in
pediatric brain tumors and points to at least one common mechanism for drug treatments when
sequencing of a patient tumor is unavailable. However, there is still much left to be understood
about both tumor types regarding the impact histone mutations have on epigenetic marks,
chromatin structure dynamics, downstream effector pathway, and future effective drug treatments
that can be used in the clinic.

The H3.3K27M mutation is proposed to be one of the first mutations to occur during
tumorigenesis and is necessary for tumor maintenance and progression (Chen et al., 2020;
Funato et al., 2014; Harutyunyan et al., 2019; Larson et al., 2019; Nikbakht et al., 2016; Pathania
et al., 2017). However, DIPGs and GBMs with H3.1K27M (a canonical H3 variant) and wild-type

H3 exist making determining which epigenetic and transcriptomic alterations are specific to
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H3.3K27M DIPG an important area of study. Here | investigated the role of H3.3 and H3.3K27M
in chromatin dynamics in two isogenic CRISPR gene-edited DIPG patient cell lines using ATAC-
seq. | found that H3.3K27M and wild-type H3.3 had distinct regions of open chromatin and these
regions corresponded to several of the previously established upregulated genes in the respective
cell lines with H3.3K27M being enriched for nervous system genes, while wild-type H3.3 was
enriched for genes related to adhesion and morphology (Chen et al., 2020). Given our previous
study and others have proposed that ASCL1 plays an important role in DIPG and GBM,
particularly in relation to NOTCH and WNT signaling (Chen et al., 2020; Nagaraja et al., 2017;
Park et al., 2017; Rajakulendran et al., 2019; Vue et al., 2020), we hypothesized that transcription
factors such as ASCL1 would be enriched in open chromatin regions unique to K27M cells. To
test this, | used motif analysis programs to determine if the binding motif for ASCL1 or any other
important transcription factors were enriched in H3.3K27M unique open chromatin regions.
Indeed, H3.3K27M DIPG are enriched for several developmentally linked transcription factor
binding sites including ASCL1 and NEUROD1. | propose that both of these transcription factors,
in addition to H3K27ac, promote an open chromatin configuration at neural development and
oncogenesis genes contributing to tumor formation and maintenance. We have previously
conducted ChIP-seq for H3K27me3 and H3.3 in our isogenic lines (Chen et al., 2020) and
important next steps would be to conduct ChIP-seq in these same lines for other histone marks
such as H3K27ac, H3K4me3, and H3K36me3. To date, H3K27ac ChlP-seq has been conducted
in H3.3K27M and has been compared to H3K27ac ChIP-seq of isogenic H3.3K27M knockout
DIPGs, H3.1K27M, and H3.3 wild-type lines to determine which sites are H3.3K27M specific
(Krug et al., 2019; Nagaraja et al., 2019, 2017; Wang et al., 2021) all of which can have different
physiological effects. Additionally, in order to validate our motif modeling, future work may include
ChiIP-seq for ASCL1, NEUROD1, or other downstream transcription factors that | identified to
determine where these factors are physically binding in the genome and how these binding sites

change based on H3F3A status.
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H3.3K27M DIPG cells had unique euchromatin regions at enhancers and super-
enhancers related to neurogenesis and neuronal development including NOTCH, neuronal stem
cell maintenance, and oligodendrocyte differentiation. The cell of origin of DIPGs is still an open
question with some groups arguing that the H3.3K27M mutation arises in NPCs/NSCs and
additional mutations necessary for tumor formation first occur later in development in OPCs (Filbin
et al., 2018; Haag et al., 2021; Nagaraja et al., 2019; Tate et al., 2015). The presence of enhancer
regions related to both the NSC and OPC lineage supports this model. We also observed
increased open chromatin in both gene bodies and enhancers related to several signaling
pathways in addition to NOTCH, which is in agreement with previous work indicating that
H3.3K27M is enriched for enhancers and super-enhancers related to several signaling pathways
(Nagaraja et al., 2017). This provides insight into other possible targetable pathways that are
unique to H3.3K27M and therefore highly targeted drugs that are less likely to negatively affect
surrounding healthy tissue. Altogether our study indicates that H3.3K27M specific euchromatic
regions map to nervous system development and signaling pathway genes which provides
support for a possible cell of origin mechanism and further insights into other drug targets to be
explored.

Many of the possible treatment approaches discussed here hold a high degree of future
promise pending further studies and clinical trials. However, there are processes that have only
recently been revealed to be important to DIPG biology and disease progression, which could be
additional candidate targets for drug treatment. It has been established that glioblastoma stem
cells (GSCs) with high levels of ASCL1 are sensitive to both NOTCH and WNT/Bcatenin inhibition
(Park et al., 2017; Rajakulendran et al., 2019) and more recently it has been found that H3.3K27M
DIPGs have increased levels of ASCL1, therefore, making Wnt inhibitory drugs together with the
previously discussed NOTCH inhibitors (GSI and RIN1) a possible type of therapy for DIPG that
has not yet been explored (Chen et al., 2020; Hurtado et al., 2019; Pathania et al., 2017; Taylor

et al., 2015; Vue et al., 2020) Knockdown studies in H3.3K27M cells and knock-out studies in
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GBM mouse models have shown that decreased ASCL1 results in decreased cell viability both in
vivo and in vitro (Chen et al., 2020; Vue et al., 2020). Furthermore, over-expression of ASCL1 in
H3.3 wild-type cells is sufficient to increase viability through the activation of NOTCH signaling,
indicating that ASCL1 is an important junction in DIPG maintenance and that drugs that can target
processes up or downstream of ASCL1 or ASCL1 itself are worth investigating further (Chen et
al., 2020). Further supporting the idea that inhibition of Wnt signaling could be a future therapy
for DIPG, the WNT planar cell polarity (WNT/PCP) pathway is active in H3.3K27M DIPG and
results in the activation of Rho family member A (RhoA), which is known to play an important in
role in glioma invasion (Nagaraja et al., 2019; Pathania et al., 2017). Therefore, WNT inhibiting
therapies could be doubly effective because WNT signaling contributes to tumor invasion via Rho
and maintenance as a downstream effector of ASCL1 and NOTCH signaling (Vue et al., 2020).
Additionally, the majority of treatment options have been explored only in H3.3K27M cells and
much less is known about the potential effectiveness of specific drugs in H3.3G34R/V GBMs.
Future drug studies including specifically on H3.3G34R/V cells will be crucial in further
understanding the unique biology of GBMs with these histone mutations and developing potential
therapies. The progress that has been made to find effective therapies for this disease is
encouraging and the vulnerabilities that have recently been discovered provide even more
treatment possibilities for future patients. However, the H3.3 mutant glioma remains a challenging

target given their aggressiveness and ability to evolve resistance.
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