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ABSTRACT
Pediatric high-grade gliomas (pHGGs) are malignant brain tumors found in children that
carry exceptionally poor prognoses. These tumors arise with remarkable spatial and
temporal specificity in brain development, with mutations in these tumors further restricted
along these developmental coordinates. This pattern is exceptionally striking for lysine-to-
methionine “H3.3%2"™M” mutations in histone H3.3 genes, which are found often in pHGGs
of the thalamus and lower brainstem but very rarely in pHGGs of the cerebral cortex. To
date, the precise oncogenic mechanisms of H3.3¥2™M have not been elucidated, thus
creating a need to understand its apparent spatial specificity. Here, we report a novel

platform to interrogate the effects of H3.3%2"M

across brain regions, using spatially distinct
neural precursor cells (NPCs) derived from human pluripotent stem cells (hPSCs). We find
that H3.3%2™™ does not affect proliferation and glial differentiation in hindbrain NPCs,
contrary to clinically observed patterns of spatial specificity of the disease. Furthermore,
we report the adaptation of this same platform to study temporally distinct NPC

3K27M

populations, and find evidence that H3 may in fact act principally in a temporally

dependent manner. Finally, we report a novel model of H3.3%X2™M

glioma of the thalamus
using thalamic NPCs and expression of relevant co-operating mutations. We find that
H3.3%2™ acts in the context of FGFRIN>#K to boost growth and inhibit glial differentiation
of thalamic NPCs, suggesting that further mechanistic studies and testing of therapeutic

strategies are well-suited to this human cell-based, developmentally relevant disease

modeling platform.
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CHAPTER 1
BACKGROUND

In 1998, a new era in the study of human development and disease was ushered in with
the first report characterizing human embryonic stem cells (hESCs) derived from
blastocysts (Thomson et al., 1998). For the first time, researchers could access a non-
neoplastic, genetically unperturbed human cell type with near-unlimited replication
potential and a differentiation potential that encompasses all three germ layers comprising
human embryos. In theory, hESCs immediately enabled the derivation of any human fetal
or postnatal cell type ex vivo in the laboratory, though strategies to derive such specified
cell types — commonly referred to as directed differentiation protocols — had yet to be
established. Several years thereafter, human induced pluripotent stem cells (iPSCs),
derived from differentiated human cells via transcription factor-mediated
“reprogramming” to a pluripotent, embryonic stem cell-like state, were described for the
first time, adding to the toolbox of researchers in the field (I. H. Park et al., 2008; Takahashi
et al., 2007; Yu et al., 2007). IPSCs have become particularly valuable for their ability to
arise from patient-derived tissues, which thus yields to investigators a way to derive
pluripotent cells in genetic backgrounds that are clinically annotated (Zeltner & Studer,
2015).

In the twenty years since their first description, hESCs and iPSCs — together termed
human pluripotent stem cells (hPSCs) — have been the basis of directed differentiation
protocols have been generated and optimized continuously, now facilitating the derivation
of a plethora of human cell types across tissues and across developmental stages. The

potential applications for derivatives of hPSCs are seemingly endless: indeed, their use in



regenerative medicine, to replenish dead or dysfunctional cells in a variety of diseases,
remains a very active area of focus (Tabar & Studer, 2014). These protocols also allow for
studies of human diseases using these cell types as a basis — in principle leading to rapidly
accessible, physiologically relevant, scalable, genetically defined, human cell-based
laboratory models of pathogenesis for the first time (Avior et al., 2016; Zeltner & Studer,
2015). Indeed, hPSC-based models have been at the forefront of efforts to understand the
pathogeneses of the great public health threats of our society in recent years, including
neural development abnormalities caused by Zika virus (Dang et al., 2016; Y. Li et al.,
2019; Qian et al., 2016; Wells et al., 2016; Zhou et al., 2017) and tissue-specific responses
to SARS-CoV-2 infection (Ghazizadeh et al., 2020; Yang et al., 2020). These models are
particularly useful in studies of the earliest stages of diseases, before clinically apparent
symptoms appear and possibly affecting human tissues that do not readily yield laboratory
specimens. Such diseases include human cancers, which often go undetected at their
earliest stages of formation.
Tissue specificity of genomic alterations in human cancers

Human cancers form when genomic alterations cause uncontrolled growth and spread
of the cells in which these alterations occur. In recent years, investigators have compiled
comprehensive datasets of such genomic alterations for nearly all cancer types, through
The Cancer Genome Atlas (National Cancer Institute & National Human Genome
Research Institute, USA) and many other initiatives. These datasets underscore a long-
documented observation in cancer genetics: that certain alterations are found preferentially,
or even exclusively, in cancers arising from specific cell or tissue types (Elledge & Amon,

2002; Haigis et al., 2019). Prominent examples of this phenomenon include estrogen



receptor gene amplifications found largely in breast tumors arising from mammary
epithelial cells, as well as inactivating mutations in the APC gene found preferentially in
colorectal adenomas and malignant tumors (Haigis et al., 2019). Such correlations between
the genetic features of a given cancer type and the tissue from which it develops strongly
suggest that the identity of the cell type of origin of a tumor determines the oncogenic
potential of genomic alterations; indeed, tissue-specific pathways that control cell
proliferation are increasingly well understood (Sack et al., 2018). Elements of cell identity
— notably the chromatin dynamics and gene expression activity that, together, impart
structure and function to a given cell — are powerful determinants of how a genetic element
is interpreted in the wider context of the cell (Puisieux et al., 2018; Smith & Tabar, 2019)

(Figure 1.1).
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The identity of a cancer’s cell type of origin often has implications that extend beyond
the initial transformation from a normal to a neoplastic state. It has been found that cell
type of origin affects disease biology and response to therapy in many experimental models
of cancer, ranging from leukemias and brain tumors to squamous cell carcinomas and

ovarian tumors (Sanchez-Danés & Blanpain, 2018; S. Zhang et al., 2019). In acute myeloid



leukemia models, for example, it has been shown that disease severity is dictated by the
hematopoietic lineage stage at which the driving genetic alteration, MLL:AF9, first occurs
(Chao et al., 2017). In models of glioblastoma, the molecular disease subtype (Verhaak et
al., 2010) is determined not only by the causative mutations but also by the cell type of the
brain in which those mutations occur (Alcantara Llaguno et al., 2015). In these cases, there
is clear evidence that the same genetic alterations have different effects across panels of
specific cell types within a certain tissue. Identifying the precise mechanisms by which
elements of cell identity interact with genetic alterations in order to drive the pathogenesis
of a given cancer type will allow a more complete understanding of how that cancer type
forms and progresses — and, importantly, how to counteract that formation and progression
through therapy for clinical benefit in patients. For this reason, it is increasingly of interest
to cancer researchers — as reflected by the aims of the studies described herein — to identify
these mechanisms using appropriately sophisticated and relevant strategies in the
laboratory.
Modeling cancer pathogenesis using advanced human cell-based strategies

In recent years, researchers have developed novel methods to interrogate the
physiological origins of tumors occurring in human patients. Mouse models have shown
causative links between normal cell types and oncogenic transformation leading to
subsequent cancer progression. Bioinformatic approaches have been equally valuable,
suggesting correlative relationships between normal human tissues and tumor samples.
Now, it is increasingly possible to complement studies using these methods with
experiments that directly assess the functions of cancer-associated genetic alterations in

tumor formation and progression using hPSCs as a platform. HPSCs allow human cell-



based cancer modeling with a range and resolution over space and time not traditionally
enabled by patient tissues and established cell lines (Smith & Tabar, 2019). Additionally,
hPSC-based cancer models form the basis of a robust workflow that enables both basic and

translational research questions to be addressed (Figure 1.2).

s
Wild-type
hPSCs Q
gg I8 sl @ o Figure 1.2. Advanced human
% cell culture technologies,
N Bowad /2N including  hPSCs, enable
- . cancer modeling for a variety
b‘;(i of applications. Reprinted from
- ‘ Smith & Tabar, 2019, with
Wi Mechanicsudes permission from Cell Press.
| ] . .
Q Graphic design by Terry Helms.

e © 2018 Memorial Sloan
Kettering Cancer Center.

HPSC-based models of tumorigenesis have now been used to study disease processes
in a wide variety of human cancer types, including those of the blood, brain, pancreas,
bone, and digestive tract. In several cases, researchers have shown that a specific cell
identity is required for a given mutation to drive tumorigenesis of a given cancer type. Such
is the case for the MLL:AF9 fusion gene, as mentioned in a section above, which only
drives leukemia formation and progression when it presents in a specific cell state within
the hematopoietic lineage (Chao et al., 2017). In other studies using hPSC-based cancer
models, it has been found that a cell’s progression through its specified lineage can be
perturbed by mutations associated with cancers of that tissue type. Indeed, this has been
demonstrated clearly in the case of APC inactivating mutations found in patients with
familial adenomatous polypsis (FAP), an inherited syndrome that elevates one’s risk of

colorectal cancer (Crespo et al., 2017). When APC-mutant iPSCs derived from FAP



patients develop into three-dimensional colonic mini-organs, or “organoids,” those
organoids show elevated WNT signaling activity as well as increased epithelial cell
proliferation relative to APC-wild-type organoids — both associated with stem cells of the
large intestine and with polyp and tumor formation (Crespo et al., 2017).

These and other hPSC-based modeling studies link the identity of a given cell type with
genomic alterations found in cancers arising from that lineage in a reciprocal manner.
Indeed, they have indicated that transformed cancer cells are guided by the same principles
of lineage progression as their normal counterparts, with genetic alterations acting
specifically to dysregulate of these processes. Limitations to this modeling approach are
still apparent — for example, the lack of cell-type diversity beyond a given lineage, such as
the representation of immune cells in solid tumor models, or the fetal cell-like stage of
most hPSC derivatives — and are active areas of investigation for researchers moving these
technologies forward (Smith & Tabar, 2019; Studer et al., 2015; Zeltner & Studer, 2015).
However, it is already clear from these reports that the consequences of genetic alterations
are often dictated to an extent by the identities of the cell types in which they arise — an
important consideration for further studies that aim to recapitulate tumorigenesis as a
model for translational research.

Histone mutations in pediatric high-grade gliomas

Computational techniques to classify brain tumors, and to identify putative cell types of
origins along the lines of these classifications, have contributed to our understanding of
disease pathogenesis in recent years. Researchers have now identified specific
neuroanatomical entities with similarities to subtypes of medulloblastomas and other

pediatric brain tumor entities (Jessa et al., 2019; Vladoiu et al., 2019), and have proposed



developmentally relevant classifications across brain tumors using DNA methylation
profiles (Capper et al., 2018). In mouse models, it has long been clear that specific cell
populations are responsible for tumorigenesis of certain types of brain tumors, and even
correlate with the spatiotemporal patterning of pediatric gliomas in particular (Lee et al.,
2012; Muioz et al., 2013). The results of these studies imply that pediatric brain cancers,
arise from cell types that represent specific points in brain development — in terms of both
the spatial and temporal points at which they occur.

Pediatric high-grade gliomas (pHGGs) are one such type of tumor, nearly universally
lethal and arising in the developing human brain with specific patterns of diagnosis across
axes of space and time (Sturm et al., 2014). Among pHGGs are those which harbor lysine-

to-methionine mutations in histone H3 genes, including H3.3%2"™M

and, more rarely,
H3.1%2™M _ mutations that are found in over 80% of pHGGs in the brainstem and spinal
cord, known as diffuse intrinsic pontine gliomas (DIPG). Intriguingly, these mutations are.
rarely, if ever, in pHGGs of the cerebral cortex (Funato & Tabar, 2018; C. Jones & Baker,
2014). This spatial specificity of H3.3%2™M tumor occurrence is complemented by temporal

specificity: tumors harboring the mutation are most often diagnosed during early to mid-

childhood. Such spatiotemporal specificity is also seen in certain genomic alterations co-

3K27M 3K27M

occurring with H3 , including gain-of-function FGFRI alterations in H3
pHGGs of the thalamus and gain-of-function ACVRI alterations in pHGGs of the ventral
pons (Buczkowicz et al., 2014; Fontebasso et al., 2014; D. T. W. Jones et al., 2013; Taylor
et al., 2014; Wu et al., 2014). Other alterations are found often across H3.3¥>" pHGGs,

including loss-of-function alterations affecting p53 and gain-of-function alterations in

PDGFRA (Schwartzentruber et al., 2012; Wu et al., 2012).



Such spatiotemporal specificity of H3.3%*™™ tumor occurrence indicates a differential
competence of cell types in the developing brain to form pHGGs in response to the
H3.3%2™M mutation, though this hypothesis only begun to be tested in human cell-based
models (Funato et al., 2014). Because of the striking spatiotemporal specificity of H3.3K2'M
tumor occurrence in patients, it is a compelling case in which to test the hypothesis that
cell identity is a driver of human tumor formation.

Soon after the first description of H3.3%2’M in 2012 (Schwartzentruber et al., 2012; Wu
et al., 2012), a biochemical mechanism of action for the mutant histone was proposed: the
methionine at residue 27 inhibits the polycomb repressive complex 2 (PRC2) constituent
enzyme responsible for methylating H3K27 across the genome, EZH2, thus exerting a
neomorphic “dominant-negative” effect on H3K27me3 marks genome-wide, even at wild-
type nucleosomes (Bender et al., 2013; Lewis et al., 2013). However, this phenomenon is
observed in a wide array of mammalian cell types, in contrast with the highly specific
spatial and temporal windows during human brain development where and when tumors
with the mutation are diagnosed. It has therefore been of great interest to researchers to

3K2M ‘motivated by a desire to understand

understand the developmental specificity of H3
the mechanistic links between this general biochemical phenotype and developmentally
specific tumorigenesis (M. Filbin & Monje, 2019).

Potential cell types of origin of tumors harboring this mutation have been widely
discussed. It is thought that a developmentally specific cell type of origin may have features
that are uniquely potent mediators of the tumorigenic effects of H3.3%2™ — thus explaining

the spatiotemporal specificity of clinically evident disease from the mutation, and thus

improving our understanding of the mechanisms of pathogenesis of the mutation. Our



group has previously reported that a proliferative neural cell population, hPSC-derived
neural precursor cells (NPCs), responds to H3.3%2™M with tumorigenic effects not seen
when the mutation is introduced into differentiated cell types, including astrocytes and
fibroblasts (Funato et al., 2014). While there are reports that features of oligodendrocyte
precursor cells found in the postnatal brain resemble those found in H3.3%™M pHGGs (M.
G. Filbin et al., 2018; Monje et al., 2011; Nagaraja et al., 2019), and other reports that an
fetal cell population is a likely cell type of origin (Funato et al., 2014; Pathania et al., 2017,
Sturm et al., 2012), there is to date a lack of conclusive functional evidence to support any
given proposal in detail.
Histone H3 modifications and variants in developmental gene regulation

In eukaryotic cells, genomic DNA is stored in the nucleus as a double-stranded helix
wrapped at regular intervals around nucleosomes made up of histone proteins. Covalent
modifications to these histone proteins, including histone H3, at certain residues of the N-
terminal tail are associated with specific patterns of transcriptional activity at the affected
genomic region. It is widely understood that methylation marks at lysine 27 (K27) of H3 —
known as H3K27me3 when a trimethyl group, the most common type of K27 methylation,
is present — is a mark of transcriptional repression, often found with another indicator of
repression, DNA methylation at genomic regions known as CpG islands (Jambhekar et al.,
2019). On the other hand, acetylation of K27 of H3 — known as H3K27ac — is often
associated with transcriptional activity. While H3K27me3 is often found among other
marks of repression, it is sometimes found, in particular at genes regulated dynamically
during development, together with activating marks such as lysine 4 (K4) methylation of

H3, H3K4me3. When this pattern is observed, as is characteristic of many genomic



elements in embryonic stem cells, such regions are considered “bivalent,” indicating that
they are available to be activated or repressed more easily than those featuring either mark
alone with its more frequent co-occurring marks (Jambhekar et al., 2019).

Each type of covalent histone modification is maintained, altered, and interpreted by
specific “writer” and “reader” protein complexes. As mentioned above, K27 of H3 has
methyl groups added by EZH2, the catalytic subunit of PRC2, while methyl groups are
removed in response to certain signals by lysine demethylases including KDM6A and
KDM6B (Jambhekar et al., 2019). Other modifications have, in turn, other regulating
enzymes responsible for them, such as the mixed-lineage leukemia (MLL) family of
methyltransferases required for H3K4me3 — so-named due to their frequent gain of
function in leukemias now understood to be driven by dysregulated H3K4me3 leading to
aberrant HOX gene activity (Krivtsov & Armstrong, 2007).

Histone H3 molecules are diverse not only in their combinations of covalent
modifications, but also in their very amino acid sequences. This sequence diversity is
driven by the production of histone H3 proteins from multiple alleles, the majority of which
encode H3.1 and H3.2 variants (Filipescu et al., 2013). These variants are dependent on
genome replication for their insertion into nucleosomes, meaning that they cannot be added
to chromatin outside of S phase. Contrary to that, H3.3, which is encoded by the H3F34
(H3-34) and H3F3B (H3-3B) genes and differs from H3.1 and H3.2 at five residues, is
deposited independently of replication, through processes mediated by chaperone proteins
HIRA, ATRX, and DAXX (Filipescu et al., 2013; FRANKLIN & ZWEIDLER, 1977).

This distinction has ramifications for cell lineage regulation by histone variants, as H3.3
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can be deposited at certain genomic regions in developmentally specified processes that
are not dependent on DNA replication during cell proliferation.

Developmentally dynamic gene expression patterns are regulated at the chromatin level
in manners that involve both changes in covalent histone H3 modifications as well as in
histone variant deposition. The importance of changes to H3K27me3 levels during neural
development is evidenced by the strong phenotypes caused by knockouts of K27 regulators
in mouse models: for example, Kdm6b loss leaves neurogenesis-associated genes with high
H3K27me3 marks and causes defective neuronal differentiation (D. H. Park et al., 2014;
Wijayatunge et al., 2018). Indeed, in human neural cell cultures, KDM6A/B loss affects
neural maturation (Shan et al., 2020; Tang et al., 2020), while H3K27me3, H3K27ac, and
other marks change drastically over time at relevant genes controlling maturation and
differentiation (Edri et al., 2015; Ziller et al., 2015). H3.3 deposition patterns also change
over lineage states in neural stem/progenitor cells (Goldberg et al., 2010; Xia & Jiao, 2017),
with deposition further altered in response to neural circuit activity in neurons (Maze et al.,
2015; Michod et al., 2012). Taken together, these results underscore the importance of gene
regulation through histone variant deposition and modifications in the development of the
nervous system — with major questions remaining as to how, precisely, these processes play

out and, by extension, are dysregulated in H3.3%X?™M

pHGG tumorigenesis.
Regulation of human neural differentiation in space and time

Over thirty years ago, it was first reported that the developing mammalian brain is
populated and expanded by central nervous system (CNS)-restricted neural stem cells

(NSCs), then called “blast cells” and now also commonly referred to as neural precursor

or progenitor cells (NPCs), which self-renew through cell division and retain clonal
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multipotency to generate neurons, astrocytes, and oligodendrocytes over the course of
development (Temple, 1989). Studies over several decades using both vertebrate and
invertebrate model organisms have shown that the spatial specification and temporal
lineage progression of the NPCs that give rise to CNS cell types are exquisitely regulated
processes that take place at highly stereotyped stages of development (Okano & Temple,
2009).

It is now widely appreciated that spatial specification, also known as regional
patterning, of cells within the developing CNS occurs shortly after their commitment to a
CNS fate through their collective formation of the neural tube from the ectoderm-derived
neural plate (Conti & Cattaneo, 2010; Kohwi & Doe, 2013; Okano & Temple, 2009).
Several signaling pathways are crucially instructive to cells at this stage to acquire a CNS
fate, including an absence of bone morphogenetic protein (BMP) pathway signaling, as
well as a strong induction of Notch pathway signaling (Hawley et al., 1995; Hemmati-
Brivanlou et al., 1994; Muskavitch, 1994; Wilson & Hemmati-Brivanlou, 1995). Once the
neural tube has been formed, cells are patterned to specific locations in the eventual fully
formed CNS by a variety of signals transmitted by morphogens, or bioactive molecules
that are distributed in a spatially and temporally regulated gradient. In principle, anterior-
posterior (rostral-caudal) patterning is imparted largely by a gradient of WNT signaling,
with higher intensities and durations of WNT signaling associated with more posterior
structures (Tao & Zhang, 2016). Retinoic acid (RA) signaling is context-dependent during
CNS patterning, but also plays a role in the adoption of more posterior identities,
particularly those of the caudal hindbrain and spinal cord, at early stages (Maden, 2007).

Dorsal-ventral patterning is largely dictated by the ventral identity promotion of sonic

12



hedgehog (SHH) pathway signaling, with contributions from dorsal identity-promoting
BMP signaling as well (Sagner & Briscoe, 2019). Indeed, the genetic circuitry of SHH
signals and responses that form the dorsal-ventral axis domains of the developing hindbrain
and spinal cord is so intricate that it has been the subject of an entire field of study for
decades (Sagner & Briscoe, 2019). Additional signals, such as those of the fibroblast
growth factor (FGF) family, are essential for the further specification of structures that
form key landmarks during embryonic brain development, such as the midbrain-hindbrain
organizer and the specific rhombomeres, or segments, of the developing hindbrain
(Dworkin & Jane, 2013; Frank & Sela-Donenfeld, 2019; Stern, 2001). Taken together, it
is clear that the morphogenesis of specific brain structures is driven during development
by exact combinations of signals that impart the necessary cell identities at a given location.

It has long been appreciated that, once they have been spatially specified, NPCs
continue to progress through their lineage and populate the developing brain with progeny
in a manner that is highly dependent on time (Kohwi & Doe, 2013; Okano & Temple,
2009). While NPCs are multipotent and can give rise to neurons and to glia, their
neurogenic capacity — that which allows neuronal differentiation — is far more quickly
achieved than their gliogenic capacity, or glial competence, which is achieved only at later
stages of development, after a transition in fate bias known as the “gliogenic switch” (Laug
et al., 2018; Miller & Gauthier, 2007; Rowitch & Kriegstein, 2010). General regulatory
mechanisms of neurogenesis, as well as the more specific transcriptional drivers of how
certain neuronal subtypes are born over time, have been extensively described; gliogenesis,

however, remains less clearly understood at a mechanistic level.
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Among the regulatory processes that have been associated with the induction of
mammalian gliogenesis to date are transcriptional cascades mediated by members of the
nuclear factor I (NFI) family, principally NFIA, as well as other transcription factors like
SOX9 (Deneen et al., 2006; Sloan & Barres, 2014). Increased abundance and activity of
these factors has been found to directly precede, and in fact drive, the induction of genes
important to glial biology, especially that of astrocytes, such as those encoding the
cytoskeletal astrocyte-associated protein glial fibrillary acid protein (GFAP), the
hyaluronic acid receptor CD44, members of the aquaporin family, especially AQP4, and
others (Dzwonek & Wilczynski, 2015; Sloan & Barres, 2014; Vandebroek & Yasui, 2020).
Consistent with the activation of these genes, their loci lose chromatin marks associated
with transcriptional dormancy during this period, and gain marks reflective of an activated
state. Additional transcription factors — such as OLIG2 and SOX10 — have been shown to
play similar roles in the activation of genes essential to oligodendrocyte development
(Laug et al., 2018). Concomitant with these transcriptional regulators activating genes that
play roles in gliogenesis, genes that are in fact inhibitory to gliogenesis — those involved in
the robust self-renewal and neurogenic capacity of early stages of NPC development,
including LIN28B and Notch pathway targets like HES5 — have their expression
downregulated (Edri et al., 2015; Shyh-Chang & Daley, 2013). This process continues until
the CNS has been fully formed, at which point neurogenesis and gliogenesis have depleted
the developmental NPC population and yielded a brain and spinal cord full of differentiated

neuronal and glial progeny.
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Directed differentiation of neural lineages derived from human pluripotent stem cells

Access to cell populations derived from hPSCs that are uniformly specified to CNS
fates has been possible since the description of dual SMAD inhibition (I(SMADi) as a
neural specification strategy in hPSCs over a decade ago (Chambers et al., 2009). Briefly,
the withdrawal of FGF-2 concomitantly with the inhibition of BMP and transforming
growth factor beta (TGF-B) receptors in high-density cultures of hPSCs induces robust
upregulation of the pro-neural transcription factor genes PAX6 and SOX1, thus generating
primitive neuroectoderm reminiscent of the neural plate and then neuroepithelium
reminiscent of the early neural tube in human embryogenesis in situ. (Chambers et al.,
2009; Tchieu et al., 2017). During this process, hPSC-derived cells are also specified to
specific spatial coordinates in the CNS, a process described as regional or anatomical
patterning, as has been described in mammalian developmental biology (Tao & Zhang,
2016). In a developing organism, patterning specifies the structures that will become parts
of the brain through the necessary cell fates and their consequent functions. Patterning in
dSMAD:I protocols recapitulates this process to provide specific spatial identities to the
resulting neural progeny.

Following dSMADi and patterning, NPCs can be expanded in the culture using FGF-2
and epidermal growth factor (EGF), with these NPCs initially robustly capable of
differentiation to neurons and capable of differentiation to glial cells, including astrocytes
and oligodendrocytes, only after prolonged culture (Conti & Cattaneo, 2010). As such,
hPSC-derived NPCs are initially described as neurogenic in these conditions, and are
described as gliogenic once their competence to form glia has been reached, reflective of

the gliogenic switch observed in other models of mammalian brain development. This is,

15



in particular, consistent with the extremely protracted timescale over which neural stem
cells reach glial competence during human brain development, relative to that of other
mammalian species (Tabar & Studer, 2014). HPSC-derived NPCs can thus be defined both
along spatial coordinates, based on their initial patterning, as well as along temporal
coordinates, based on their progression from a neurogenic to a gliogenic state.

While many directed differentiation protocols have been established in order to specify
specific spatially and/or temporally defined neural cell populations, these protocols have
been reported using multiple culture systems and experimental approaches by a number of
groups — meaning that, in most cases, they must be adapted in order to be incorporated into
one harmonized disease modeling platform. Additionally, the cell populations described in
the literature may be similar to, but not precisely the same as, cell populations of interest
for a given study. Relevant to the studies described in this dissertation are strategies to
produce NPCs specified to fates of the cerebral cortex, thalamus, and ventral pons, as
discussed further in a following chapter. The generation of cortical interneuron precursor
cells using a feeder cell-based hPSC culture system yields information relevant to, but not
sufficient for, the derivation of more dorsal cortical NPCs (Maroof et al., 2013). Similarly,
a reported strategy to derive neural precursor cells that give rise to hindbrain serotonergic
neurons in a feeder-free system provides insights into the cues needed to produce
ventralized pontine NPCs (Lu et al., 2016), though the exact requirements of that study
differ slightly from what may be needed for other purposes. To date, a protocol to derive
neural cells of the thalamus from hPSCs in a monolayer culture has not been reported,
though a recent publication details the derivation of such cells in thalamic three- organoids

(Xiang et al., 2019).
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The temporal specification of hPSC-derived neural progeny has proven notoriously
faithful to the timescales observed in the human lifespan, consistent with cell culture
models from other species, such as the mouse, which undergo temporally regulated
processes more quickly, just as mice develop, age, and progress through their lifespans
more quickly than do humans (Zhu & Huangfu, 2013). This observation in hPSC
derivatives has been the subject of much consternation in the field, because of the
impractical nature of experimental inquiry into processes that unfold over months and even
years. Aging-related processes have posed some of the greatest challenges to researchers
using hPSC-based models (Studer et al., 2015), while certain prolonged developmental
processes, including achievement of glial competence in NPCs and the robust production
of glial cells over several months, have also historically proved difficult to study on
experimentally practical timescales.

Several groups have now reported, however, that the forced expression in newly derived
NPCs of certain transcription factors associated with the gliogenic switch — most notably
NFIA, as well as NFIB and SOX9 — greatly speeds up their acquisition of glial maturation
indicators and their ability to produce astrocytes (Caiazzo et al., 2015; X. Li et al., 2018;
Tchieu et al., 2019). Similar strategies have been described to produce oligodendrocytes as
well, though different transcriptional cues are required in those cases (Garcia-Leon et al.,
2018; Matjusaitis et al., 2019). It is now thus possible to assess the temporal progression
of NPCs through their lineage, from their first appearance from neuroepithelium through
glial differentiation, in a practical manner. Together with directed differentiation protocols
of various patterning strategies, this permits the study of cells of the neural lineage over a

wide range of coordinates along axes of both space and time in CNS development.
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Introduction to the thesis
Here, we build on the finding by our group that NPCs, rather than differentiated cell

types, respond preferentially to H3.3%X2"M

— a result that was obtained using a then-novel
strategy of modeling pHGGs using normal human cell types generated from hPSCs (Funato
et al., 2014). In this study, we establish novel methods to derive specific NPC subtype
populations from hPSCs, in order to model spatially and temporally specific points in brain
development that represent potential origins of H3.3¥?" pHGGs. This hPSC-based
approach is suited particularly well to studies of cell type of origin of a given cancer type,
as the tumorigenic capacity of hPSC-derived cell types can be tested through in vitro and
in vivo assays. Building on strategies to instruct both spatial and temporal identity in neural
cells, we report novel, accelerated directed differentiation protocols to generate spatially
distinct NPC populations that resemble those found in the cerebral cortex, thalamus, and
pons from hPSCs. We also report an accelerated method to derive temporally distinct NPC
populations with different capacities for gliogenesis over a defined timescale. Importantly
for this study, the three brain regions represented, as well as the temporal windows
represented here, have strikingly different incidences of H3.3%2"M pHGGs, making them
relevant for this study of whether underlying spatiotemporal differences in NPC
populations might confer differential responses to H3.3%2M itself. We have also used this
strategy to interrogate another spatially restricted pHGG mutation, H3.39%R | as reported
separately (Funato et al., submitted).

These populations do not represent all cell types of the stated brain structure, as there

are multiple neural cell types present in all parts of the brain. For this study, we aim to

specify differential anatomical positions of NPCs through regional patterning such that
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certain key genes with spatially restricted expression patterns are differentially expressed.
Our data suggest that we have specified precursor cells, rather than more mature or
differentiated cell types, with such spatial identities to a relatively early developmental
stage, before functional distinctions, such as excitatory or inhibitory roles, are specified.
Previous work in our group used a single NPC population that expressed forebrain markers
like FOXG1 and OTX2 (Funato et al., 2014), though spatially determined elements of cell
identity were not a focus of that work.

Here, we investigate the specificity of the effects of the H3.3%2™™ mutation across these
spatial and temporal subtypes, concluding that the H3.3%2’™M mutation, surprisingly, has
effects specific to cortical and thalamic NPCs that are not observed in pontine NPCs. We
also report that H3.3%2™M has effects on proliferation and cell differentiation in the context
of FGFR1M46K 3 thalamic pHGG alteration that has yet to be extensively characterized.
Because of evidence that pontine NPCs may be temporally distinct from cortical and
thalamic NPCs, we then develop a platform to rapidly derive temporally distinct NPC
populations resembling distinct maturation stages within a given lineage. Using this
platform, we find that H3.3%2™™ has specific effects in earlier maturation stages which are
not observed when the mutation is introduced in populations representative of later stages.
These findings have implications for our understanding of how the H3.3%¥*™™ mutation
contributes to tumorigenesis in pHGGs, as well as for what cell intrinsic and/or extrinsic

factors may underlie the spatiotemporal specificity in the occurrence of these tumors.
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CHAPTER 2
MATERIALS AND METHODS

General cell culture protocols

All cultures of H9 and HI hESCs (WiCell) and J1 and 348 iPSCs (Stem Cell Research
Facility, MSKCC) were maintained in Essential 8 (E8) or Essential 8 Flex (E8 Flex)
medium (Thermo Fisher) in dishes coated with 5 pg/mL truncated recombinant vitronectin
(VIN-N; Thermo Fisher) in 1x phosphate-buffered saline (PBS; Thermo Fisher) for 1 hr
(hour) at room temperature (RT). HPSCs were cryopreserved in E8 or E8 Flex containing
10% dimethyl sulfoxide (DMSO) and recovered in E8 or E§ Flex containing 10 uM Y-
27362 (Y drug) to promote survival via rho-associated protein kinase (ROCK) inhibition
as described (Watanabe et al., 2007). Immediately after thawing during recovery, removal
of DMSO was carried out by introduction of 80x (v/v) E8 or E8 Flex in a manner gradual
enough to prevent osmotic shock. Cells were then spun down at 120 x g for 5 min and
resuspended in E§ or E8 Flex with Y drug for plating. HPSCs were passaged approximately
every 4 to 5 days at a ratio of 1:10 via incomplete dissociation of colonies using 0.5 mM
ethylenediaminetetraacetic acid (EDTA) and 1.8% sodium chloride (NaCl) in 1x PBS.
HPSC colonies were incubated in this solution for approximately 90 seconds at 37°C and
then gently broken up and replated using E8 or E8 Flex in 5 mL serological pipet. Cultures
were fed every day when using E8 and every two to three days when using E8 Flex.

HEK293T cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher) containing 10% fetal bovine serum (FBS; Thermo Fisher). Cells
were cryopreserved in FBS containing 10% DMSO and thawed directly into DMEM with

10% FBS for replating. No substrate was used on standard cell culture dishes for the culture
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of these cells. Cells were passaged every two days at a ratio of 1:3 using 0.05% Trypsin-
EDTA solution (Thermo Fisher) that was quenched upon completion of dissociation using
2x (v/v) DMEM with 10% FBS. Cells were then spun down at 200 x g for 5 min and
resuspended in DMEM with 10% FBS for replating.

Patient-derived pHGG cell lines were cultured in Neurobasal medium (Thermo Fisher)
containing 1x NeuroCult SM1 supplement (STEMCELL Technologies) and 20 ng/mL
each recombinant EGF and FGF-2 (R&D Systems). Cells were cultured in suspension in
low-attachment dishes and passaged as necessary at a ratio of 1:3 using 30-minute
treatment with Accutase (Innovative Cell Technologies). DIPG-IV (also known as SU-
DIPG-IV) was a gift from Michelle Monje, Stanford University and has been described.
previously (Grasso et al., 2015). MSK-2 was derived in the Department of Neurosurgery,
Memorial Sloan Kettering Cancer Center.

Neural induction protocols using hPSCs

For initiation of all neural induction protocols, hPSC colonies were dissociated into
single cells via incubation in the EDTA-NaCl solution described above for 20 min at 37°C.
Cells were then washed with 1x PBS and spun down at 120 x g for 5 min, and resuspended
in E8 or E8 Flex with Y drug. Cells were then counted using acridine orange and propidium
iodide cell viability stains and a Cellometer (Nexcelom Biosciences) using the preset
“primary cells/cell lines” workflow. Cells were resuspended at a density of 1,000,000 per
mL in E8 or E8 Flex with Y drug, and 2,000,000 cells were plated per well of a 6-well dish
previously coated with 1:30 Matrigel (Growth Factor Reduced; Thermo Fisher) in 1x PBS

for 1 hr at 37°C, achieving a final density of 200,000 cells per square centimeter of adherent
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surface area. After culture overnight (O/N) to allow adhesion to the surface, neural
induction protocols were initiated as follows.

All neural induction protocols were initiated by the transition to Essential 6 (E6)
medium (Thermo Fisher) containing the BMP inhibitor LDN193189 (2 uM) and the TGF-
3 inhibitor SB431542 (10 uM) for eleven days. For only the cortical NPC, the tankyrase
1/2 (WNT pathway) inhibitor XAV939 (2 uM) was additionally added at transition to E6
(Day 0) through Day 4. No additional components were added for the thalamic NPC
protocol. For only the pontine NPC protocol, retinoic acid (RA; 1 uM) was additionally
added from Day 0 to Day 2, the glycogen synthase kinase 3 beta (GSK38) inhibitor
CHIR99021 (3 uM), a WNT pathway activator, was additionally added from Day 2 to Day
4, recombinant FGF-8b (100 ng/mL) was additionally added from Day 6 to Day 11, and
smoothened agonist (SAG; 100 nM), an SHH pathway activator, was additionally added
from Day 10 to Day 11. Medium was replaced daily.

At Day 11, cells were dissociated using Accutase (Innovative Cell Technologies) for 30
min at 37°C and replated at a cell-to-surface area ratio of 1:2 on dishes previously coated
consecutively with 15 pg/mL poly-L-ornithine (PO; Sigma-Aldrich) in 1x PBS at 37°C
O/N, then with 1 pg/mL recombinant human fibronectin (R&D Systems) and 2 pg/mL
mouse laminin I (Trevigen) in 1x PBS at 37°C O/N. For all replating steps, 10 uM Y drug
was included in the medium. For all protocols, replating and culture through Day 18 was
carried out in a base of N2 medium (DMEM/F12 medium containing 1x N2 supplement;
Thermo Fisher) containing 1x NeuroCult SM1 supplement (STEMCELL Technologies),
20 ng/mL recombinant human brain-derived neurotrophic factor (BDNF), and 100 uM

ascorbic acid (AA; Sigma-Aldrich). For the cortical NPC protocol, no additional
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components were added. For the thalamic NPC protocol, 1 uM purmorphamine, a SHH
pathway activator, and 100 ng/mL FGF-8b were additionally included. For the pontine
NPC protocol, 100 nM SAG and 100 ng/mL FGF-8b were additionally included. Medium
was replaced daily.

At Day 18, cells were again dissociated and replated 1:2 as described above and
transitioned to NPC maintenance medium consisting of N2, NeuroCult SM1, 20 ng/mL
recombinant EGF, and 20 ng/mL recombinant FGF-2. Replating was performed with 10
pg Y drug and medium was replaced daily. Additional replatings were carried out as such
at Day 25, then every 7-14 days thereafter.

For the generation of all samples using NFIA-mediated induction of NPC maturation
toward glial competence, an hPSC line was used which was derived from H9 harboring
both a gene encoding the reverse tetracycline transactivator (rtTA) protein and an rtTA-
inducible allele of the human NFIA4 open reading frame (ORF) in the A4VS! locus (a gift
from Drs. Jason Tchieu & Lorenz Studer). In order to induce ectopic NFIA expression
using this system, 2 pg/mL doxycline was added to the culture medium.

Differentiation and proliferation assays in culture

To promote and assess neuronal differentiation of NPCs, NPCs were dissociated as
described above and replated at a density of 50,000 per square centimeter of adherent
surface area. One day after replating, medium was replaced with N2 containing NeuroCult
SM1, BDNF, AA, 20 ng/mL recombinant glial cell line-derived neurotrophic factor
(GDNF), and 1 uM DAPT (tert-Butyl (2S)- 2- [[(2S)- 2-[[2- (3,5- difluorophenyl) acetyl]
amino] propanoyl]amino]-2-phenylacetate), a gamma secretase (Notch pathway) inhibitor.

Medium was supplemented every 5 days and neuronal differentiation was assessed at 10
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days following culture in these conditions. To promote and assess astrocytic differentiation
of NPCs, NPCs were dissociated and replated as for neuronal differentiation. One day after
replating, medium was replaced with N2 containing 1% FBS. Medium was supplemented
every 5 days and astrocytic differentiation was assessed at 10 days following culture in
these conditions.

For proliferation assays, cells were plated at a density of 100,000 cells per square
centimeter of adherent surface area in a culture dish suitable for imaging. One day
following replating, cells were fixed for immunocytochemistry as described in a following
section. Proliferation rates were assessed by staining and quantifying for markers including
Ki67 using antibodies listed in Table 2.2. Quantification and processing of the images were
performed in Fiji (open source) and Columbus (Gene Editing & Screening Core Facility,
MSKCCO).

Gene expression analysis via quantitative reverse transcription polymerase chain
reaction (RT-qPCR)

For all gene expression analyses, cells were lysed in TRIzol Reagent (Thermo Fisher), with
nucleic acids then purified via chloroform extraction and isopropanol precipitation in
accordance with manufacturer’s instructions. The resulting aqueous nucleic acid solutions
were then treated with gDNA Wipeout buffer (Qiagen) and used as the basis of reverse
transcription using the Quantitect Reverse Transcription Kit (Qiagen) to generate
complementary DNA (cDNA) representative of the mRNA present in samples. The cDNA
was then analyzed by quantitative polymerase chain reaction (qQPCR) to quantify the
relative abundance of molecules representing various transcripts. QPCR reactions were

carried out using SYBR Green Master Mix (Thermo Fisher) in accordance with
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manufacturer’s instructions, and run on a Bio-Rad CFX96 Real-Time System & CFX1000
Touch thermocycler. All primers used to analyze ¢cDNA molecule abundance were
designed using best practices to avoid detection of residual genomic DNA, such as by
including an exon-exon junction in the PCR product or in one of the primers in the pair
itself. Primers used are listed in Table 2.1. All RT-qPCR data shown here are normalized
such that a given gene’s baseline expression level is that which is detected in
undifferentiated H9 hPSCs.

Immunocytochemistry (ICC) and immunohistochemistry (IHC)

For all immunofluorescence analysis of cultured cells and animal tissues, ICC and IHC
were used, respectively. ICC staining was either carried out by plating cells in adherent
cultures in 24-well dishes containing circular glass coverslips in each well, such that the
stained cells on coverslips could be mounted on glass microscope slides for imaging with
an upright microscope, or by plating cells in 48- or 96-well dishes for imaging on an
inverted microscope. In both cases, cells were fixed for 20 min in 4% paraformaldehyde
(PFA) in 1x PBS, followed by 3x brief washes in 1x PBS. Cells were then blocked and
permeabilized in 1% bovine serum albumin (BSA) and 0.3% Triton X-100 in 1x PBS for
1 hr at RT, followed by incubation with primary antibodies (listed in Table 2.2) in the same
blocking/permeabilizing solution at 4°C O/N. On the following day, cells were washed 3x
in 1x PBS for 5 min each, and then incubated in secondary antibodies (Invitrogen Alexa
Fluor 488-, 555-, and 647-conjugated secondary antibodies [ Thermo Fisher] raised in goat,
or donkey where goat primary antibody was used) at 1:1000 in 1x PBS for 1 hr at RT. Cells
were then washed 1x in 1x PBS for 5 min, followed by an incubation in 0.5 pg/mL DAPI

(4',6-diamidino-2-phenylindole; Thermo Fisher) in 1x PBS for 10 min, followed by 1x
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wash in 1x PBS for 5 min. Stained cells were then either mounted on slides using Aqua-
Poly/Mount (Polysciences) or stored in the culture dish in 1x PBS at 4°C protected from
light until imaging.

For IHC, a similar protocol was followed to stain fixed frozen sections of mouse brains.
Sections were rehydrated in 1x PBS at RT, then blocked and permeabilized in blocking
solution containing 10% Normal Goat Serum (Thermo Fisher) (or 10% Donkey Serum
[Thermo Fisher] where primary antibodies raised in goat were used), 0.2% BSA, and 0.3%
Triton X-100 in 1x PBS. Sections were then stained in primary antibodies (see Table 2.2)
in blocking solution at 4°C O/N. On the following day, sections were washed 3x in 1x PBS,
incubated at RT for 1 hr in secondary antibodies (as above) in 1x PBS, washed 1x with 1x
PBS containing 0.5 pg/mL DAPI for 10 min, washed 2x in 1x PBS, then coated in
Poly/Mount (Polysciences) with a glass coverslip placed on top. Slides and coverslips were
then sealed using nail polish coating the edges.

Images from ICC stainings were captured using an Axio Observer inverted fluorescence
microscope using ZEN software (Zeiss) an IX71 inverted brightfield and fluorescence
microscope using CellSens software (Olympus). Images from IHC stainings were captured
using a BX51 upright brightfield and fluorescence microscope (Olympus) using SlideBook
software.

Western blotting

Cells were lysed in 1x radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling
Technologies) and incubated on ice for 30 min. Lysates were then spun down at 13,000 x
g for 30 min, and lipid-depleted supernatants were harvested and quantified for protein

concentration using the BCA Assay (Thermo Fisher) according to manufacturer’s
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instructions. 30 pg of protein from each sample was then mixed to prepare sample for
loading containing 1x Laemelli buffer. Samples were electrophoresed using 4-12%
polyacrylamide gels (Bio-Rad) and transferred to nitrocellulose blotting membranes.
Membranes were then cut according to experimental requirements, blocked in 5% milk in
Tris-buffered saline with Tween-20 (TBS-T; Fisher & Bio-Rad), and then incubated in
primary antibodies in 5% milk solution at 4°C O/N. On the following day, membranes were
washed 3x 10 min in 1x TBS-T, incubated in secondary antibodies (ECL Prime horseradish
peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG antibodies; GE) for 1 hr at RT
at 1:5000 dilution in 5% milk solution, washed 3x 10 min in 1x TBS-T, and treated with
ECL Prime electrochemical luminescence reagent (GE) according to manufacturer’s
instructions. Blots were then exposed to X-ray films (Denville Scientific) and developed
using a Kodak film developer in a darkroom. Antibodies used are listed in Table 2.2.
Flow cytometry

For all analyses via flow cytometry, cells were dissociated using 30 min Accutase
treatment at 37°C, pelleted at 70 g for 5 min, resuspended in < 0.2 mL Ix PBS, and
transferred to V-bottom 96-well cell culture plates for downstream processing. Cells were
stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher) to
discriminate live from dead cells, then fixed and permeabilized using the
CytoFix/CytoPerm kit (BD) according to manufacturer’s instructions. All centrifugation
steps between fixation, permeabilization, staining, and washing steps were carried out at
300 x g for 5 min. Stainings for relevant antigens were carried out in CytoPerm buffer for
lh at RT removed from light using antibodies listed in Table 2.3. Following staining,

samples were washed according to manufacturer’s instructions and resuspended in 0.2 mL
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each 0.5% BSA in 1x PBS. Samples were analyzed using an Aurora five-laser spectral
cytometer (Cytek Biosciences), with the resulting raw data then “unmixed” to deconvolute
overlapping fluorescence signals using SpectroFlo software (Cytek Biosciences). Post-hoc
analysis of the unmixed sample data was performed using FlowJo.
Gene expression and DNA methylation analyses using hPSC-derived samples and patient
datasets

RNA sequencing (RNA-seq) analysis of hPSC-derived samples was carried out using
RNA extracted from lysates in TRIzol using chloroform extraction as described above.
RNA (~2 pg total per sample) in solution was submitted to GeneWiz (South Plainfield, NJ,
USA) for library preparation using poly(A) selection and for next-generation sequencing
using Illumina NovaSeq or HiSeq in a 2x150bp paired-end read configuration at a depth
of 20 to 30 million reads per sample. Single-cell RNA-seq data in H3.3%2"M glioma patient
tumors was obtained from Filbin et al, 2018. Data was reprocessed and largely analyzed
using scanpy version 1.4 (Wolfet al., 2018). For quality control, genes detected in less than
3 cells and cells with fewer than 200 genes were excluded, resulting in 2,197 cells across
6 patients. Differential expression of bulk RNA-seq data in early vs. late NPCs were
analyzed using DESeq2 (Bioconductor). A heatmap of single-cell expression values were
plotted for genes that were up in early NPCs (LFC > 0; FDR < 0.05) or up in late NPCs
(LFC > 0; FDR < 0.05). Values were log2-transformed and z-score normalized. Rows and
columns were clustered using hierarchical clustering and cells were labeled by patient
origin.

DNA methylation analysis was carried out using genomic DNA extracted from cells

using a DNeasy Kit (Qiagen). DNA (~200 ng total per sample) in solution was submitted
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to the Integrated Genomics Operation (IGO) at MSKCC. IGO staff conducted quality-
control assays on the submitted DNA and then processed all samples using the TruSeq
Methyl Capture platform (Illumina) in accordance with manufacturer’s guidelines. Beta
values were calculated from raw idat file signal intensities using the minfi Bioconductor
package. CpGs that were differentially methylated between early and late NPCs (n=3
replicates each) were identified as those with a mean difference of at least 50% between
the two groups. Hierarchical clustering analysis was used to cluster the early and late NPCs
with methylation profiles of 78 diffuse midline glioma patients with H3.3%2™™ mutations
(Capper et al., 2018), obtained via Illumina Infintum HumanMethylation450 BeadChip
(450k) arrays, based on this early vs. late CpG signature. Clustering results were repeated
with different thresholds to ensure robustness of results.

All analyses using these datasets together with RNA sequencing and DNA methylation
assay data from hPSC-derived cells were carried out by Allison Pine (Tri-Institutional
Program in Computational Biology; MSKCC), under the supervision of Christina Leslie,
PhD, in close collaboration with our group. Additional initial steps of the DNA methylation
analysis were performed Jacob Glass, MD, PhD, and Richard Koche, PhD (Center for
Epigenetics Research, MSKCC).

Magnetic-activated cell sorting (MACS)

For experiments in which CD44-low and CD44-high cells were isolated for further
analysis, positive-selection MACS was used for CD44-based cell separation. Cells were
stained with CD44 MicroBeads and separated using LS columns in a MidiMACS separator
(Miltenyi Biotec) according to manufacturer’s instructions. Cells flowing through the

columns in the presence of the magnetic field were collected and characterized further as
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CD44-low cells, while cells washing off the columns only after the magnetic field was
removed were collected and characterized further as CD44-high cells, consistent with the
intended application of the reagents named above.
Intracranial injection of hPSC-derived cells in mice

Experiments to assess the in vivo tumorigenicity of hPSC-derived thalamus NPCs
bearing various mutations were performed using animals of the NOD.Cg-Prkdcsc
112rg™!"i/Sz] strain, also known as “NOD scid gamma” or “NSG,” obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). These animals were bred in facilities of the
MSKCC / Weill Cornell Medical College / Hospital for Special Surgery Research Animal
Resource Center (RARC), with intracranial injections performed on six-day-old postnatal
mouse pups. Immediately before surgery, animals were each anesthetized via hypothermia
by using dry ice to lower the ambient temperature of the immediate surgical environment.
The animal was then placed on a stereotaxic instrument (Stoetling), and the surgical site
was then sanitized using 10% povidone-iodine (Betadine) and 70% ethanol. HPSC-derived
cells, resuspended at a density of 250,000 per pL in 1x PBS with Y drug, were then loaded
into a Hamilton syringe with injection needle, with a total volume for injection of 2 pL.
The syringe was then targeted to a location approximately 2.5 mm posterior to lambda
along the center anterior-posterior axis of the head. Once these coordinates were achieved,
the needle tip was lowered 3 mm into the brainstem tissue and left in place for 2 min. The
injection was then performed by hand at a rate of 0.2 pL per 20 seconds. Upon finishing
the injection, the needle was left in place for 5 minutes, then gradually removed at a rate
of 0.5 mm per 1 min. The animal was then allowed to recover on a pre-warmed heating

pad, and replaced in the cage once it regained mobility. The needle and syringe were
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washed with 70% ethanol in water, with water, and with 1x PBS between the procedures
performed on each animal. Following surgery, the animals were monitored daily for three
days and at least weekly thereafter. All methods described here were performed in
accordance with the MSKCC Institutional Animal Care and Use Committee (IACUC)
protocol # 03-12-019.
Animal tissue preparation and frozen section histology

Animals were followed until they reached the experimental endpoint of clinically
significant neurological symptoms or other health complication as indicated by RARC. At
the endpoint, each animal was put into an induced comatose state via pentobarbitol
overdose by intraperitoneal injection in accordance with IACUC approval. The animal then
underwent intracardial perfusion with 30 mL chilled 4% PFA in 1x PBS (Electron
Microscopy Sciences), after which the brain was dissected and submerged in 4% PFA in
Ix PBS at 4°C O/N. On the following day, the brain was removed from PFA solution and
placed in 30% sucrose in 1x PBS at 4°C for > 24 hr. One day before embedding, the brain
was placed in a 1:1 mixture of Tissue-Tek OCT embedding compound (Sakura) and 30%
sucrose solution. The brain was then embedded in OCT in a mold (Sakura) and stored at -
80°C until sectioning.

Each brain was then cut into 30-um sections using a Cryostat (Leica), with sections
placed on charged glass slides (Fisher) and placed at -20°C for short-term use and at -80°C
for long-term storage. Sections were then used for IHC as described in a section above.

Technical support and advice was provided by Nidia Claros.
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Lentiviral particle preparation and transduction of hPSC-derived cells

Lentiviral particles were produced using co-transfection of four third-generation
component plasmids — an expression construct (various; listed in Table 2.4), pMDL/pRRE
(Didier Trono; Addgene plasmid # 12251), pRSV-Rev (Didier Trono; Addgene plasmid #
12253), and pCMV-VSV-G (Robert Weinberg; Addgene plasmid # 8454) — into HEK293T
cells using polyethylimine (PEI) transfection reagent. DNA plasmids were produced in
Stbl3 E. coli competent cells via culture in Luria-Bertani (LB) medium and purification
using Plasmid Plus Midi Kit (Qiagen). For transfection, plasmids were combined in a
6:3:3:1.5 ratio by mass, respectively, in OPTI-MEM Reduced Serum Medium (Thermo
Fisher), with PEI then added for a 20 min RT incubation. The resulting solution was placed
in HEK293T cells’ existing culture medium at 37°C O/N. Following this transfection
period, all medium was removed from the cells and replaced with N2 medium (Thermo
Fisher). Following 48 hr of lentiviral particle production in this medium, the culture
supernatant was harvested and viral particles pelleted therefrom via ultracentrifugation at
20000 rpm for 90 min. Concentrated viral particles were resuspended in 0.1 mL N2
medium per T75 flask of HEK293T cells used to produce the particles. For viral
transductions using this concentrated stock solution, approximately 4 pL of viral solution
per 1,000,000 cells was used, with transductions performed in suspension in aerosol-proof
tubes at 37°C for 1 h at a cell density in medium of approximately 15,000,000 cells/mL.
All appropriate BSL-2+ biosafety measures were taken during viral transduction and

handling of newly transduced cells.
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Recombinant DNA construction

The lentiviral expression construct for FGFRI">#K was created for this study by using
the human FGFRI ORF contained in the pPDONR223-FGFR1 plasmid (William Hahn &
David Root; Addgene plasmid # 23922). An N546K substitution and a C-terminal stop
codon were introduced into the ORF using the QuikChange II Site-Directed Mutagenesis
Kit (Agilent) according to manufacturer’s instructions, using the primers listed in Table
2.5. Sanger sequencing was used to confirm the correct sequence of the resulting mutant
ORF. The Gateway LR Recombination Kit (Thermo Fisher) was then used according to
manufacturer’s instructions to transfer the cDNA from pDONR223 to the pLenti PGK Neo
lentiviral expression construct (Eric Campeau & Paul Kaufman; Addgene plasmid #
19067). Qiaprep Spin Miniprep Kit and Plasmid Plus Midi Kit (Qiagen) were used for
DNA purification steps.
Statistical analyses

All statistical analyses were performed using Prism 8 software (GraphPad). For
experiments comparing two conditions, a t test was used. For experiments comparing more
than two conditions, an analysis of variance (ANOVA) was performed with multiple
comparisons and Tukey correction. Individual data points contained herein represent
biologically independent replicates, with the mean plotted and error bars representing
standard deviation. In Figures 3.1 through 6.7, statistical significance is indicated using the
following: * p < 0.05; **p < 0.01; *** p <0.001; **** p <0.0001; “n.s.” or no indicator
represents p > 0.05 unless otherwise noted. In cases where 0.05 <p < 0.15, the p value is

noted on the graph where it may be relevant to interpretation.
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Table 2.1. Primer sequences used for RT-qPCR

Target gene | Primer direction Sequence

ACTB Forward GTCATTCCAAATATGAGATGCGT
ACTB Reverse GCTATCACCTCCCCTGTGTG
AQP4 Forward AACGGACTGATGTCACTGGC
AQP4 Reverse AAAGGATCGGGCGGGATTC
ASCL1 Forward AGTTGGTCAACCTGGGCTTT
ASCL1 Reverse AGCGCAGTGTCTCCACCTTA
CD44 Forward TGGCATCCCTCTTGGCCTTG
CD44 Reverse ACTTGCTGGCCTCTCCGTTG
CDKN2A Forward GGCACCAGAGGCAGTAACCAT
CDKN2A Reverse GACCTTCCGCGGCATCTATG

EN1 Forward GTCAAAACTGACTCGCAGCA
ENI Reverse AACTCCGCCTTGAGTCTCTG
FOXGI Forward CAACGGCATCTACGAGTTCA
FOXGI Reverse TGTTGAGGGACAGATTGTGG
GBX2 Forward CTCGCTGCTCGCCTTCTC

GBX2 Reverse GCCAGTCAGATTGTCATCCG
GFAP Forward GAGAACAACCTGGCTGCCTATAGA
GFAP Reverse TTCATGCATGTTGCTGGACG
HESS Forward TGCTCAGCCCCAAAGAGAAA
HESS Reverse GAAGGCTTTGCTGTGCTTCA
HOXAI1 Forward GTGGGCTCGCCTCAATACA
HOXAI Reverse TTGACCCAGGTAGCCGTACT
HOXA?2 Forward TTCAGCAAAATGCCCTCTCT
HOXA2 Reverse TAGGCCAGCTCCACAGTTCT
HOXB2 Forward TCTCCCCTAGCCTACAGGGTTC
HOXB2 Reverse GGTGAAAAAATCCAGCTCTTCCT
HOXB6 Forward GAACTGAGGAGCGGACTCAC
HOXB6 Reverse CTGGGATCAGGGAGTCTTCA
LIN28A Forward GATGTCTTTGTGCACCAGAGTAAG
LIN28A Reverse TTCTTAAAGGTGAACTCCACTGC
LIN28B Forward GAAGACCCAAAGGGAAGACAC
LIN28B Reverse TTCTTTGGCTGAGGAGGTAGA
NFIA Forward AGCATGAGTCCAGGAGCAAT
NFIA Reverse CCTCACCAGGACTGTCCATT
NKX2-2 Forward GTCAGGGACGGCAAACCAT
NKX2-2 Reverse GCGCTGTAGGCAGAAAAGG
NKX6-1 Forward AGGGCTCGTTTGGCCTATTC
NKX6-1 Reverse CTGTCTCCGAGTCCTGCTTC
OLIG2 Forward TGGCTTCAAGTCATCCTCGTC
OLIG2 Reverse ATGGCGATGTTGAGGTCGTG
0TX2 Forward ACTTCGGGTATGGACTTGCT
OTX2 Reverse TTTTCAGTGCCACCTCCTCT
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Target gene | Primer direction Sequence

PAX6 Forward TGGGCAGGTATTACGAGACTG
PAX6 Reverse ACTCCCGCTTATACTGGGCTA
SOX9 Forward AGCGAACGCACATCAAGAC
SOX9 Reverse CTGTAGGCGATCTGTTGGGG
TUBB3 Forward GGCCAAGGGTCACTACACG
TUBB3 Reverse GCAGTCGCAGTTTTCACACTC

Table 2.2. Primary antibodies used for immunofluorescence & Western blotting

Application | Target Host & clonality Dilution | Supplier
Immuno- CD44 Mouse monoclonal (G44- 1:200 BD
fluorescence 26)
FOXG1 Rabbit polyclonal 1:40 Clontech
GFAP Rabbit polyclonal 1:5000 | Dako
HA tag Rat monoclonal (3F10) 1:200 Roche
HOXB4 Rat monoclonal (112), 1:100 DSHB
purified
HOXC9 Mouse monoclonal 1:100 Abcam
(HOXCAGE®b)
Ki67 Rabbit polyclonal 1:1000 | Abcam
Nestin Mouse monoclonal (10C2) 1:1000 | Millipore
NKX6.1 Mouse monoclonal 2.5 DSHB
(F55A10), supernatant pug/mL
0TX2 Goat polyclonal 1:500 Neuromics
SOX2 Rabbit monoclonal (D6D9) | 1:500 Cell Signaling
BITI-tubulin | Mouse monoclonal (TUJ1) 1:100 Biolegend
Western ERK1/2 Rabbit monoclonal (137F5) | 1:1000 | Cell Signaling
blotting FGFR1 Rabbit monoclonal (D8E4) 1:1000 | Cell Signaling
GAPDH Rabbit monoclonal (14C10) | 1:2000 | Cell Signaling
GFAP Rabbit polyclonal 1:1000 | Dako
GFP Rabbit monoclonal (D5.1) 1:1000 | Cell Signaling
Histone Rabbit monoclonal 1:1000 | Abcam
H3.3 (EPR17899)
LIN28B Rabbit polyclonal 1:1000 | Cell Signaling
NFIA Rabbit polyclonal 1:500 R&D Systems
p53 Mouse monoclonal (DO-1) | 1:500 Santa Cruz
Biotechnology
phospho- Rabbit monoclonal 1:1000 | Cell Signaling
ERK1/2 (D13.14.4E)
BIII-tubulin | Rabbit polyclonal 1:1000 | Biolegend
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Table 2.3. Fluorophore-conjugated antibodies used for flow cytometry

Fluorophore | Target Host & clonality Dilution | Supplier
FITC CD44 Mouse monoclonal (G44- 1:20 BD
26)
Alexa Fluor | GFAP Mouse monoclonal (1B4) 1:20 BD
647
Alexa Fluor | H3K27me3 | Rabbit monoclonal 1:50 Cell Signaling
647 (C36B11)
Alexa Fluor | HA tag Mouse monoclonal (6E2) 1:50 Cell Signaling
488; Alexa
Fluor 647
Alexa Fluor | SOX2 Mouse monoclonal (O30- 1:20 BD
488; PerCP- 678)
Cy5.5
Alexa Fluor | BIII-tubulin | Mouse monoclonal (TUJI) 1:100 Biolegend

647
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Table 2.4. Lentiviral expression constructs used in this study

Construct/ | Promoter | Open reading frame Mammalian | Source
plasmid used expressed cell selection
name marker
pCDH-EFI1- | EFla H3F34 (WT) with C- Puromycin Lewis et.
H3F3AWL- terminal FLAG & HA tags al., 2013
Puro
pCDH-EF1- | EFla H3F34 (K27M) with C- Puromycin Lewis et.
H3F3AKZM terminal FLAG & HA tags al., 2013
-Puro
pFUGW- HI shRNA targeting the 7P53 RFP Funato et.
H1-shTP53 sequence: al., 2014

GACTCCAGTGGTAATCT

ACT
pLenti- PGK1 FGFRI (N546K) G418 Constructed
PGK- (neomycin) for this
FGFRN346K study
-Neo-DEST
pLM-R PGK1 mCherry mCherry Funato et.

al., 2014

CS-RfA- CMV shRNA targeting the firefly | GFP Funato et.
CG-shLuc- luciferase gene sequence: al., 2014
EGFP CTTACGCTGAGTACTTC

GA
CS-RfA-CG | CMV shRNA targeting the LIN2§B | GFP Funato et.
-shLIN28B- sequence: al., 2014
EGFP GCAGGCATAATAAGCA

AGTTA
CS-RfA-CG | CMV shRNA targeting the LIN2§B | GFP Funato et.
-H1- sequence: al., 2014
shLIN28B- GGATTCATCTCCATGAT
EGFP AAAC

Table 2.5. Primers used to generate FGFR1™N34¢K expression construct

GAGTCC

Application | Primer name Sequence

Mutagenesis | FGFR1-N546K-Fw CATAAGAATATCATCAAACTGCTGGGG
GCCTGCAC

Mutagenesis | FGFR1-N546K-Rv GTGCAGGCCCCCAGCAGTTTGATGATA
TTCTTATG

Mutagenesis | FGFR1-STOP-Fw GGACTCAAACGCCGCTAGCCAACTTTC
TTGTAC

Mutagenesis | FGFR1-STOP-Rv GTACAAGAAAGTTGGCTAGCGGCGTTT
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CHAPTER 3
NOVEL PROTOCOLS YIELD SPATIALLY DISTINCT NEURAL PRECURSOR CELLS
WITH ACCELERATED ASTROGLIOGENESIS VIA NFIA INDUCTION

3.1 Introduction

Since the first report describing dual SMAD inhibition as a strategy for efficient
neuralization of hPSCs using Knockout Serum Replacement (KSR; Thermo Fisher) and
mouse embryonic fibroblasts as feeder cells (Chambers et al., 2009), multiple culture
systems have been developed that remove the need for KSR and feeder cells, and thus
improve reproducibility of results and practicality of use — so-called “feeder-free” systems.
The transition to specific feeder-free hPSC culture systems has resulted in a need to
optimize existing strategies, developed other feeder-based and feeder-free systems, to
derive specific neural cell populations.

Of particular interest to this study are neural precursor cell populations representing
those found in the developing cerebral cortex, thalamus, and pons. These brain structures

3K2™M gliomas diagnosed at that site — these tumors are

vary widely in the fraction of H3
not generally found in the cerebral cortex, are sometimes found in the thalamus, and are
most often found in the pons (C. Jones & Baker, 2014).

While there have been directed differentiation protocols reported to derive certain
neural subtypes representative of these brain structures, none met the exact requirements
for this study. Cortical NPCs have been derived previously using a feeder-based culture
system and ventralizing cues to specify a cortical interneuron lineage (Maroof et al., 2013),

which contrasts with the need here to derive more dorsal cortical NPCs in feeder-free

conditions lacking the expression of ventral-associated genes found in H3.3%2"™ tumors
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like OLIG2 (M. G. Filbin et al., 2018; Sturm et al., 2012). Thalamic NPCs have been
derived using a three-dimensional, multi-cell-type organoid system (Xiang et al., 2019),
but not as a more uniform cell population maintained in two-dimensional culture. NPCs
reminiscent of the ventral pons have been derived using a feeder-free system using
modulation of WNT signaling to specify anterior-posterior CNS identity, though there is
co-expression of anterior and posterior markers in some of the populations derived, notably
of OTX2 and HOX genes, that is not ideal for this study that requires differential expression
of these genes (Lu et al., 2016). With these considerations in mind, we sought to define
novel directed differentiation protocols for cortical, thalamic, and pontine NPCs using a
feeder-free hPSC culture system.

The developmental expression dynamics of genes involved in hindbrain and thus
pontine specification, including HOXB2, HOXAI, and NKX6-1, are not completely
understood in the human CNS — highlighting the need to refer to data from the mouse.
Gene expression data available through the Allen Developing Mouse Brain Atlas (Allen
Institute, USA) suggest that, while these genes are not expressed widely in the late
embryonic and postnatal mouse pons, Hoxb2 is, in fact, expressed in pontine,
pontomedullary, and medullary hindbrain at the earliest timepoint tested, E11.5, with
expression decreased thereafter (http://developingmouse.brain-
map.org/gene/show/68056). The same phenomenon is observed for Hoxa?2, though its
expression remains robust in  these three  structures through E15.5
(http://developingmouse.brain-map.org/gene/show/15174). Likewise, Nkx6-1 is expressed
throughout the ventral neural tube at E11.5, including in the pontine and pontomedullary

hindbrain; by E15.5, the latest timepoint tested, Nkx6-1 expression has decreased in most
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structures but remains high in the pontine, pontomedullary, and medullary hindbrain, as
well as in prosomere 1 (http://developingmouse.brain-map.org/gene/show/17863). The
probe for Hoxal appears not to be functional, as no CNS structures at any timepoints tested
are reported to have detectable expression (http://developingmouse.brain-
map.org/gene/show/15169), in contrast to reports about the role of Hoxal and its
transcriptional targets in the developing mouse hindbrain (De Kumar et al., 2017;
Philippidou & Dasen, 2013).

In addition to data available through the Allen Institute portal, studies over several
decades have informed our understanding of the roles of these genes in the development of
the hindbrain and then of the pons. It has been shown that Hoxb2 and Hoxal are required
for proper rhombomere r2-r4 segmentation in the mouse, thus suggesting that these genes
are required for eventual pontine specification from these rhombomeres (Gavalas et al.,
2003). Indeed, genes of the Hox?2 cluster, including Hoxb2 and Hoxa?2, are essential for the
specification of neuronal populations involved in auditory processing that are known to
arise from two of the rhombomeres, 12 and r3, generating the pons. Together with data
suggesting that H3.3%?"™ pHGGs of the pons, but not of other sites, express HOXB2 (Sturm
et al., 2012), we thus conclude that HOXB?2 expression is a key requirement for our cells
to be considered of a pontine lineage that is potentially implicated in tumorigenesis at this
site.

Key cell populations in the pons are dorsally derived from the Atohl-positive rhombic
lip and then migrate into position via the rostral thombic lip migratory stream (RLS)
(Kratochwil et al., 2017; Machold & Fishell, 2005; Wang et al., 2005), thus ruling out an

Nkx6-1-positive ventral origin for these specific populations that are essential to the
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structure and function of the mature pons. However, as seen in the micrographs shown in
these studies, the mature pons is populated overall by cells that are both labeled and
unlabeled in Atohl-driven fate-mapping experiments, allowing for the possibility of a
ventral, Nkx6-1-expressing domain giving rise locally to cells as well. Nkx6-1 is expressed
very early, at and following E8.5, in the ventral neural tube at the level of the pontine
hindbrain in the mouse, and has deleterious effects on hindbrain dorsoventral patterning
when it is removed (Briscoe et al., 2000; Miiller et al., 2003; Nelson et al., 2005).
Computational analysis of transcriptional target sequences in enhancers that are active
during hindbrain development reveals Nkx6-1 as among the most prominent transcriptional
regulators of this process, along with Meis! and Hox cluster genes (Burzynski et al., 2012).
Furthermore, a recent study implicates sustained Nkx6-1 expression in astrogliogenesis
specifically in the hindbrain, relative to more anterior structures, suggesting that a ventral
source of cells contributes to glial cell populations in the pons (Lozzi et al., 2020). In the
study described here, we aim to derive cells through this ventral developmental source,
rather than through a dorsal rhombic lip-like specification, in order to test our hypotheses
regarding spatial specificity of the H3.3X2"M mutation. It would be equally of interest to
derive pontine progenitors via a rhombic lip fate and to test H3.3%2M in that population as
well.

Taken together, these findings suggest that cell types of multiple origins and multiple
statuses with regard to these genes make up the eventual ventral mammalian pons,
highlighting both the relevance of our approach and the need for further studies to
understand its advantages and caveats more completely. Additional markers of developing

hindbrain and mature pontine identity as informed by Allen Brain Atlas data and evidence
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in the literature, such as IRX2, MEIS1, TBX20, and others, would form the basis of further
investigation. For the purposes of this study, we moved forward seeking to derive a
HOXB2-, NKX6-1-expressing neuroepithelial population in order to derive pontine NPCs
relevant to our hypothesis.

It is known that human NPCs require prolonged culture, up to five months or longer, to
acquire an ability to differentiate into glial cells (Tabar & Studer, 2014). Because an initial

aim of this study was to assess the impact of H3.3%?™

on glial differentiation, we further
sought to test whether a recently reported strategy (Tchieu et al., 2019) to induce
precocious glial differentiation in NPCs could be adapted to the directed differentiation
protocols developed here.

3.2 Feeder-free adaptation of dual SMAD inhibition and modulation of retinoic acid
signaling yield NPCs with relevant anterior-posterior identity

In order to develop protocols to derive spatially distinct NPC populations, we first chose a
feeder-free hPSC culture system and cell line on which to base our efforts. We found that
cells of the H9 (WA-09) hESC line (Thomson et al., 1998) maintained in Essential 8
Medium on human recombinant vitronectin are nearly uniformly PAX6" when they are
differentiated at high density on Matrigel in Essential 6 Medium with the inhibitors used
for dSSMADi, LDN193189 and SB431542 (Figure 3.1a), consistent with an acquired fate

of neuroectoderm, rather than of other ectodermal, endodermal, or mesodermal lineages

(X. Zhang et al, 2010). We thus moved forward with differentiation
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Figure 3.1. Retinoic acid timing and duration modulates anterior-posterior
patterning in Essential 6 + dSMADi medium. (a) Cells expressing GFP (green) from
the PAXG6 locus before and after treatment with Essential 6 + dSMADi, with nestin (red)
and DAPI (blue). Scale bar = 100 pm. (b) Strategy for testing retinoic acid signal timing
and duration in Essential 6 + dSMADi:. (c) Expression of genes named in graph titles at
Day 18 of each condition, relative to levels found in H9 hPSCs (yellow) by RT-qPCR.

protocol development using this paradigm as the foundational strategy for hPSC
maintenance and neural induction in all cases.
In order to identify conditions optimal for generating neuroepithelial cells of the correct

position along the anterior-posterior axis of the CNS for an identity falling within
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rhombomeres 12 through r4, the portions of the developing hindbrain giving rise to the
pons, we tested a variety of durations of retinoic acid signaling at one of two start times,
Day 0 or Day 2 of differentiation, at a fixed dose of 1 uM (Figure 3.1b). Our results indicate
that starting retinoic acid (RA) treatment on Day 0 is optimal for suppressing
inappropriately anterior markers including FOXGI and OTX2, while any treatment with
RA is sufficient for induction of HOXB? relative to the low expression found in hPSCs,
shown in yellow, and thalamic NPCs not treated with RA, shown in orange. HOXB? is
expressed in rhombomeres, r2-r4, of the developing hindbrain that give rise to the pons,
and, moreover, is expressed in pontine H3.3¥2’M pHGG (Sturm et al., 2012), thus
motivating our choice of this gene as a key marker of our desired fate. We find that a short
treatment from Day 0 to Day 2 increases HOXB2 expression without concomitant induction
of HOXB6 (Figure 3.1c¢), which is only expressed in regions posterior to r2-r4 (Philippidou
& Dasen, 2013) and is thus not desired. This stands in contrast to “posterior NPCs”
previously generated by our group, shown in blue, which express a variety of HOX genes,
including both HOXB2 and HOXB6. We thus have built upon previous work by our group
and have identified conditions to generate r2-r4 hindbrain neuroepithelial cells during
neural induction that give rise to pontine NPCs, and moved forward based on these data to
establish our protocols for cortical, thalamic, and pontine NPCs (Figure 3.2). This
experiment provided valuable preliminary data upon which to move forward with this
study; at present we are repeating it and adding a sample continuously treated with RA
from Day 0 to Day 18, the timepoint of analysis, as a positive control for RA-associated

gene expression.
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3.3 Spatially distinct NPCs are multipotent and express genes with spatially restricted
expression in the developing human brain

We performed gene expression analyses of the cells generated at Day 18 of the cortical,
thalamic, and pontine NPC protocols outlined in Figure 3.2 in order to establish the CNS
regional identities of these respective populations. The cortical NPC protocol gives rise to
cells that express the cerebral cortex development-associated transcription factor gene
FOXGI robustly, as well as expressing the forebrain-, midbrain-, and cerebellum-
associated gene OTX2 (Figure 3.3). The thalamic NPC protocol generates cells that express
a lower, but still significant, level of FOXGI, indicating the presence of some cortical
contaminants and/or of incomplete thalamic specification (Figure 3.3). Importantly, these

Day: -1 0 2 4 6 1011 18

Cortical NPC protocol:

E8 E6
VTN Matrigel PO/Lam/FN PO/Lam/FN
LDN193189 BDNF EGF
SB431542 Ascorbic Acid FGF-2
XAV939
ThalamicNPC protocol:
E8 E6
VTN Matrigel PO/Lam/FN PO/Lam/FN
BDNF
LDN193189 Ascorbic acid EGF
SB431542 Purmorphamine FGF-2
FGF-8
Pontine NPC protocol:
E8 E6
VTN Matrigel PO/Lam/FN PO/Lam/FN
LDN193189 BDNF EGF
SB431542 Ascorbic Acid FGF-2
RA I SAG (Smo agonist)
cHR| | FGF-8b
Plating at 200,000 cm™? Replating at high density

Figure 3.2. Novel directed differentiation protocols established to generate
spatially distinct NPCs from hPSCs. Schematics demonstrate base medium (top row),
dish surface substrate (second row), and additional neural induction, patterning, and
expansion factors (third through fifth rows) in each case. All protocols progress along
the axis of time from left to right in the schematics, as indicated at the top of the figure,
and extend beyond Day 18 depending on experimental needs.
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two populations do not express ENI, a gene highly expressed in the midbrain and
cerebellum, GBX2, or HOX genes, allowing more posterior fates to be ruled out (Figure
3.3). Consistent with patterning toward a more ventral thalamic fate (Scholpp & Lumsden,
2010), rather than a dorsal cerebral cortex fate, thalamic NPCs also express significantly
higher levels of OLIG?2 than their cortical or pontine counterparts (Figure 3.3). Likewise,
the pontine NPC protocol yields cells that express r2-r4-appropriate genes including
HOXA2 and HOXB2, as well as HOXA1, without the more posterior domain marker
HOXB6 (Figure 3.3). Pontine NPCs are also appropriately ventralized, with robust
induction of NKX6-1, as well as that of NKX2-2 (Figure 3.3). The respective presence or
absence of FOXG1, OTX2, and NKX6.1 protein in these populations further supports their
respective cortical, thalamic, and pontine identities (Figure 3.4a). By immunocytochemical
staining, we do not detect HOXB4 or HOXC9 in any population, which is consistent with
their description as identifiers of the caudal hindbrain and spinal cord, respectively, both
posterior to the rhombomeres that generate the pons (Philippidou & Dasen, 2013). Given
that H3.3%2"M occurs in thalamic tumors that express OTX2, pontine tumors that express
HOXB2, but in tumors which are overall depleted of FOXGI expression (Sturm et al.,
2012), the three populations derived using these protocols are satisfactory for the aims of

this study.
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Figure 3.3. Novel protocols yield spatially distinct NPC populations expressing
genes relevant to human brain regions in development. Expression of genes named
in graph titles at Day 18 of each condition. Fold changes are relative to levels found in
H9 hPSCs by RT-qPCR. Statistical testing was performed using one-way ANOVA with

multiple comparisons.
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Immunocytochemical analysis of the cells generated by Day 18 of the cortical, thalamic,
and pontine NPC protocols outlined in Figure 3.2 reveals the conserved presence of
proteins known to be expressed across neural stem and progenitor cells in various
experimental systems, including nestin and SOX2 (Figure 3.4a). This finding is consistent
with the observation that the progeny of all three protocols self-renew and are multipotent,
giving rise to neurons and, after prolonged culture, to astrocytes, consistent with the
characteristic functions of neural stem and progenitor cell populations during development
(Figure 3.4b). Notably, at Day 60 of culture following the onset of these protocols, the
resulting NPCs readily give rise to neurons in similar numbers (Figure 3.4b), while at Day
150, the glial differentiation of the pontine NPCs is more robust than that of the cortical or

thalamic NPCs (Figure 3.4b).
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We tested the application of these three spatially distinct NPC protocols in three

additional hPSC lines — the hESC line H1 (WA-01) (Thomson et al., 1998) as well as the
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iPSC lines J1 and 348 (Cederquist et al., 2019), obtained from the MSKCC Stem Cell
Research Facility — and find that the general principles of these protocols are relevant
across hPSC lines, though optimization of specific patterning cues is still necessary.
Indeed, the pontine NPC protocol suppresses more anterior markers FOXGI and OTX2
across hPSC lines, while inducing HOXB2 and NKX6-1 expression (Figure 3.5). The
inverse is also true, with the cortical and thalamic NPCs preserving OTX2 while not
upregulating HOXB2 or NKX6-1 across lines (Figure 3.5). However, further optimization
of WNT pathway modulation would be required to differentiate cortical and thalamic fates
in these lines, as the progeny of these protocols outside of H9 hESCs are not reliably
distinguished based on FOXG1 or OTX2 expression (Figure 3.5). This is consistent with a
recent report of varying WNT pathway activity across neural progeny of different hPSC
lines (Strano et al., 2020). Based on this report and on what is known about anterior-
posterior patterning in the nervous system, it is likely that endogenous secretion of WNT
ligands and/or components of the downstream pathway vary between hPSC lines, thus
causing differences in the extent to which certain lines will drive their own posterior
patterning, absent exogenous cues. In that scenario, lines with more WNT activity will
naturally lose expression of cortical markers like FOXG1, while lines with less activity will
not repress their own FOXGI levels, as an example. Additional experiments would be
required to understand this phenomenon and its applicability here conclusively, such as
testing WNT activity directly in these cell lines during the first days of neural induction,
as well as optimizing WNT modulation approaches to achieve desired gene expression

differences in each cell line.
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Figure 3.5. Novel protocols differentially affect regional identity-associated genes
across hPSC lines. Expression of genes named in graph titles at Day 18 of each
condition. Fold changes are relative to levels found in H9 hPSCs by RT-qPCR.

3.4 NFIA induction accelerates astrogliogenesis across spatially specific protocols

It has been reported recently that transient overexpression of the NFIA gene, encoding
a transcription factor implicated in the early stages of glial specification in neural stem
cells, is sufficient to induce precocious astrocyte generation from hPSC-derived NPCs
(Tchieu et al., 2019). Because of the long latency before glial cells arise in our protocols,
as evidenced by the relative lack of astrocytes present from Day 60 cells (Figure 3.4c) and
the robust astrogliogenesis present after 150 days of culture, we sought to adapt NFIA
induction to our protocols as a technique to drive glial differentiation on an experimentally
practical timescale, for eventual analysis of the effects of H3.3%2"M on spatially distinct.
NPC differentiation. Using a variant of the H9 hESC line with a doxycycline-inducible
NFIA4 allele knocked into the A4V S1 locus (a gift from Drs. Jason Tchieu & Lorenz Studer),

we find that NFI4 induction accelerates the appearance of NPCs expressing highly CD44,
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a gene associated with the glial-competent state, particularly in thalamic NPCs (Figure
3.6). We further find that culture of NPCs exposed to NFIA overexpression in
differentiation-promoting conditions (1% FBS) yields astrocytes that express GFAP highly
across all three protocols (Figure 3.6). As with time-dependent glial differentiation, pontine
NPCs give rise to far more GFAP-high astrocytes than do cortical or thalamic NPCs
(Figure 3.6), suggesting that NFIA induction does not completely circumvent the
dependence on temporal processes for glial competence and differentiation. Importantly,
spatial specification and neuronal differentiation are not adversely affected by NFIA

induction from Day 11 of each protocol (Figure 3.7).

52



Untreated

NFIA (+ dox)

Differentiation cultures

Cortical NPCs

NFIA expression in
cortical NPC protocol

2000

Fold change in expression

Thalamic NPCs

NFIA expression in
thalamic NPC protocol

4000

Fold change i expression
H

Fold change in expression

p in
thalamic NPC protocol

Fod change n expresion
B
-+

1
G &
& &
AQP4 expression upon AQP4 expression upon
differentiation of cortical NPCs _ differentiation of thalamic NPCs

10

H

gn
HIG
s
I f
2
S 2
H
o
& &
& &
SR
& &
R
&

GFAP expression upon
differentiation of cortical NPCs.

H

H

ey

Fold chango n expression
H

H
H
£
H
& 8
"‘\“’ _&’\
«F \‘(\r‘

GFAP expression upon
differentiation of thalamic NPCs

2000

Fokd change n expression
g

53

Pontine NPCs

NFIA expression in
pontine NPC protocol

1000- :
mI E]
o
A
&

CD44 expression in
pontine NPC protocol

g g

H

Fold change in expression

Fold change in expression
£ l i

AQP4 expression upon
differentiation of pontine NPCs

Fold change n expression

GFAP expression upon

differentiation of pontine NPCs
60000 hd
£ aoono
g I%I
s
i w0
3
"
&
&

1dva #¥add uliseN

Idvd ¥¥AD dV49



Figure 3.6 (previous page). NFIA induction accelerates astrocyte differentiation
across spatially distinct NPC populations. (a) Cells stained for nestin (green), CD44
(red) and DAPI (blue) at Day 25 of each protocol in which NFIA4 was not induced (top)
or induced with. doxycycline treatment (bottom) from Day 11. (b) Cells stained for
GFAP (green), CD44 (red), and DAPI (blue) following ten days in serum-containing
astrocyte differentiation medium following two weeks of NFIA induction from. Day 11
of each protocol. (c) Expression of genes named in graph titles at Day 18 of each
condition (top two rows) when NFIA is induced from Day 11, and after astrocyte
differnetiaton as described in (b) (bottom two rows). Expression relative to levels found
in H9 hPSCs by RT-qPCR. Scale bars = 100 um. Statistical testing performed using

ratio paired t-test.
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Figure 3.7. NFIA induction does not interfere with patterning in spatially distinct
NPC populations. Expression of genes named in graph titles across directed
differentiation protocols as indicated in the x axis labels, in conditions indicated in the
legend. Expression relative to levels found in H9 hPSCs (Day 0) by RT-qPCR.
Statistical testing performed using one-way ANOVA with multiple comparisons.

3.5 Conclusions

We conclude from the results shown

here that these protocols to derive cortical,

thalamic, and pontine NPCs, respectively, are similar in their ability to generate multipotent

neural stem/progenitor cell populations giving rise to neurons and astrocytes, while
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differing in the CNS region-specific markers that are induced and repressed in each case.
These protocols are all based on a feeder-free culture system and hESC line, H9, that
together nearly uniformly generate neuroectodermal progeny on cue. The neural induction
and patterning strategies in these protocols have been validated in additional hPSC lines,
though some refinement of the strength and duration of signals will be requirement when
these protocols are adapted to a given line. Furthermore, we conclude that NFI4 induction
is sufficient to drive glial competence and astrocyte differentiation across all three of the
spatially distinct NPC subtypes produced by our protocols, while not interfering with other
essential processes such as the acquisition of CNS region-specific gene expression
programs or those associated with neurogenesis.

It is clear from the results of these experiments that the pontine NPCs undergo
gliogenesis more readily than the cortical or thalamic NPCs, with a particular abundance
of GFAP gene expression and in the number of GFAP-high astrocytes generated both as a
function of time and as a function of NF/A induction. This effect may be due to the use of
RA as a patterning cue exclusively in the pontine NPC protocol, as it has been reported
that RA treatment of embryonic mouse NPCs in vitro leads to histone H3 acetylation and
increased binding of Stat3, a transcription factor associated with glial differentiation, at the
Gfap promoter (Asano et al., 2009). To date, there have not been reports of whether RA
has this effect in human cells. However, it has been reported very recently that
astrogliogenesis may in fact start earlier in the developing human hindbrain than it does in
the forebrain (Fan et al., 2020).

While immunofluorescence analysis indicates a large increase in the number of CD44-

high cells when NF14 is expressed (Figure 3.6a), the magnitude of the difference in CD44
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expression by RT-qPCR is relatively small, though significant (Figure 3.6¢) — likely due to
a lack of dynamic range at the level of transcription of this gene, perhaps associated with
posttranscriptional or posttranslational regulation. Regional differences in CD44 induction
and the relationship to eventual GFAP induction do not seem to be correlated, particularly
in the case of the pontine NPCs, requiring further investigation. It is possible that this is a
consequence of retinoic acid treatment, which has been shown to directly activate Gfap
expression and thus may allow the pontine NPCs to bypass a CD44-positive state in their
lineage as they progress to gliogenesis (Asano et al., 2009).

In order to recapitulate the CNS region-specific marker expression that is found in
anatomical subtypes of H3.3%2™ tumors, it is essential that the cortical NPCs highly
express FOXG1, a gene exceptionally not found to be expressed in H3.3%2"M tumors, while
the thalamic NPCs should express OTX2, a gene highly expressed in the developing
thalamus that is also robustly expressed in H3.3%?™ tumors of the thalamus, while pontine
NPCs should express neither marker and instead should express HOXB2, found to be
highly expressed a tumor of the ventral pons (Sturm et al., 2012). The results shown here
confirm this pattern of expression across cells derived from the three protocols, supporting
the use of these protocols as a platform to investigate the effects of H3.3%?™ in NPC
subtype populations that are hypothesized to respond differently to its introduction.
Identifying populations that respond in different ways — suggesting preferential
tumorigenicity in one but not all populations — will enable further studies to better
understand the developmentally specific mechanism by which H3.3%2™M gets tumor

formation and progression in motion.
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CHAPTER 4
H3.3%"M HAS DIFFERING EFFECTS ON PROLIFERATION AND GLIAL
DIFFERENTIATION IN SPATIALLY DISTINCT NEURAL PRECURSOR CELLS

4.1 Introduction

With protocols established to generate NPCs representative of the developing cerebral
cortex, thalamus, and ventral pons, we next asked whether H3.3%2"™ has differing effects
on these spatially distinct populations. Based on the anatomical locations where H3.3%2"™
tumors are found via magnetic resonance imaging (MRI) and upon surgery and autopsy in
the clinic (Robison & Kieran, 2014), we hypothesized that pontine NPCs would respond

the most strongly to H3.3X2™M

with changes to cell proliferation and differentiation state
indicative of the earliest stages of oncogenic transformation. We also hypothesized that
thalamic NPCs would be affected by the H3.3¥2"M mutation, while cortical NPCs,
representing a brain structure where these tumors are functionally never found, would be
unaffected. The identification of such differentially responsive NPC populations would

enable further mechanistic studies of the H3.3XK2™

mutation and its apparently
developmentally specific role in tumorigenesis.

A core assumption that informs this hypothesis is that NPC subtype-specific features
that are found in advanced H3.3%2™ tumors are conserved from the exact cell type of origin
where the mutation first occurred at or near the onset of tumorigenesis. In order to test this
assumption, as well as to learn more about the effects of the H3.3¥?" mutation in the
context of a certain subtype of tumor which has to date not been characterized extensively

nor studied using a genetically defined model, we sought to build a model based on our

thalamic NPCs of H3.3X?™M pediatric thalamic gliomas that often co-occur with an
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asparagine-to-lysine substitution at residue 546 of the FGFRI gene (Fontebasso et al.,
2014). These tumors have historically been exceptionally difficult to treat with surgery due
to their sensitive anatomical location (Souweidane & Hoffman, 1996), which has also led
to a dearth of patient-derived tissues for laboratory research — a challenge that we seek to
address with the approach used here. With this model, we asked whether the asked if
H3.3%2M has the same effects observed in thalamic NPCs when FGFR %K and loss of
the p53 gene, TP53, also occur. We additionally grafted cells from this model into the
mouse brainstem, in order to assess whether the OTX2 expression of thalamic NPCs is
conserved during tumorigenesis — an experiment whose results bear directly on whether
OTX2 expression in thalamic glioma samples, or indeed any feature of pediatric glioma
samples more generally, can be inferred as a characteristic of the cell type of origin, as we
have done to identify the candidate cell types for our studies here.
4.2 H3.3%°™M drives a loss of H3K27 trimethylation across spatially distinct NPC
populations

It is widely documented that H3.3%2™ drives a global, genome-wide loss of H3K27me3
marks in multiple cell types in which it has been tested. (Bender et al., 2013; Funato et al.,
2014; Lewis et al., 2013; Pathania et al., 2017). We asked whether the introduction of
H3.3%2™M had such an effect across spatially distinct NPCs. For this experiment, we used
flow cytometry and selected cells to analyze using a strategy represented by gating shown.
Figures 4.1a and 4.1b. We and found that, indeed, cells transduced with a lentiviral vector
driving expression of H3.3%?™M with a C-terminal HA tag from the ubiquitously active
EEF1A41 (EFla) promoter (a gift from Dr. Peter Lewis) (Lewis et al., 2013) had lower

levels of H3K27me3 than those transduced with an H3.3WT vector across all three spatial
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NPC subtypes (Figure 4.1c). This finding suggests that any differences in responses to
H3.3X2'M among these populations will likely not be associated with differential effects on

H3K27me3, as none are observed.
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Figure 4.1. H3.3X2™M decreases H3K27me3 levels across spatially distinct NPC
populations. (a) Gating strategy used for all flow cytometry analysis in this study. (b)
Gating strategy used for all flow cytometric analyses of HA tag-positive (H3.3
construct-expressing) cells in this study. (c¢) Histograms generated via flow cytometry
showing the number of cells (y axis) per relative fluorescence level (x axis) from Alexa
Fluor 647-conjugated H3K27me3 antibody staining of H3.3WT (red)- or H3.3K27M
(blue)-transduced NPCs of each condition. Cells used for this analysis were first
selected based on high 488-channel fluorescence as shown in (b), indicating positivity
for the HA tag included in each lentiviral histone allele.

59



4.3 H3.3%°™M has differing effects on proliferation and astrocytic differentiation across
spatially distinct NPC populations

We next tested our hypothesis that H3.3%?™M preferentially affects proliferation and
differentiation in pontine NPCs and in thalamic NPCs, two populations representative of
the structures where H3.3¥*M tumors occur, relative to that which is observed in cortical
NPCs. In fact, we found that thalamic NPCs exhibit increased proliferation in the presence
of H3.3%2'M byt that pontine NPCs and cortical NPCs did not exhibit any such obvious
effect (Figure 4.2a). Likewise, when we assessed the number of cells expressing GFAP,
used as an indicator of differentiated astrocytes, we found that H3.3%2™ suppressed the
number of cells that had differentiated from cortical and from thalamic NPCs — but not
from pontine NPCs, which robustly differentiated regardless of the mutational status
(Figure 4.2b). These findings indicate that our platform has the resolution to discriminate

between NPC subtypes that respond differently to H3.3%2™M, while also suggesting that it
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Figure 4.2. H3.3X2™M has specific effects on proliferation and astrocytic
differentiation in spatially distinct NPCs populations. (a) Cells stained by
immunofluorescence for Ki67 and HA tag (H3.3 constructs) were quantified as
percentage of double-positive cells out of total HA tag-positive cells, with results shown
in the graphs per condition. (b) Cells analyzed by flow cytometry for GFAP and HA tag
(H3.3) levels were quantified as percentage of double-positive cells out of total HA tag-
positive cells, with results shown in the graphs per condition. (c) Cells analyzed by flow
cytometry for HA tag (H3.3) levels were quantified as a percentage of HA tag-positive
cells out of total live cells, with results shown in the graphs per condition. Statistical
testing performed using unpaired t-test.

is in fact the thalamic NPCs in particular which contain features of cell identity necessary
to respond to H3.3%2’M_ while the pontine NPCs do not have such features — the inverse of
the hypothesis supported by clinical data. The overall percentage of cells transduced with
H3.3 constructs was well below 100 in all conditions, in an effort to control for viral

construct copy number in transduced cells (Figure 4.2¢).
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4.4 The FGFRIN>K qllele found in pediatric thalamic gliomas with H3.3%*"M is sufficient
to increase MAP kinase signaling in human cells

We next sought to build a more complete disease model of H3.3%*™™ tumors of the
thalamus, in order to ask whether our inferences of putative cell type of origin features
from more progressed tumor samples are well-founded. In order to build this model, we
needed to recapitulate co-occurring genetic alterations commonly found in thalamic
gliomas with H3.3%X2™M in thalamic NPCs. We chose to use sATP53 to knock down p53
expression and thus to abrogate its function, and to include FGFRI"*5K as well. To date,
FGFRIN#K has been described to increase mitogen-activated protein (MAP) kinase
signaling based on pediatric low-grade glioma sample staining and on genetic experiments
in mouse cells (D. T. W. Jones et al., 2013). Indeed, we find that in human cells,
FGFRI"*K expression driven by the PGK I promoter (Figure 4.3a) is sufficient to increase
ERK phosphorylation, a key event in the MAP kinase signaling cascade (Figure 4.3b). We
thus included FGFRI">#K together with shATP53 and either H3.3WT or H3.3%?™™ in order to
ask whether H3.3X2’M hag its observed effects in thalamic NPCs when co-occurring
alterations are present, and to build a pediatric thalamic glioma model for further

investigation.
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Figure 4.3. FGFR1™46K jg sufficient to increase MAP Kkinase signaling in human
cells. (a) Schematic of essential elements of PGK1-driven FGFRIN>#K expression
construct used in this study. (b) Western blot analysis of phosphorylated ERK1/2 and
total ERK1/2 in HEK293T cells transfected with no DNA, with the expression
construct shown in (a), or treated with recombinant human FGF-2 (20 ng/mL) for 30
minutes before lysate collection. The data shown are representative, with additional
replicates being collected in advance of publication.

4.5 H3.3%°"M increases proliferation and decreases H3K27 trimethylation and astrocytic
differentiation in an in vitro model of FGFR1-mutant thalamic gliomas

We first assessed whether the presence of H3.3%?™ affects the expression of our
FGFRIM*K construct, finding that it does not have any such effect (Figure 4.4A).
Likewise, we do not see any change in the extent of p53 knockdown in the presence of
H3.3%2™M and FGFR1M4K (Figure 4.4A). We also find that thalamic NPCs expressing
H3.3%2™ together with FGFRIY*5K and shTP53 have less H3K27me3 signal than those
expressing H3.3WT with the co-occurring alterations (Figure 4.4B), demonstrating that

H3.3K2'M affects H3K27me3 levels in this model as it does in other contexts.
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We next asked whether, in the presence of these co-occurring alterations, H3.3%2™
affects the proliferation and/or differentiation of thalamic NPCs, as it does alone. Indeed,
we find that H3.3%2"™ increases proliferation and suppresses both neuronal and astrocytic
differentiation in this context (Figures 4.5a and 4.5b). These results suggest that
tumorigenic processes are recapitulated by this combination of mutations in thalamic
NPCs, supporting the role that this combination of genetic alterations and cell population

can play as a disease model.
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Figure 4.5. H3.3X2™ jncreases proliferation and decreases differentiation in
thalamic NPCs expressing FGFRI1V#X, (a) Cells stained by immunofluorescence for
Ki67 and HA tag (H3.3 constructs) were quantified as percentage of double-positive
cells out of total HA tag-positive cells, with results shown in the graphs per condition.
(b) Cells analyzed by flow cytometry for BIII-tubulin (left) or GFAP (right) and HA tag
(H3.3) levels were quantified as percentage of double-positive cells out of total HA tag-
positive cells, with results shown in the graphs per condition. Statistical testing
performed using ratio paired t-test.

4.6 Multiple tumor suppressor gene knockouts with FGFR1N#6X expression drive
formation of tumors in the mouse brain that maintain thalamic NPC identity
Initial efforts to model tumorigenesis in vivo using this strategy did not yield tumors in
mouse brains after transplantation of cells. We therefore derived thalamic NPCs from
hPSCs that had one or more tumor suppressor genes knocked out, in an effort to improve
cell survival during grafting and outgrowth thereafter. Animals were grafted with thalamic
NPCs harboring H3.3%VT or H3.3X2™  FGFR %K and either TP53 knocked out alone (the
“1KO” condition, derived from the H1 hPSC line), TP53, RB1, and CDKN2A4 knocked out
(the “3KO” condition; a gift from Drs. Scott Callahan and Lorenz Studer, derived from the
H9 hPSC line), or TP53, RB1, CDKN2A, and PTEN knocked out (the “4KO” condition; a
gift from Drs. Scott Callahan and Lorenz Studer, derived from the H9 hPSC line)
(Baggiolini et al., 2020), all generated via CRISPR/Cas9-mediated genome editing. As

shown in Figure 4.6, the 1KO and 3KO lines both undergo successful neural induction, as
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shown by nestin positivity, and spatial specification, as shown by OTX2 expression limited

to thalamic, but not pontine, NPCs.

Thalamic NPCs Pontine NPCs

. .

1KO
Nestin
OoTX2
DAPI
3KO

Figure 4.6. Spatial specification and neural induction are conserved in hPSCs
harboring knockouts of tumor-suppressor genes. Cells stained for nestin (green),
OTX2 (red) and DAPI (blue) following neural induction and patterning using the
thalamic NPC protocol (left) or the pontine NPC protocol (right) with the H1 7P53 KO
(“1KO”) hPSC line (top) or the H9 TP53/RBI/CDKN24A KO (“3K0O”) hPSC line

(bottom). Scale bars = 100 pm.

As indicated in Table 4.1, there was no significant difference in median survival of
grafted animals between H3.3WT and H3.3¥?"M groups in any of the tumor suppressor
knockout conditions, though median survival was shorter in both groups grafted with 4KO
cells. Indeed, we found evidence of tumor formation in both H3.3%T and H3.3%2™ groups
in the 4KO condition. The cells grafted formed large masses in the brainstems of these
animals (Figure 4.7a). There are not obvious phenotypic differences between these tumors,
though analysis to this end among these tumors and of surviving cells in 3KO conditions

is ongoing.
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In the 4KO condition, the mice die or reach an IACUC-mandated endpoint due to
neurological complications within six months of grafting in nearly all cases, suggesting
that the tumors are implicated in this process. In the 3KO and 1KO conditions, the mice
die or reach an IJACUC-mandated endpoint over a much longer period that may indicate
neurological complications — for example, lethargy or hunched posture — suggesting that
the grafted cells possibly, but not necessarily, play a role in their deteriorating health. In

one case in the 3KO condition, a non-CNS health complication necessitating euthanasia,

RFP DAPI OTX2 RFP DAPI

ulcerative dermatitis, was diagnosed.

a b
H3.3%T

H3.307M

Figure 4.7. FGFR1M46K_hearing thalamic NPCs form tumors in the mouse brain
that retain OTX2 expression. (a) Thalamic NPCs bearing alterations including RFP,
FGFRINK | four tumor suppressor gene knockouts, and H3.3%T (top) or H3.3¥2™
(bottom) were grafted into the mouse brain, with RFP visualized in coronal sections of
mouse brains at the clinical endpoint. (b) Immunohistochemical staining for OTX2
(green) in RFP-expressing (red) cells grafted into the mouse brain, visualized at the
clinical endpoint. DAPI is shown in blue. Scale bars = 500 pm (a), 100 pm (b).
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We next asked whether OTX2 expression, a hallmark of thalamic NPCs in our system,
of the developing human thalamus (Larsen et al., 2010), and of H3.3%>™™ thalamic gliomas
(Sturm et al., 2012), is preserved during tumorigenesis to the point that it remains obvious
in tumors in animals that have reached the clinical endpoint. Indeed, we see preservation
of high OTX2 expression in the red fluorescent protein (RFP)" human cells comprising
these masses in the mouse brainstem, both in H3.3%T and in H3.3%?™ conditions (Figure
4.7b). This finding suggests that OTX2 expression, perhaps like other features of some or
all H3.3%2™ gliomas, is a feature of the cell type of origin in which tumor formation was

first initiated, and which was maintained during the ensuing tumorigenic progression.
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Table 4.1. Animal median survival by group

Group Number of animals Median survival (days)
1KO, FGFRIN>6K H3 3WT 2 303.5

1KO, FGFRIN346K '3 3K2/M 2 612

3KO, FGFRIN6K H3 3WT 4 462

3KO, FGFRN6K H3 3K27/M 6 368

4KO, FGFRIN6K H3 3WT 4 119

4KO, FGFRIN6K H3 3K27M 5 165

4.7 Conclusions

Here, we demonstrate that H3.3%*"M

, while decreasing H3K27me3 levels across
spatially distinct NPCs, preferentially increases proliferation in thalamic NPCs and inhibits
glial differentiation in cortical and thalamic NPCs. Notably, H3.3%2"M has neither effect in
pontine NPCs, despite the ventral pons being the most common site of diagnosis of tumors
with this mutation in patients. These results indicate to us that there are indeed features of
certain NPC subtypes, and not others, that confer competence for tumorigenic potential
when H3.3%2™ occurs, but that these features are not associated with a ventral pontine cell
identity as represented in our protocol. Instead, these features are present particularly in the

thalamic NPCs. Interestingly, these results contrast slightly with those found using a

genetically engineered mouse model of H3.3%2M  gliomas, wherein targeted
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electroporation of NPCs in either the forebrain or the hindbrain with H3.3%¥2™M and a p53
knockdown construct is equally tumorigenic (Pathania et al., 2017). This electroporation
approach in the hindbrain targets the lower hindbrain rhombic lip, which gives rise to cells
of the pontine nuclei, and takes place at E12.5, when cells are still proliferative at this
location.

We also find that H3.3%2"™ increases proliferation and decreases differentiation in vitro
in thalamic NPCs bearing additional thalamic glioma-associated alterations, FGFR[*>#K
and shTP53. Further experiments would be required to conclusively assess the role of
FGFRIM*K on thalamic NPC proliferation and differentiation independently of H3.3
status. Expressing this activated FGFRI allele and either H3.3WT or H3.3%2™M with thalamic
NPCs derived from an hESC line harboring four tumor suppressor genes knocked out gives
rise to tumors upon transplantation into the neonatal mouse brainstem. We observe that a
key feature of thalamic NPCs that is found in H3.3%X?™M thalamic glioma patient tumor
samples, OTX2 expression, is maintained during tumorigenesis in this model. This
evidence provides support for the idea that features of a given tumor, such as the expression
of certain lineage-specific genes, may be preserved from the cell type of origin of the
tumor, thus allowing inferences about the origin of the tumor to be made. In the case of a
developmentally specific class of tumors such as those bearing H3.3%2™M, lineage-specific
features of the cell type of origin may well participate in mechanisms of tumorigenesis,
making these observations exceptionally relevant to understanding disease pathogenesis.
Indeed, similar links have been proposed between chromatin features of tumors, including
pediatric gliomas, and specific cell types over the human lifespan which may preferentially

give rise to these tumors (Bormann et al., 2018; Capper et al., 2018).
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While the result that the pontine NPCs do not respond to H3.3%2"M is surprising, it is
worth noting that the cortical and thalamic NPC protocols require much more time to
generate astrocytes robustly than does the pontine NPC protocol. Because gliogenesis is a
temporally regulated process, this observation suggests that, in addition to their spatial
divergence, the progeny of these three protocols may also represent temporally distinct
NPC populations as well. Worth considering once again is a recent study performed using
a genetically engineered mouse model of H3.3%2™M gliomas, in which forebrain and
hindbrain NPCs both give rise to tumors (Pathania et al., 2017). In that study, embryonic
NPCs were robustly tumorigenic — but postnatal NPCs, in contrast, did not form tumors. It
is not immediately clear in that study how NPCs in the embryonic mouse brain differ from
those in the postnatal mouse brain — but it is reported in the literature elsewhere that murine
NPCs undergo shifts in gene expression, chromatin features, and from a bias toward
neurogenesis to a bias toward gliogenesis in that time period (Sanosaka et al., 2017). This
hypothesis of a temporally specific window for H3.3%2™ responsiveness will be considered

further in the following two chapters.
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CHAPTER 5
TEMPORALLY DISTINCT NEURAL PRECURSOR CELL POPULATIONS HAVE
FEATURES FOUND IN H3.3%"M GLIOMAS
5.1 Introduction

During mammalian development, cells specified to CNS fates progress over time
through a series of cell states within the neural lineage that have been defined with
increasing detail over the past several decades. It is now understood that, while cells
committed to the CNS adopt spatial identities during anatomical patterning processes in
early development, there are common temporally regulated processes that unfold well
beyond the window of spatial subtype determination (Kohwi & Doe, 2013; Miller &
Gauthier, 2007; Okano & Temple, 2009). These processes include a progressive shift in
fate potential bias, from a bias toward neurogenesis to a bias toward gliogenesis, which
takes places over the course of several months in human embryonic and postnatal CNS
development. Properties affecting not only the regulation of differentiation but also the
self-renewal and growth dynamics of neural stem and progenitor cells also undergo
temporally regulated shifts during development (Edri et al., 2015).

Together, these temporally regulated properties are controlled by a genetic circuitry that
includes genes associated with self-renewal and cell cycle regulation, such as LIN284,
LIN28B, and CDKN2A, with neural fate specification and control of neurogenesis, such as
HESS5 and other Notch pathway effectors, ASCL-, and NEUROD- family members, and
with control of gliogenesis, such as NFI- family members and SOX9 (Bachoo et al., 2002;
Sloan & Barres, 2014; Ziller et al., 2015). Chromatin regulation affecting the expression

and function of these and other genes, through variable expression of histone modifiers
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EZH?2 and changes in patterns of histone variant deposition, is also dynamic over time in
the CNS lineage (Goldberg et al., 2010; Hirabayashi et al., 2009).

Using our novel spatially distinct NPC protocols, we find that H3.3%2’M has spatially
specific effects on proliferation and differentiation that do not occur in the pontine NPCs.
This observation is striking due to the preferential occurrence of H3.3%2™ tumors in the
pons. Because the pontine NPCs generate astrocytes more readily than do the cortical or
thalamic NPCs, it is possible that these three spatially distinct populations also represent
temporally distinct populations — a factor which might underlie the different responses to
H3.3X2’M among them.

Here, we sought to test this hypothesis further and to define the temporal shifts in gene
regulation in our hPSC-derived NPCs. We also aimed to identify temporally regulated
features of our NPCs that are present in H3.3%2™ patient tumors as well, in order to
understand better aspects of cell identity that might be preserved from the cell type(s) of
origin of the tumors. Finally, we sought to define a strategy to access CNS lineage stages
in a manner not solely dependent on time, in an attempt to ensure practicality and chronic
uniformity of the cells.

5.2 Neural cells accessible from hPSCs represent distinct maturation stages over time

We first tested the hypothesis that our spatially distinct NPC populations proceed
through maturation stages on different timescales by sampling their respective gene
expression profiles at Day 60 of differentiation. Endogenous NFIA expression has
increased in all three populations at that timepoint, suggesting that all have entered the
earliest steps of the gliogenic switch (Figure 5.1a). Likewise, GFAP expression has not

meaningfully increased in any of the populations, demonstrating that late stages of glial
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specification have not yet occurred (Figure 5.1a). Differentially expressed among the three
spatially distinct populations, though, is CD44 (Figure 5.1a). CD44 has been described as
a gene that undergoes upregulation as cells progress into glial competence, potentially
restricted toward an eventual astrocyte fate (Dzwonek & Wilczynski, 2015). This result
thus supports the idea that the pontine NPCs described here are indeed progressing through
maturation stages toward glial differentiation on an accelerated timescale relative to the
cortical and thalamic NPCs.

In order to clarify the temporally regulated shifts in gene expression that occur within
our NPC populations, we tested the expression level of several genes known to be involved
in neural cell growth, maturation, and fate specification across timepoints and
differentiation states of our thalamic cell lineage. We assayed the expression of these genes
in hPSCs before the onset of neural induction, at Day 18 of the thalamic NPC protocol
when cells resemble an early neuroepithelial state known as rosette neural stem cells (R-
NSCs) (Elkabetz et al., 2008), at Day 60 of the protocol which we term “Early NPCs,” at
Day 150 of the protocol which we term “Late NPCs,” and in astrocytes generated by a ten-
day treatment of late NPCs in differentiation medium (containing serum) at low density.
We find that genes involved in neural stem cell self-renewal and neurogenesis, including
HESS, LIN284, and LIN28B, are highly expressed at the earliest stages of the protocol,
with expression decreasing significantly thereafter. Likewise, we find that genes involved
in glial specification and astrocyte differentiation, including CD44, AQP4, and GFAP, are
not expressed highly at the outset of the protocol, only increasing in expression in the late
NPC and astrocyte stages. These findings demonstrate the accessibility of NPC subtypes

that represent distinct maturation stages over time from hPSCs in our system.
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Figure 5.1. Temporally distinct NPC populations are accessible from hPSCs using
the thalamic NPC protocol. (a) Expression of genes indicated in graph titles across
cortical, thalamic, and pontine NPC protocol derivatives at Day 60 following protocol
initiation. (b) Expression of genes indicated in graph titles at stages representing
timepoints and culture conditions within the thalamic NPC protocol, as indicated on the
x axis. Fold changes are relative to expression levels in H9 hPSCs by RT-qPCR.
Statistical testing performed using one-way ANOVA with multiple comparisons.
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We next sought to better understand the gene expression changes that take place during
the transition from early NPCs to late NPCs in our thalamic NPC protocol, given the
apparent shift toward glial competence in this time window. In order to do this, we analyzed
the transcriptome of early NPCs and late NPCs by RNA sequencing, with a focus on
differentially expressed genes in an analysis carried out in collaboration with Allison Pine
(Tri-Institutional Program in Computational Biology and Medicine) under the supervision
of Dr. Christina Leslie. Indeed, late NPCs have higher expression of several glial
differentiation-associated genes, including NFIX, CD44, AQP4, and GFAP (Figure 5.2).
They also expressed ZBTB20 more highly, a gene only recently associated with
astrogliogenesis in the mouse (Nagao et al., 2016) and not extensively described to date in
human CNS development, as well as CDKN24, a tumor suppressor gene associated with
cell differentiation programs whose depletion is associated with H3.3%2™M expression
(Cordero et al., 2017; Mohammad et al., 2017). In contrast, early NPCs expressed
significantly more highly several genes known to control self-renewal and neurogenesis in
early neural development, including LIN28A and LIN28B, ASCL2, and NEUROD4, as well
as the essential neuronal variant of tubulin, TUBB3 (Figure 5.2). Interestingly, EZH?2,
whose gene product is implicated in the biochemical mechanism of H3K27me3 loss by
H3.3%2™M_ which is in turn widely thought to be a mediator of the mutation’s tumorigenic

mechanism, is preferentially expressed in early, rather than late, NPCs in our system.
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Figure 5.2. Genes associated with neural stem cell self-renewal, maturation, and
differentiation are differentially expressed between early and late thalamic NPCs.
Gene expression data generated via RNA sequencing analysis of early and late thalamic
NPCs (n = 3), with genes significantly more highly expressed in early NPCs shown in
blue and genes significantly more highly expressed in late NPCs shown in red.
Thresholds for these groups were a log(fold change) of 1 and p value of 0.01.

5.3 Early and late NPC populations harbor gene expression and chromatin features
which are found in H3.35°"M patient tumors

We next asked whether features of early and late NPCs were found in H3.3%2"M tumors
using two complementary approaches: comparison of transcriptomes, and comparison of
DNA methylation profiles, both using analyses again conducted by Allison Pine as part of
a collaborative effort. First, we took gene expression signatures from early NPCs and from

3K27M

late NPCs and asked whether the transcriptomes of single cells from six H3 patient
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tumors (M. G. Filbin et al., 2018) resembled neither, one, or both populations. We find
that, while most cells are not particularly similar to either early or late NPCs, there are two
subsets of cells that resemble early and late NPCs, respectively (Figure 5.3). Genes strongly
expressed in the patient cells resembling early NPCs include the chromatin modifiers EZH?2
and PRC1, as well as several cell cycle regulators. Genes strongly expressed in the patient
cells resembling late NPCs include AQP4 and GFAP. Importantly, we find that cells
resembling early NPCs, while forming a minority of each tumor, are present across patient
samples, as indicated by the color-coded patient legend on the center bar of Figure 5.3.
Two of these tumors were diagnosed in the thalamus, with the remainder diagnosed in the
pons; however, we pool these tumors here because we are interested solely in a question of
temporal identity of the cells for this analysis. We have evidence that tumors of different
anatomical origins harbor gene expression features of cells found in that structure (Sturm
etal., 2012). In that study, H3.3%?™™ tumors of the thalamus exclusively express high levels
of OTX2, while that of the pons exclusively expresses HOXB2. We are further testing this
hypothesis using single-cell data available as well (M. G. Filbin et al., 2018).

We also analyzed the DNA methylation profiles of early NPCs and late NPCs using a
targeted bisulfite sequencing technique, the TruSeq Methyl Capture platform (Illumina).
In an analysis again conducted by Allison Pine in collaboration with the MSKCC Center
for Epigenetics Research, we obtained the methylation levels in H3.3%?M patient tumors
(Capper et al., 2018) at CpG islands with differential methylation between early and late
NPCs. We find that, while all but one of the patient tumors clusters with late NPCs based
on their overall methylation levels at these genomic regions, there is a subset of CpG

islands which retains high levels of methylation, like that found in early NPCs, in patient
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tumors, while late NPCs have much lower levels of methylation at these sites (Figure 5.4).
Taken together, these results suggest that early NPCs may represent a cell population of
origin for H3.3%¥?™ tumors, which then undergo variable extents of lineage progression

during the course of tumorigenesis.
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Figure 5.3. Cells in H3.3X2’ patient tumors have gene expression features found
in early NPCs. Transcriptomic data from single cells representing six tumors were
obtained from Filbin, Tirosh, Hovestadst, et. al., 2018. Expression of genes differentially
expressed between early and late NPCs was analyzed in this dataset, with high
expression shown on the heatmap in red and low expression shown in blue. Cells are
represented by row and genes represented by column, with the tumor corresponding to
each cell denoted by the color code along the center column. Analysis performed by
Allison Pine, Tri-Institutional Program in Computational Biology and Medicine.
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Figure 5.4. H3.3¥2"M patient tumors have DNA methylation features found in early
NPCs. DNA methylation data from H3.3%2™ tumors were obtained from Capper, Jones,
Sill, Hovestadt, et. al., 2018. Methylation levels of CpG islands in the genome
differentially methylated between early and late NPCs were analyzed in this dataset,
with high expression shown on the heatmap in blue and low expression shown in green.
Samples are represented by row and CpG islands represented by column, with results
of clustering analysis of NPC samples and tumor samples based on these data shown at
right. Analysis performed by Allison Pine, Tri-Institutional Program in Computational
Biology and Medicine.

5.4 NFIA induction is sufficient to drive gene expression and cell fate potency changes
associated with late NPCs

We next sought to establish an experimental platform that would enable the timely
investigation of the effects of H3.3%2’™M across NPC populations with divergent features
associated with early NPCs and late NPCs, respectively. Because LIN28B is differentially
expressed between early and late NPCs (Figures 5.1b and 5.2), we first attempted to reduce

LIN28B expression using shRNA-mediated knockdown in early NPCs. Our constructs
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were successful in reducing LIN28B protein levels (Figure 5.5a); however, rather than
increasing the amount of GFAP, an indicator of progression toward a late NPC phenotype,
LIN28B knockdown primarily increased neuronal differentiation, as evidenced by a large
increase in neuron-associated BIII-tubulin abundance (Figure 5.5b). We noticed, however,
a slight increase in NFIA as well (Figure 5.5b), suggesting that a potential secondary effect
of LIN28B knockdown was, in fact, to promote progression to the onset of glial competence
through NFIA upregulation. With this in mind, we pursued direct ectopic NFIA expression
as a more efficient alternative strategy to generate cells with late NPC features in a manner

not solely dependent on time.
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Using NFIA4 induction in thalamic NPCs as a platform for this strategy, we tested gene
expression at three timepoints: Day 11 of the protocol, one day before NFI4 was induced
at Day 12; Day 25 of the protocol, 13 days after NFIA was induced, and Day 50 of the
protocol, 38 days after NFIA was induced (Figure 5.6a). Gene expression levels across
these three timepoints — Day 11, Day 25, and Day 50 — are shown in Figure 5.6b. Overall
NFIA expression rises sharply after Day 11, as evidence that the induction is present.
Expression of another early inducer of glial competence, SOX9, also rises at Day 25 and
stays elevated Day 50. This is also associated with an elevation of astrogliogenesis-
associated genes CD44 and AQP4 by Day 50, while genes associated with neurogenesis,
TUBB3 and ASCLI, rise sharply at Day 25 but fall just as sharply by Day 50. HES5 and
LIN28B, two genes associated with neural stem cell self-renewal, are highly expressed at
Days 11 and 25, with levels not dropping significantly until Day 50.

In accordance with the dynamic expression of genes associated with self-renewal and
fate potential across these three timepoints, we find that, though all three populations
represent nestin-positive, SOX2-positive NPCs (Figure 5.7a), the fraction of cells
expressing the proliferation marker Ki67 highly decreases from Day 11 to Day 50, though
at Day 50 there is still indeed a proliferative fraction. (Figure 5.7a). We also find that, while
neurons are readily available from each population when they are introduced into neuronal
differentiation conditions (Figure 5.7b), GFAP-high astrocytes are only seen in astrocytic
differentiation conditions from Day 25 and Day 50 cells, which have been exposed to NFIA
induction (Figure 5.7b). Taken together with the gene expression analysis results, these
data suggest that this experimental platform using NFIA induction contains populations

that differ in the same manner as early NPCs differ from late NPCs. It is thus possible that
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NFIA is accelerating maturation processes associated with both neuronal and glial
differentiation processes broadly, both of which are implicated in transitions to early and
then to late NPCs, in addition to driving astrocyte differentiation specifically.
Oligodendrocyte differentiation has not been analyzed in this context, though NFIA

induction may also accelerate the adoption of oligodendroglial competence as well.
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Figure 5.6 (previous page). VFIA induction yields NPC populations with features
of late NPCs in a manner not solely dependent on time. (a) Schematic showing an
overview of the experimental strategy to induce NFIA to generate temporally distinct
populations within the thalamic NPC protocol. (b) Expression of genes listed in the
graph titles over the four stages identified in the schematic in (a). Fold changes are
relative to expression in H9 hPSCs by RT-qPCR (Day 0). Statistical testing was
performed using one-way ANOVA with multiple comparisons.

Figure 5.7 (next page). NFIA induction yields NPC populations with distinct
capacities for astrocytic differentiation. (a) Immunocytochemical staining of Day 11,
Day 25, and Day 50 NPCs (top two rows) and their progeny in astrocytic (second row
from bottom) and neuronal (bottom row) differentiation conditions. In the top row, Ki67
is shown in green. In the second row from top, SOX2 is shown in green. In the second
row from bottom, GFAP is shown in green and CD44 in red. In the bottom row, SOX2.
is shown in green, and BIII-tubulin in red. In all rows DAPI is shown in blue. Scale bars
=100 pm. (b) Quantification by flow cytometry of cells positive for high levels of each
of the proteins shown in the x axis labels in astrocytic (top row) and neuronal (bottom
row) differentiation conditions of Day 11 (left), Day 25 (center), and Day 50 (right)
NPC populations.
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5.5 Conclusions

From these experiments, we conclude that our hPSC-based platform has the resolution
to produce NPCs with varying properties known to be regulated dynamically over time in
neural cells across model systems. The evidence reported here suggests that spatially
distinct NPCs generated using our protocols proceed through maturation toward glial
competence and differentiation over different periods of time, with the pontine NPCs
having acquired significantly higher expression of the pro-astrocytic marker CD44 by Day
60 of culture relative to the cortical and thalamic NPCs, consistent with the more robust
astrogliogenesis from the pontine NPCs as seen in Figure 3.4. The data also suggest that
within a given protocol — that which produces the thalamic NPCs — distinct populations
with differential expression of neural self-renewal and differentiation genes can be
identified over time.

The early NPC and late NPC populations identified, in particular, represent distinct
populations with respect to the expression of these and other genes. We find that some gene
expression and DNA methylation features of early NPCs are maintained in H3.3%2™
patient tumors, suggesting early NPCs as a potential cell type of origin for these tumors.
Indeed, single H3.3%?™M patient tumor cells retaining gene expression signature associated
with early NPCs are present across patient samples in the dataset used for that analysis —
potentially indicating that these cells are a small but persistent population at the root of the
tumors that have each grown out mostly as cells that have dysregulated gene expression
associated with neither early nor late NPCs.

Of note is the differential expression between early NPCs and late NPCs of EZH2,

whose product, an H3K27 methyltransferase, is catalytically inhibited by H3.3%2"™M, a
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phenomenon thought to be implicated in the oncogenic mechanism of the histone mutation.
It is possible that early NPCs represent a cell type competent for the tumorigenic effects of
H3.3%2™ due to their high expression of EZH?2 and potential dependence on EZH2 function
for gene regulation. Also remarkable is the upregulation of CDKN2A4 over time in NPCs,
as H3.3%2™ has been found to associate with reduced CDKN2A4 expression. It is possible
that H3.3%2™ is able to suppress CDKN2A expression when it occurs in a cell type, such
as early NPCs, where that gene has yet to be upregulated as part of a lineage-specific gene
regulation process. These observations regarding EZH2 and CDKN2A both have
implications for the potential role of early NPCs, or another cell type with these features,

as a cell type of origin for H3.3X2"M

pediatric gliomas.

Finally, we conclude that NFIA induction is sufficient to generate populations with
differential statuses of features found to be different between early and late NPCs,
including differential expression of genes associated with neural cell lineage progression
and gliogenesis. We also observe that NFIA is sufficient to induce astrogliogenesis in these
cells at Day 25 and at Day 50 of our protocol for this experimental design. These findings

will allow us to test the effects of H3.3%2™ in these populations in a timely manner, as

discussed in the following chapter.
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CHAPTER 6
H3.3%M HAS EFFECTS ON NEURAL PRECURSOR CELLS IN A TEMPORALLY
SPECIFIC, MATURATION STAGE-DEPENDENT MANNER
6.1 Introduction

With an experimental platform established to access temporally distinct NPC
populations with properties of different neural lineage maturation stages using NFIA
induction, we next sought to determine whether H3.3%2’M has differing effects in these
populations. Since the first description of H3.3%2"™ as a genetic alteration in pHGGs, both
embryonic and postnatal CNS cell populations have been proposed as putative cell types
of origin in which the mutation first occurs (Funato et al., 2014; Jessa et al., 2019; Monje
et al., 2011; Pathania et al., 2017; Sturm et al., 2012). PHGGs with H3.3%>™M are often
diagnosed in early to mid-childhood, but it is not clear over how long a period the mutation
might exist in cells undergoing tumorigenesis before diagnosis upon appearance of
clinically relevant symptoms. However, because of the temporally specific window of
diagnosis, it is probable that a particular cell population, likewise temporally specific, is
the cell type of origin for tumors with this mutation. Understanding the features that make
such a cell type specifically competent to form tumors as a result of H3.3%2™M is key to
understanding the oncogenic mechanisms of the mutation.

While some investigators have argued that postnatal oligodendrocyte-lineage cells in
the pons and elsewhere are likely cell types of origin (Monje et al., 2011), others have
inferred from DNA methylation signatures in tumors that an embryonic cell type is more
likely (Sturm et al., 2012). These cell populations correspond generally to those appearing

later and earlier, respectively, in NPC populations derived from hPSCs, in terms of gene
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expression and chromatin features and fate potential biases. It has been reported that
introduction of H3.3%2’M in neural stem cells of the embryonic rhombic lip, rather than in
cells of the same structure postnatally, is required for tumorigenicity in a genetically
engineered mouse model (Pathania et al., 2017) — further supporting an embryonic cell
population, likely more similar to early NPCs as defined in our system than like late NPCs,
as a cell type of origin uniquely susceptible to tumorigenesis via H3.3%2™,

Here, we apply the populations derived at Day 11, Day 25, and Day 50 in our NFIA
induction paradigm as in vitro models of the neural lineage stages as they exist over time
in embryonic-to-postnatal human brain development. We test for evidence of tumorigenic
effects of H3.3%2’M in each of these populations, with implications for understanding which
temporally specific neural lineage state(s) might represent cell type(s) of origin for
H3.3%2'M pHGGs.

6.2 H3.3X2’M expression leads to a decrease in H3K27 trimethylation when introduced in
temporally distinct NPC populations

We first introduced H3.3%T or H3.3%X2™ into each of the three NPC populations to test
the effects on H3K27 trimethylation. While H3.3%*™ depletes H3K27me3 levels overall
when it is introduced at Day 11 and at Day 25, this effect is not as apparent at Day 50
(Figure 6.1a). While the H3.3 alleles are indeed being expressed in the cells, demonstrated
by the presence of the HA tag in the cells as the basis for this analysis, it is possible that
H3.3 protein is not being incorporated into nucleosomes at Day 50 in the same manner as
it is at Day 11 and at Day 25. These data indicate that H3.3%?™™ — which is widely thought
to act in pHGG tumorigenesis through the dysregulation of H3K27me3 levels that it has

been shown to cause — may not be able to affect histone methylation in all NPC populations
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over time. This finding implies that the temporally restricted incidence of H3.3%2™ tumors

may be associated with temporally specific effects of H3.3%2"™™

on histone methylation, and
thus on resulting gene expression changes and cell fate changes, in CNS cell subtypes.
While the data shown indicate a clear difference in H3.3%2M-driven methylation changes
between the Day 50 condition and the Day 11 and Day 25 conditions, the magnitudes of
differences between these conditions remain to be quantified. Additional investigation is
underway to determine the extent of these differences between H3K27me3 dynamics in
these three conditions.

To date, we have not directly tested H3.3 incorporation into the genome over time in
our model of neural lineage progression, though we have, in fact, previously observed that
endogenous total cellular H3.3 protein levels diminish over time in our thalamic NPC
protocol (Figure 6.1b). This finding, while compelling, requires further investigation for

validation and in order to understand its potential relevance to H3.3 deposition over time

in hPSC-derived NPCs, as discussed in section 6.6.
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Figure 6.1 (previous page). H3.3X2" decreases H3K27me3 levels when introduced
at Day 11 and Day 25. (a) Histograms generated via flow cytometry showing the
number of cells (y axis) per relative fluorescence level (x axis) from Alexa Fluor 647-
conjugated H3K27me3 antibody staining of H3.3WT (red)- or H3.3%2™M (blue)-
transduced NPCs of each condition. Cells used for this analysis were first selected based
on high 488-channel fluorescence, indicating positivity for the HA tag included in each
lentiviral histone allele. Cells were analyzed together ~2 weeks following the final
timepoint of addition of H3.3%2"™M_ Day 50. (b) Western blot analysis of total cellular
histone H3.3 and GAPDH protein levels in hPSCs (left), thalamic NPCs at Day 18
(second from left), at Day 60 (third from left), at Day 150 (center), in Day 150 thalamic
NPC-derived astrocytes (third from right, and in two patient-derived H3.3¥?’M pHGG
cell lines (second from right and right). The data shown are representative, with
additional replicates being collected in advance of publication.

6.3 H3.3%2’M differentially affects proliferation and differentiation when introduced in
temporally distinct NPC populations
We next tested the effects of H3.3%¥2™M on proliferation and differentiation in our

temporally distinct NPC populations. H3.3%2™

increases proliferation in NPCs when it is
introduced at Day 25, and likely at Day 11 — though additional statistical power is needed
to better determine this — but not at Day 50 (Figure 6.2a). The overall percentage of cells
transduced with H3.3 constructs was below 100 in all conditions, in an effort to control for
viral construct copy number in transduced cells (Figure 6.2b). The mutation also decreases
differentiation to GFAP-high astrocytes when it is introduced at Day 11 and at Day 25, but
not at Day 50 (Figure 6.3). Differentiation to BIII-tubulin-positive neurons is also decreased
when H3.3X2'M g introduced at Day 25 but not at the other timepoints (Figure 6.4).
Progression of the cells to a pro-astrocytic CD44-high state, however, is not affected by

H3.3%2™M when it is introduced at any timepoint (Figure 6.3), nor is the abundance of

SOX2-positive NPCs affected (Figure 6.4).
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Figure 6.2. H3.3X2™M has specific effects on proliferation in temporally distinct
NPC populations. (a) Cells stained by immunofluorescence for Ki67 and HA tag (H3.3
constructs) were quantified as percentage of double-positive cells out of total HA tag-
positive cells, with results shown in the graphs per condition. Samples were each
assayed ~2 weeks following the timepoint of H3.3%>"™ introduction. (b) Cells analyzed
by flow cytometry for HA tag (H3.3) levels were quantified as a percentage of HA tag-
positive cells out of total live cells, with results shown in the graphs per condition.

Statistical testing performed using unpaired t-test.
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Figure 6.3 (previous page). H3.3X’M has specific effects on astrocytic
differentiation in temporally distinct NPC populations. Cells analyzed by flow
cytometry for GFAP (top row) or CD44 (bottom row) and HA tag (H3.3) levels were
quantified as percentage of double-positive cells out of total HA tag-positive cells, with
results shown in the graphs per condition. Samples were each assayed ~2 weeks
following the timepoint of H3.3%?M introduction. Statistical testing performed using
unpaired t-test.
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Figure 6.4. H3.3¥2"™ has specific effects on neuronal differentiation in temporally
distinct NPC populations. Cells analyzed by flow cytometry for BIII-tubulin (top row)
or SOX2 (bottom row) and HA tag (H3.3) levels were quantified as percentage of
double-positive cells out of total HA tag-positive cells, with results shown in the graphs
per condition. Samples were each assayed ~2 weeks following the timepoint of
H3.3%2™ introduction. Statistical testing performed using unpaired t-test.
6.4 H3.3%2’M differentially drives expression of NPC self-renewal- and differentiation-
associated genes when introduced in temporally distinct NPC populations
We sought to further identify changes in cell state within the CNS lineage associated
with H3.3%2™ introduction at each stage by testing the expression of genes that are
temporally dynamic within the lineage at a common endpoint after Day 50. When H3.3%2™M

was introduced at Day 11, prior to the initiation of ectopic NFI/A expression, NPCs did not

then upregulate markers of astrocyte differentiation, including AQP4 and GFAP, to the
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extent found in H3.3WT-expressing NPCs and as we observe between Days 11 and 50 at
baseline (Figures 5.6 and 6.5). The same pattern was found for CDKN2A4, which we have
found to be upregulated over time in our thalamic NPCs and which is highly expressed in
our NPC-derived astrocytes (Figures 5.1 and 6.5). These genes were not affected by
H3.3%2™M when it was introduced at Day 25, possibly as a consequence of the NFIA
induction occurring prior to the mutation. CD44 and LIN28B, however, retained higher
expression in the NPCs when H3.3%2™M was introduced at Day 25 relative to H3.3WT
(Figure 6.5). Because LIN28B expression decreases between Days 25 and 50 at baseline
(Figure 5.6), this may be interpreted as a retention of higher LIN28B expression found at
Day 25 by H3.3%2'M_All of these genes were unaffected by H3.3%2M introduction at Day
50, though TUBB3 expression was slightly higher in that condition. Taken together, these
data indicate that H3.3%2™M js sufficient to retain expression patterns of certain genes that
are temporally dynamic during CNS lineage progression in a manner dependent on the

stage wherein the mutation occurs.
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Figure 6.5. H3.3%2™ has specific effects on gene expression when introduced into
temporally distinct NPC populations. Expression of genes listed in the graph titles
when either H3.3WT (white bars, unfilled circles) or H3.3%2™ (grey bars, filled circles)
was introduced at the timepoints listed in the graph titles. Samples were analyzed
together ~2 weeks following the final timepoint of addition of H3.3¥2™ Day 50. Fold
changes are relative to expression in H9 hPSCs by RT-qPCR. Statistical testing was
performed using ratio paired t-test.

6.5 H3.3%2M does not affect proliferation or astrocytic differentiation when introduced in
NPC populations with differential CD44 levels

Because we begin to see upregulation of astrocyte differentiation genes like AQP4 by
Day 50 in this system, we questioned whether the disappearance of H3.3%2™ responses at
the levels of proliferation, differentiation, and gene expression were attributable to an
increase in differentiated cells in the population, rather than to a loss of response in the
NPCs themselves. In order to answer this question, we prospectively isolated cells

committed to astrocytic differentiation on the basis of their high CD44 expression using
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magnetic-activated cell sorting (MACS), with the goal of comparing the responses to
H3.3%2™M in this population to those found in the remaining CD44-low population of NPCs.
We find that, indeed, CD44 and GFAP expression levels are vastly different in the two
populations, suggesting that astrocytes are preferentially represented in the CD44-high
fraction (Figure 6.6b). Both fractions contain nestin- and SOX2-coexpressing NPCs,
however, and are gliogenic upon introduction into astrocyte differentiation medium,
yielding GFAP-high astrocytes. Both fractions are also capable of producing BIII-tubulin-
positive neurons in neuronal differentiation medium as well, though some morphological
differences are apparent (Figure 6.6a).

We find that, in fact, H3.3%2" does not increase proliferation in either fraction (Figure
6.7a), nor does it appear to affect astrocytic differentiation in either fraction (Figure 6.7b).
These results, together with those described above, suggest that NPCs themselves transition
from an H3.3%2"M_responsive state to an H3.3%*"M_unresponsive state in a process that is
part of their lineage progression toward astrocytic differentiation, but not inclusive of glial

differentiation itself.
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Figure 6.6 CD44-low and CD44-high fractions are gliogenic and have distinct gene
expression profiles at Day 50. (a) Immunocytochemical staining of CD44-low (top
row) and CD44-high (bottom row) fractions of Day 50 NPCs (left column) and their
derivatives in neuronal (center column) and astrocytic (right column) differentiation
conditions. In the left column, SOX2 is shown in green, nestin in red, and CD44 in
white. In the center column, SOX2 is shown in green, BIII-tubulin in red, and nestin in
white. In the right column, GFAP is shown in green and CD44 in red. DAPI is shown
in blue in all conditions. Scale bars = 100 pm. (b) Expression of genes listed in the graph
titles in CD44-low and CD44-high fractions. Fold changes are relative to expression in
H9 hPSCs by RT-qPCR. Statistical testing was performed unpaired t-test.
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Figure 6.7. H3.3X2™M does not have effects on proliferation or astrocytic
differentiation in CD44-low or CD44-high fractions of Day 50 NPCs. (a) Cells
stained by immunofluorescence for Ki67 and HA tag (H3.3 constructs) were quantified
as percentage of double-positive cells out of total HA tag-positive cells, with results
shown in the graph. (b) Immunocytochemical staining of CD44-low (left) and CD44-
high (right) NPCs expressing either H3.3VT (top) or H3.3%2™ (bottom). HA tag (H3.3)
is shown in green, GFAP in red, and DAPI in blue. Samples were assayed ~2 weeks
following CD44-based separation and subsequent H3.3%2™™ introduction. Statistical
testing performed using one-way ANOVA with multiple comparisons.

6.6 Conclusions
We find that H3.3%?™™ has specific effects in temporally distinct NPC populations that
represent maturation stages within the CNS lineage. These effects include increases in

proliferation and decreases in astrocytic differentiation when the mutation is introduced at

Day 11, a stage that precedes induction of NFIA and is defined by high expression of early
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neural self-renewal genes, and at Day 25, a stage at which NFI4 induction has led to some
increases in gliogenesis-associated genes, but which still retains high expression of self-
renewal genes and also features high expression of neurogenesis-associated genes. When
the mutation occurs at Day 50, these effects are not observed; the stage at Day 50 is defined
by expression of gliogenesis-associated genes and significantly lower expression of self-
renewal and neurogenesis-associated genes.

We propose based on these data that H3.3%2"M harnesses features of the stage at which
it occurs, such as growth driven by self-renewal genes and a lack of competence for glial
differentiation, and thus yields observable phenotypes such as proliferation and
differentiation potential changes. In this model, once the genes controlling these temporally
regulated processes have achieved their peak function and are no longer driving those
processes, as is understood to happen in late-stage cells of the neural lineage, the mutation
no longer affects those processes and thus no longer drives tumorigenesis as a function of
increased growth and decreased differentiation.

This model is consistent with the gene expression data that we report here, wherein a
gene associated with self-renewal, LIN28B, retains higher levels of expression associated
with Day 25 cells in which it was introduced, consistent with reports of high stage-specific
LIN28B expression in human neural differentiation and in H3.3%2’M pHGG tumors and
models (Funato et al., 2014; Larson et al., 2019; Ziller et al., 2015). Meanwhile,
differentiation-associated genes AQP4, GFAP, and CDKN2A are held to levels consistent
with Day 11, when the mutation was introduced, by H3.3X2’M_ This stage-specific effect
on CDKN2A expression is particularly compelling in light of reports of H3.3%2™

suppressing CDKN2A expression in pHGGs, neural cell-based disease models, and even in
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acute myeloid leukemia cells (Cordero et al., 2017; Harutyunyan et al., 2019; Mohammad
et al.,, 2017). Since NFIA has already been induced and upregulated these glial
differentiation genes at Day 25 and Day 50, the mutation cannot exert this effect when it is
introduced then; likewise, LIN28B expression has decreased by Day 50, so the mutation
cannot maintain its high expression when it is introduced at this point.

There are some data points which do not invoke obvious conclusions, such as why
LIN28B expression is not affected when H3.3%2™M occurs at Day 11; this may be due to a
lack of sensitivity in this assay, wherein the gene expression of H3.3-transduced and
untransduced cells is tested in bulk due to technical limitations. It is also not clear how
CD44 expression is increased when H3.3%2'M ig introduced at Day 25, though this may be
due to a decrease in sporadic astrocytic differentiation, and thus accumulation of pro-
astrocytic CD44-high progenitors, due to the mutation. Finally, it is curious that, while
baseline levels of AQP4 and GFAP are not affected by H3.3%2"™ introduction at Day 25,
after NFIA induction, differentiation to GFAP-high astrocytes is still compromised by the
mutation at this stage. One possible scenario is that in which NFIA induction provides
enough induction of these genes for their relatively low expression in glial-competent
NPCs to be unaffected by H3.3%2"M, but that they cannot be further upregulated in the
presence of the mutation during differentiation. In this scenario, sufficient activation of
these genes for differentiation remains possible at Day 50 in the presence of newly
introduced H3.3¥2™M_ due to the completion of their induction through mechanisms
between Day 25 and Day 50 that would have been affected by the mutation if it had been

present.
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We also demonstrate that, at Day 50, cells with both low and high levels of CD44,
representing cells less and more progressed toward astrocytic differentiation, respectively,
are both resistant to proliferation and differentiation effects of H3.3%2"™, We interpret these
data as evidence that astrocytic differentiation itself is not necessary for the loss of response
to H3.3X2’M; this thus occurs in the NPC population at large between Day 25 and Day 50
in our experimental setup. These results thus implicate primarily the self-renewal and
neurogenesis genes, such as HESS5, LIN28B, and ASCLI, that decrease significantly
between these two stages. LIN28B is particularly compelling, given its identification as an
oncogenic mediator in several human cancer types, including H3.3%2"M pHGGs (Funato et
al., 2014; Larson et al., 2019; Shyh-Chang & Daley, 2013). An important caveat to these
gene expression analyses is the heterogeneity of the cultures analyzed in bulk by RT-qPCR,
which may be addressed in future studies.

It is also notable that H3K27me3 marks do not appear to be reduced to the same extent
when H3.3%2™M jg introduced at Day 50 as when it is introduced at Day 11 or at Day 25 —
a finding that requires further investigation for validation and for a better understanding of
its relevance, but which is nonetheless intriguing. This difference may be due to changes
in overall levels H3.3 deposition in the genome over this time. As shown here, we have
previously found that, in the absence of exogenous NFIA4 induction, overall cellular H3.3
protein levels decrease over time in thalamic NPCs.

The fact that overall cellular levels of H3.3 protein decrease over time does not directly
affect our experimental system, because we are exogenously overexpressing our H3.3W1-
and H3.3%?™M._coding constructs. Indeed, we confirm that they are expressed through

selection of cells by HA tag positivity for analysis. However, it is known that H3.3 protein
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must be incorporated into nucleosomes at specific genomic loci by chaperone proteins and
other components of molecular machinery that regulate this process — most notably the
chaperones HIRA, ATRX, and DAXX. The finding that endogenous H3.3 protein levels
decrease over time in the CNS cell lineage suggests the possibility that other players in
H3.3 deposition may have their presence or function altered over time as well. This is a
hypothesis that requires further testing not yet performed here.

If this hypothesis were found to be correct, it would then follow that our H3.3 construct
overexpression may not be sufficient for H3.3 protein incorporated into nucleosomes, even
if the protein is being produced and maintained in the cells overall. In such a scenario, a
K27M mutation occurring in an endogenous H3.3 gene at a late neural lineage stage would
not have tumorigenic effects, because the protein expressed from that mutated gene would
not be incorporated into nucleosomes where it could exert effects on overall H3K27me3
levels, gene expression, and cellular fate. This scenario would inform our understanding of
the temporally specific incidence of H3.3%2M pHGGs in patients. The data shown here
suggest that this scenario is a possibility and thus motivate further investigation.

Another possibility is that EZH2 function is generally dispensable at later stages of the
CNS lineage, such that EZH2 inhibition by H3.3%2"M s not consequential. We have not yet
tested that hypothesis, but we do find a reduction in EZH?2 expression in late NPCs relative
to early NPCs. Though they are, to date, understood with limited spatial and temporal
resolution, it is compelling to think that overall H3.3 deposition patterns and EZH2
function levels are highly cell type-specific within the developing CNS, thus potentially

underlying the developmental specificity of H3.3%?™M tumorigenesis.
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RNA sequencing and DNA methylation analyses of cells transduced with H3.3VT or
H3.3%2™ at each stage are currently underway, in order to provide additional support for
potential mediators of the temporally specific, maturation-stage dependent effects of
H3.3K2'™ gbserved here — likely linked to the temporally specific pattern of H3.3K2'M

pHGG occurrence observed in the clinic.
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CHAPTER 7
DISCUSSION

The identities of normal cell types of origin for human cancers are of significant interest
to cancer researchers. Understanding the specific features of cells giving rise to cancer
types holds promise for the development of tailored strategies to compromise the
progression of those cancers. This is particularly relevant in the case of pHGGs harboring
H3.3%2™M which are extremely restricted in the spatial and temporal windows of brain
development during which they occur. This phenomenon suggests very specific,
determinant features of the cell type giving rise to these tumors. Here, we describe a novel
platform to model such discrete windows of brain development in human cell cultures, and
report that, intriguingly, H3.3%2"™ has unexpected specificities of effects on cellular growth
and differentiation across the spatial developmental windows represented in this study,
which may be related to specific effects observed in certain temporal windows represented
in this modeling platform.

Given the specific occurrence of H3.3%?" pHGGs in structures of the brainstem and
spinal cord — including the thalamus, and the ventral pons, but never in the cerebral cortex
— it is surprising that H3.3%2™ has effects in hPSC-derived NPCs representing the cerebral
cortex and the thalamus, but not in those representing the pons. As we report here, this is
potentially related to evidence that pontine NPCs represent a temporally distinct population
relative to cortical and thalamic NPCs, as evidenced by the greater numbers of astrocytes
produced by pontine NPCs and by their higher level of expression of the pro-astrocyte NPC
maturation marker CD44 at Day 60 of the protocol. Indeed, we find that an early NPC state,

rather than a late NPC state, in our thalamic NPC protocol harbors features of gene
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expression and DNA methylation found in H3.3%2™M pHGG samples. We also find that,
across temporally distinct populations induced via NFIA overexpression that represent
distinct maturation stages in the CNS lineage leading to astrocyte differentiation, H3.3%2"™
has effects on proliferation, differentiation, and gene expression that are specific to earlier
stages.

These findings suggest that the NPCs produced by our cortical and thalamic protocols
— specifically those at the early NPC stage of our thalamic NPC protocol, and at Day 11
and Day 25 of our NFIA induction scheme within that — harbor cellular features that are
found preferentially in a certain population giving rise to H3.3%?™ tumors in children.
These features are likely part of dynamic chromatin marks and genomic regulatory
elements that extend beyond any single or few protein-coding gene(s). In order to address
that possibility, further studies are underway using RNA sequencing analysis of gene
expression, DNA methylation profiling, and Assay for Transposase-Accessible Chromatin
(ATAC)-sequencing. With these assays, we hope to understand the gene regulation-

3K27M

associated features that are specific to the stages affected by H3 within our platform,

3K2M “introduction in our responsive populations

and which are associated with H3
significantly more than with H3.3WT introduction. However, the data reported here already
provide evidence in support of candidate mediators, likely necessary but not sufficient for
H3.3%2M_mediated tumorigenic processes, that are specific to temporally distinct NPC
populations.

Such a factor could be expression of LIN28B, a gene associated with early

neurodevelopmental growth processes that is known to be downregulated during

differentiation and maturation of neural cell types (Shyh-Chang & Daley, 2013; Ziller et
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al., 2015). LIN28B has been reported as a highly expressed gene in a H3.3%?"™ mouse
model (Larson et al., 2019), and our group previously found H3.3%?™M to be sufficient for
LIN28B upregulation in hPSC-derived NPCs (Funato et al., 2014). It also has putative
enhancer regions associated with high levels of H3K27 acetylation, a mark of
transcriptional activation, during early, but not late, stages of hPSC-based neural induction
(Ziller et al., 2015). This proposal does not account for spatial specificity of H3.3X2™™
tumor formation — indeed, our unresponsive pontine NPCs expressed LIN28B — but it is
possible that LIN28B is linked to H3.3%2"™ through a mechanism yet to be determined
which is more spatially restricted preceding pHGG tumorigenesis.

It is also possible that genetic mediators of later stages of glial specification are targets
of H3.3%2'M and that our Day 50 population had already undergone the effects of these
mediators, rendering them insensitive to the mutation. These mediators would be
downstream of early glial competence factors such as NFI4 and SOX9, as NFIA induction
to Day 25 yielded a population that was still affected by H3.3%2"M, Intriguingly, though,
Day 25 NPCs that had H3.3%¥*™ introduced did not eventually express lower levels of
astrocyte-associated genes AQP4 and GFAP at baseline, while Day 11 NPCs that had the
mutation introduced did see lower levels of those genes — perhaps suggesting that NFIA
induction played a partial role in inhibiting the effects of the mutation, but to an extent that
was not discernable in our experimental system.

It is also possible that the NPC subtypes described here would be even more responsive
to H3.3%2™M if they were to harbor some feature that is not represented among them, but

which is essential for tumorigenesis in patients. A strong candidate for such a factor is

robust expression of OLIG2, which is only transiently expressed during our protocols, if at
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all. OLIG2 expression has been reported in a majority of pHGGs with H3.3X2'M and
oligodendrocyte-lineage cells have been found to share transcriptional and chromatin
features with H3.3%2™ tumor-derived cells (M. G. Filbin et al., 2018; Nagaraja et al., 2019;
Sturm et al., 2012). Indeed, OLIG2 expression is characteristic of many adult high-grade
gliomas (Verhaak et al., 2010), and OLIG2 has been described previously as a cell type-
specific factor that mediates proliferation and compromises p53 responses in both normal
and neoplastic cells of the CNS (Mehta et al., 2011). Here, we observe cellular phenotypes
driven by H3.3¥?™M in the absence of OLIG2 expression, but we cannot exclude the
possibility that the addition of OLIG2 would alter the extent of these phenotypic changes
even further.

Here, we also report a novel model of thalamic pHGGs by combining H3.3¥2"M, p53
loss of function, and FGFRIN>#K to cells produced using our thalamic NPC protocol. We
report that H3.3%2M increases proliferation and decreases differentiation in the context of
FGFR1N346K a5 well, and we show that the latter mutation is sufficient to increase MAP
kinase signaling in human cells. Furthermore, we find that, when we transplant thalamic
NPCs harboring these mutations and additional tumor suppressor gene knockouts into the
mouse brainstem, the resulting tumors retain the characteristic O7X2 expression found in
our thalamic NPCs, in the developing human thalamus, and in thalamic H3.3%*™ pHGGs.
This suggests that features of the cell type of origin are indeed preserved during in vivo
tumorigenesis, thus supporting inferences made using H3.3%2™ patient tumor samples
regarding potential developmentally specific cellular origins of these tumors.

While we see H3.3%2M_gpecific effects on proliferation and differentiation in vitro in

this model, we do not see a significant difference in median survival between animals
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receiving H3.3VT cells and those receiving H3.3%2™ cells in our 1KO, 3KO, or 4KO
conditions of the model. Likewise, we find that tumors form from 4KO thalamic NPCs
bearing FGFR1N>#K and either H3.3WT or H3.3%2™, Further development of this model as
a platform to study FGFRI-mutant thalamic pHGGs will necessarily include further testing
of co-occurring mutations in order to identify conditions wherein H3.3%2M i sufficient for
one or more aspects of tumorigenesis in vivo. Such an alteration could include 47TRX
knockout, as ATRX function is often lost in thalamic pHGGs harboring H3.3%2™
(Fontebasso et al., 2014).

We conclude from these studies, using our novel platform to study human NPC lineages
with spatial and temporal resolution, that H3.3X?’M has temporally specific effects
associated with tumorigenesis. Notably, H3.3%2™ does not appear to have the same effects
on H3K27me3 levels at Day 50 as it does at Day 11 and Day 25, a difference which may
underlie differences in cellular phenotypes such as proliferation and differentiation
capacity. In this case, it may still be argued that H3.3%?™M has temporally specific effects

associated with tumorigenesis, because H3.3%2™

-mediated hypomethylation is, in and of
itself, a cell type-specific tumorigenic phenotype that may underlie temporal specificity of
the mutation’s ability to drive pHGG formation. Moreover, in this scenario, cell type-
specific effects of H3.3%2"™ on methylation may be a potential mechanistic link between
the mutation and the cell type-specific pro-tumorigenic effects on proliferation and
differentiation. Further consideration of this point will be informed by further investigation
following the study described here.

We thus propose that a cell population(s) with features found in our Day 11 and Day 25

NPC populations, and not found in our either the CD44-low or CD44-high fractions of our
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Day 50 NPC population, is likely the cell type(s) of origin of H3.3X2"M, Understanding
these features with greater specificity will enable an improved appreciation of the
tumorigenic mechanisms of H3.3%?™, with likely ramifications for the development of
potent, specific therapeutic strategies. Efforts to do so may well include genetic and/or

3K27M cells when

small-molecule screens in order to identify mediators of cell growth in H3
the mutation introduced at Day 11 and/or Day 25, with a particular focus on hits which do
not have any effect on cells with the H3.3%2™M mutation at Day 50. Because such hits may
include genes, or elements associated with genes, like LIN28B and possibly OLIG2, which
are difficult to perturb in NPC populations without causing cells to differentiate or
otherwise change their fate entirely, it will be important to use sophisticated tools for any
functional experiments. Such tools might include CRISPR-mediated alteration of gene
expression and/or chromatin marks, as well as other tightly controlled techniques to probe
the functions of regions of the genome and their features.

The applications of the platform that we report here reach well beyond studies of
H3.3%2™M and even beyond cancer modeling in general. Indeed, we have found in a separate
study using this platform that another pHGG mutation, H3.3934R | has exquisitely specific
effects on the growth, differentiation capacity, and tumorigenicity of hPSC-derived
forebrain progenitors of the interneuron lineage, but not on hPSC-derived hindbrain
progenitors of the pontine NPC protocol reported here (Funato et al., in revision),
consistent with the spatial specificity of tumors with that mutation in the clinic (Funato &

Tabar, 2018). The platform characterized in this study can also be readily applied to studies

of any genetic alteration, genomic variant, or even chemical or environmental factor of
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interest. This platform holds significant value as a tool to understand the specific effects of

a wide array of variables on regions of the developing brain.
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