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“The only interesting thing about vertebrates is the neural crest”
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EPIGENETIC CONTROL OF CRANIOFACIAL DEVELOPMENT FROM THE NEURAL
CREST AND NEURAL CREST DERIVED TUMORS
Timothy Casey-Clyde
ABSTRACT

The neural crest is a multipotent transient cell population that migrates,
proliferates, and differentiates in vertebrate embryogenesis and gives rises to a
cornucopia of tissue derivatives such as craniofacial bone and cartilage, peripheral
nerves, and glia. Congenital malformations including cleft palate and craniosynostosis
arise from aberrant development of cranial neural crest cells and their derivatives. Neural
crest derived tumors of Schwann cell lineages can arise from single genomic hits in the
form of NF2 loss. Considering the low genomic burden of many neural crest derived
tumors, we hypothesized that epigenetic regulators, which normally specify cell lineages
and maintain cell fates in embryonic development, are mis-regulated in adult neural crest
derived tissues, contributing to tumorigenesis and differential tumor radiation responses.

Here we use mouse genetics and single cell sequencing to investigate how PRC2,
a histone methyltransferase broadly involved in gene repression and maintenance of
pluripotency in development, is involved in epigenetic control of post-otic neural crest
derivates. We identified Eed, a PRC2 core subunit, as a potent regulator of craniofacial
development. Eed deletion in post-migratory neural crest cells was perinatal lethal and
knockout embryos presented with severe craniofacial abnormalities consistent with
impaired differentiation of osteoblast derivatives. Using targeted primary cell culture gene
expression analysis and unbiased scRNA-seq, we discovered changes in transcription

factors involved in the proliferation and differentiation of neural crest derivatives including
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loss of Sox transcription factors and increase in Hox genes. Strikingly, we found an
expansion of undifferentiated mesenchymal stem cells and decrease in differentiated
osteoblast cells, indicating Eed controls proper differentiation of mesenchymal derivatives
that comprise craniofacial structures. Taken together, we establish the embryonic,
cellular, and molecular consequences of Eed loss in neural crest derived craniofacial
tissues.

Next, we investigated more broadly how epigenetic regulation contributes to
cancer of neural crest derived cells including the tumorigenesis of schwannomas and
schwannoma radiation responses. Using bulk and single-cell bioinformatics, functional
genomic approaches, and mechanistic validation, we discovered schwannomas comprise
2 molecular subgroups marked by activation of neural crest signaling pathways or
enrichment of immune cells in response to radiotherapy. CRISPRI radiation screening in
human schwannoma cells identified the lysine demethylases KDM1A and KDM5C as
drivers of radioresistance or radiosensitivity, respectively. Lastly, we integrated single-
nuclei ATAC, RNA, and CRISPRI perturbation to identify chromatin accessibility motifs

that drive schwannoma cell state evolution and radiation responses.
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CHAPTER 1

Introduction: A brief history of the neural crest

The neural crest constitutes an evolutionarily conserved multipotent cell population
that is exclusive to vertebrates and contributes to remarkable cell and tissue diversity
during embryogenesis. The neural crest was discovered in 1868 by embryologist Wilhelm
His who observed a band of cells in chick embryos that lay between the neural tube and
epidermal ectoderm in neurula-stage chick embryos’. His’s original name for this group
of cells responsible for forming spinal and cranial ganglia, “Zwischenstrang, the
intermediate cord”, was replaced in 1879 by Arthur Marshall, who originally referred to
these cells as the neural ridge due to their proximity to the neural tube, then finally coined
the term neural crest, which scientists still use today?. By the 1890s, scientists accepted
that neural crest cells were the cellular progenitors of spinal and cranial ganglia, but it
wasn’t until pioneering work led by Julia Platt, who used Necturus maculosus to
demonstrate that the craniofacial cartilage and teeth were of ectodermal neural crest
origin, as opposed to mesodermal origin, which was commonly believed under the
prevailing germ-layer theory®°. Developmental biologists of the early 20" century finally
established the neural crest as a highly migratory transient population capable of
developing into ectodermal mesenchyme and subsequent tissue derivatives. Landacre
opportunistically used the pigmented neural crest cells in salamander to observe the
movement of a continuous sheet of ventrally migrating neural crest cells that erupts out
of the neural tube and colonize arches of the face ©. Stone used transplantation
experiments in Ambystoma maculatum and Rana palustris to conclusively demonstrate

that cranial neural crest cells develop cartilage, loose connective tissues of the head, and



the hyobranchial skeleton’8. The 1940s reveled in the publication of seminal studies by
Horstadius and Spellman who vital stained portions of Ambystoma mexicanum neural
folds to track cranial migration and performed extirpation or transplantation experiments
to prove that neural crest forms the cranial skeleton, among other structures °. Horstadius
advanced techniques in tracking and grafting neural crest tissues and his 1950
monograph is considered one of the most seminal works in the history of neural crest
research '°. In 1947 De Beer expanded on the field through experiments showing neural
crest cells colonize the pharyngeal arches and differentiate into odontoblasts, and likely
dermal bone ''. He finally, after the idea was first set forth by Julia Platt 50 years earlier,
called for an abandonment of classical germ theory because sufficient evidence
supported the invariable correlation between germ layers and their presumptive
embryonic structures, which the scientific community accepted.

“Looking at it from the point of view of causal embryology, there can be no doubt
that the germ-layer theory was misconceived in its attempt to provide an embryological
criterion of homology, and in its assumption that the fates of the germ layers were
universally equal and limited.” — De Beer 1947

The 1960s saw several classic experiments which led to the defining of neural
crest fates and understanding of migration patterns. Weston and Johnston pioneered in
vivo triturated thymidine labeling (today replaced by BrdU) and grafting experiments in
chick embryos to radioautographically assess early migration of neural crest cells. He
found that the dorsal-ventral orientation of the neural tube is crucial for initial migration
into the somatic mesenchyme, and that these cells appear in delimited directional streams

as they migrate away from the neural tube %13, Weston also confirmed that Schwann



cells and melanoblasts are of neural crest origin, with melanoblasts resulting from the
ventral migration of cells in the mesenchyme adjacent to the neural tube while Johnston
showed that neural crest cells do not develop into nervous system tissues of the brain. In
the 1970s, Le Douarin pioneered the use of quail-chick chimeras and Fuelgen staining to
delineate origin cells to demonstrate the multipotency of neural crest cells and track
individual migrating streams of neural crest lineages '*. Le Douarin published seminal
textbooks on the neural crest in 1982 and 1999 and remains one of the world’s premier
experts in the field '°'6. In 1983, Gans and Northcutt published a seminal paper on the
‘new head” hypothesis. The "new head" hypothesis suggests that the development and
intricacy of the vertebrate head resulted from the emergence of migratory cranial neural
crest cells and cranial placodes. These new cell types facilitated the construction of the
craniofacial skeleton and a unique sensory system, which then enabled the anterior
neuroepithelium to expand and form the vertebrate brain. The morphological features
originating from the neural crest and cranial placodes also supported a shift from the
mainly filter-feeding behavior observed in invertebrate chordates to the active predatory
lifestyle of vertebrates 7. The end of the 20" century brought the advent of molecular
detection techniques like in situ hybridization and immunohistochemistry which led to the
discovery of the neural crest gene regulatory network (GRN) which has enabled our
knowledge of spatial and temporal transcriptional control of neural crest development.
Finally, the advent of genomics, single-cell technology, and pooled screening is charging

the field through the 215t century.
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Transcriptional control of neural crest development

The neural crest is a multipotent transient cell population that gives rise to a variety
of derivatives including components of the peripheral nervous system, cartilage and bone
of the craniofacial skeleton, melanocytes, and smooth muscle '-2. Neural crest cells are
induced during gastrulation at the neural plate border between non neural ectoderm and
the neural tube. The neural plate border is specified by a module of transcription factors
including Msx1/2, Pax 3/7 and Zic1 '*. Wnt and FGF signaling, as well as BMP molecules
like BMP4/7 are thought to contribute to induction of the neural crest and formation of
premigratory neural crest precursors 819, Transcription factors including Snail2 and
Sox2/3 also mark early induction of neural crest fate at the neural plate border -2, In
Xenopus, ectopic expression of Wnt ligands and modulation of BMP signaling can induce
neural plate border and neural crest marker expression 23-2*, Wnt, BMP, and Notch
signaling pathways are involved in the activation and maintenance of transcription factor
expression dubbed “neural crest specifiers” which eventually activate downstream
sequences of neural crest development like epithelial to mesenchymal transition and
migration 22. To that end, mice lacking BMP receptors in neural crest derived lineages
have broad craniofacial, pharyngeal, and cardiac defects, supporting the hypothesis that
BMP is responsible for maintenance of neural crest marker expression rather than initial
induction of expression 2°. In a fascinating experiment, FGF4 soaked beads were grafted
in chick nonneural ectoderm, which activated expression of Bmp4 and Whnt8, indicating
FGF signaling is vital for early induction of the neural crest without contribution from

surrounding mesoderm 2. Additionally, Notch signaling is required for activation and



maintenance of Bmp4 expression at the epidermis-neural plate boundary resulting in
spatially controlled induction of neural crest cells in chick embryos 27.

Specification of neural crest cells is marked by expression of canonical gene
markers including FoxD3 and Sox70 and following neural tube closure, these cells
delaminate, undergo epithelial-to-mesenchymal transition and shift into a migratory cell
population *°. Delamination, the process of the neural crest physically separating from
the neuroectoderm, occurs through a complex interplay of signaling molecules including
BMP and Noggin '3. Additionally, Snail1 is thought to induce the expression of Slug,
Foxd3 and Ets1 as neural crest cells become less adhesive and more motile 156, After
delamination, cranial neural crest cells begin moving as a continuous sheet of migrating
cells between the space between the epidermal and mesodermal layers 8. The cells
then begin migrating as distinct streams along ventromedial or dorsolateral pathways.
Eph/Ephrin signaling, among other signaling modules like Sema3, is linked to the correct
segregation of the neural crest into distinct migratory streams . Remarkably, neural
crest cells maintain contact with one another throughout the duration of migration and use
contact inhibition of locomotion mechanisms to migrate from high to low density areas in
a highly coordinated and directional manner '°. N cadherin and the Wnt/PCP pathway
are essential players in neural crest migration and loss of these components results in
ectopic protrusions of cell streams. With respect to chemotaxis modes of migration, FGF
and VEGF signaling, as well as Sdf1, are thought to be specifically involved in neural
crest lineages 202!, Sox10 is expressed in cranial neural crest cells colonizing the
pharyngeal arches but turns off in the differentiated ectomesencymal derivatives of cranial

bone or cartilage. Conversely, Sox9 is expressed in an undifferentiated state of the neural



crest and later in the pharyngeal arches marking future chondrogenic progenitors of the
cranial skeleton and various cardiac tissues. Anterior hox genes are also involved in
neural crest patterning and migration and display striking patterns in the rhombencephalic
neural crest and dictate the positional identify of the pharyngeal arches 282°. Once a
migratory neural crest cell settles into its final tissue position, a cascade of differentiation
expression modules turn on, and early neural crest induction markers turn off, enabling
terminal differentiation of neural crest derivatives into respective tissue identities.
Epigenetic control of neural crest development

While the signal transduction and transcriptional control of neural crest
development (the gene regulatory network) has been studied for decades, epigenetic
regulation of neural crest cell induction, migration, and differentiation is a relatively new
field and has only recently been advanced due to the advent of chromatin profiling
technologies like ATAC-seq, ChlP-seq, and transgenic animal models. The epigenome is
responsible for changes in gene expression without modifying the underlying DNA
sequence. This regulation comes from changes in higher order chromatin structure due
to DNA and histone modifications such as methylation, acetylation, and phosphorylation.
Chromatin modifications such as H3K4me3 (methylation) and H3K27ac (acetylation) are
thought to be involved in the open confirmation of chromatin, and enhancement of gene
expression, while H3K9me3 and H3K27me3 are thought to be responsible for closed
chromatin and silencing of gene expression 3°.

Cell type specification, lineage commitment, and maintenance of pluripotency
relies on epigenetic regulatory mechanisms including gene silencing via DNA methylation

occurring at CpG islands in the genome which tend to lie at the promoter region of genes



31 The neural crest relies heavily on these mechanisms to specify neural crest lineages
and maintain cell state identity in its cornucopia of tissue derivatives. For example, the
maintenance DNA methyltransferase Dnmt3a is highly expressed in development and
works to repress expression of neural-like Sox2 and Sox3 in the dorsal neural fold and
subsequently enable activation of neural crest transcription factor expression including
FoxD3, Snail2, and Sox10 *2. Additionally, the de novo DNA methyltransferase Dnmt3B
is required for development of craniofacial structures in zebrafish, but intriguingly not
required for mouse development when Dnmt3b was deleted using a Wnt1-Cre or Sox10-
Cre driver 3334 In humans, Dnmt3b is thought to promote activation of transcription
factors including FoxD3, Snail2, Pax3, Pax7, and Sox10 35.

Histone modifications, often in the form of methylation or acetylation of histone
tails, is an additional mechanism of epigenetic regulation of gene expression in neural
crest development. Histone methyltransferases and demethylases are important
regulators of chromatin confirmation, with marks such as H3K4me3 at promoters and
H3K36me3 at gene bodies being associated with transcriptionally open chromatin 36.
Conversely, H3K27me3, a mark of closed chromatin and gene repression, is catalyzed
by the histone methyltransferase complexes PRC1 and PRC2 %’. In the developing neural
tube, chromatin is decorated with H3K9me3 marks in dorsally situated cells relative to
ventral neural cells, and this activity is thought to be regulated by JmjD2A. Neural crest
specification is regulated by JmjD2A by maintaining expression of neural crest
transcription factors including FoxD3, Snail2, and Sox70 through direct interaction of
JmjD2A with promoter regions of transcription factors. Additionally, the transcription factor

MsxB, which is required for proper craniofacial development in zebrafish and other



vertebrates, is regulated by the histone demethylase Phf8 through demethylation of
H3K9me1 at transcription start sites 2439,

Enhancer activity is associated with histone acetylation, including H3K27ac marks
on active enhancers 4°. Neural crest development appears to be uniquely susceptible to
histone acetylation changes, as dysregulation of acetylation results in broad defects in
specification, migration, and differentiation. In chick embryos, histone deacetylase
inhibitors promote neural crest specification via induction of markers like Sox70, Sox9,
and Bmp4 #'. In premigratory neural crest cells, Cad6B is repressed by the neural crest
transcription factors Snail2 via PHD12-Snail2 recruitment of the Sin3A histone
deacetylase complex, resulting in a loss of adhesion and promotion of epithelial-to-
mesenchymal transition 42. HDAC1 appears to be heavily involved of differentiation of
neural crest derivatives. In zebrafish, HDAC1 represses expression of FoxD3, which in
turn increases MITFa to drive proper differentiation, migration, and differentiation of
melanocytes 43. In HDAC1-deficient zebrafish, branchial arch specification is incomplete
and chondrocyte precursors fail differentiate correctly, leading to cartilage defects of the
craniofacial skeleton 4. HDAC4 is additionally required for craniofacial morphogenesis,
and zebrafish treated with HDAC4 inhibitors fail to develop palatal skeletal precursor cells
resulting in cleft palate and craniofacial shortening 4°. Finally, HDAC8 regulates
expression of the homeobox transcription factors Otx2 and Lhx1 to direct skull
morphogenesis in mice?®.

ATP dependent chromatin remodelers use the power of ATP hydrolysis to
physically change the structure of chromatin and create pockets of open chromatin for

transcription factors to access. One such remodeler, CDH7 interacts with the SWI/SNF
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complex PBAF and directs enhancer activity of Sox9 and Twist1 to drive neural crest
specification. Mutations in CDH7 result in CHARGE (coloboma, heart, atresia, restricted
growth, genital defects, and ear abnormalities) syndrome in humans, a rare genetic
condition marked by broad craniofacial abnormalities, heart defects, and peripheral nerve
dysfunction which is recapitulated in mouse and zebrafish models of CDH7 deficiency 4’
48, SWI/SNF is further involved in neural crest induction through Brg7, and ATP
dependent regulation of Snail2 and other transcription factors 4°. The transcription factor
WSFT, a core component in ATP dependent chromatin remodelers including WINAC and
WICH, is highly expressed in branchial arches and controls expression of Snail2 in
migratory neural crest cells %, In addition to the SWI/SNF complex, the Polycomb
repressive complexes act as major regulator of gene repression in neural crest
development. PRC catalyzes H3K27me3 to broadly control development including
specification of cell identity, maintenance of pluripotency, and commitment to
differentiated cell states °'. EZH2, the catalytic subunit of PRC2 is responsible for
repression of Hox gene clusters, and deletion of Ezh2 in pre-migratory neural crest cells
results in broad craniofacial and skeletal defects %2. Aebp, another component of PRC2,
is thought to directly regulate Sox70 expression and mice with heterozygous mutations
of Aebp2 exhibit phenotypes consistent with Hirschsprung’s disease and Waardenburg
syndrome, two congenital syndromes resulting from neural crest defects 3. Craniofacial
development is also impacted by loss of the PRC1 component Ring1b/Rnf2, and Ring1b
deficient zebrafish fail to differentiate chondrocytes into cranial cartilage and bone5%*.
Taken together, a cornucopia of epigenetic regulators is broadly responsible for all

aspects of neural crest development, including induction, specification, migration, and
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differentiation. In Chapter 2 of this thesis, Eed, a core subunit of the H3K27me3 histone
methyltransferase PRC2, is investigated using a Sox10-Cre driver targeting migratory
neural crest cells and the impact of Eed deletion is evaluated at the tissue and single cell
level. In Chapter 3 of this thesis, bulk and single-cell bioinformatics, functional genomic,
and mechanistic approaches are deployed to investigate how epigenetic regulators
control cell states and immune microenvironment responses in neural crest derived

peripheral nervous system tumors.
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CHAPTER 2

Eed controls craniofacial osteoblast differentiation and mesenchymal
proliferation from the neural crest

Introduction

The embryonic neural crest is a multipotent progenitor cell population that gives
rise to peripheral neurons, glia, Schwann cells, melanocytes, and diverse mesenchymal
cells such as osteoblasts, chondrocytes, fibroblasts, cardiac mesenchyme, and
cardiomyocytes °84. Following induction in the neural tube, cranial neural crest cells
undergo dorsolateral migration to the pharyngeal arches and differentiate to form
craniofacial bones and cartilage “8. To do so, cranial neural crest cells express
transcription factors such as Sox9, Sox70, and Twist1 that specify cell fate decisions in
derivates of the neural crest'8. Pre-migratory neural crest cell specification is partially
controlled by the epigenetic regulator Polycomb repressive complex 2 (PRC2), an H3K27
histone methyltransferase that is broadly responsible for chromatin compaction and
transcriptional silencing 44. The catalytic activity of PRC2 is comprised of four core
subunits: (1) enhancer of zeste homologue 1 (Ezh1) or Ezh2, (2) suppressor of zeste 12
(Suz12), (3) RBBP4 or RBBP7, and (4) embryonic ectoderm development (Eed) °¢. Eed
binds to H3K27 trimethylation peptides (H3K27me3) and stabilizes Ezh2 for allosteric
activation of methyltransferase activity and on-chromatin spreading of H3K27
methylation. Eed is required for stem cell plasticity, pluripotency, and maintaining cell fate
decisions, but all PRC2 core subunits are required for embryonic development and loss
of any individual subunit is embryonic lethal around gastrulation '7:°4°5, Eed null embryos

can initiate endoderm and mesoderm induction but have global anterior-posterior
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patterning defects in the primitive streak and genome-wide defects in H3K27
methylation 17:60.50,

Ezh2 has been studied in the context of pre-migratory neural crest development.
In mice, Wnt1-Cre Ezh2F"F embryos fail to develop skull and mandibular structures due
to de-repression of Hox transcription factors in cranial neural crest cells and loss of Ezh2
in mesenchymal precursor cells causes skeletal defects and craniosynostosis in Prrx1-
Cre Ezh2f"Flembryos 16:3462 Ezh2 also regulates neural crest specification in xenopus "',
and Col2-Cre Eed™F mice have kyphosis and accelerated hypertrophic differentiation due
to de-repression of Wnt and TGF-B signaling in chondrocytes °°. Genetic and molecular
interactions allow Eed to repress Hox genes to maintain vertebral body identity during
mouse development 34 but the embryonic, cellular, and molecular consequences of Eed
activity in craniofacial development are incompletely understood. To address this gap in
our understanding of epigenetic mechanisms that may contribute to craniofacial
development, we conditionally deleted Eed from the migratory neural crest and its
derivatives. Our results suggest that Eed is required for craniofacial osteoblast
differentiation from post-migratory neural crest mesenchymal stem cells, and that Eed
regulates diverse transcription factor programs that are required for mesenchymal cell
proliferation, differentiation, and osteogenesis. More broadly, these data show that Eed
is required at early post-migratory stages in neural crest progenitors of craniofacial

structures.
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Methods
Mice

Mice were maintained in the University of California San Francisco (UCSF)
pathogen-free animal facility in accordance with the guidelines established by the
Institutional Animal Care and Use Committee (IACUC) and Laboratory Animal Resource
Center (LARC) protocol AN191840. Mice were maintained in a 70°F, 50% humidity
temperature-controlled barrier facilities under a 12-12h light cycle with access to food and
water ad libitum. Sox10-Cre and Eed" mice were obtained from the Jackson Laboratory
(B6;CBA-Tg(Sox10-cre)1Wdr/J, 025807 and B6;129S1-Eed™'Sho/J, 022727,
respectively). The presence of the floxed Eed allele was determined through standard
PCR genotyping using the following primers: 5 GGGACGTGCTGACATTTTCT 3
(forward) and 5 CTTGGGTGGTTTGGCTAAGA 3’ (reverse). To generate embryos at
specific time points, Sox70-Cre9* Eed™WT mice were bred overnight with Eed™" mice.
Females were checked for copulation plugs in the morning and the presence of a vaginal
plug was designated as EO0.5.
Mouse fetal echocardiography

Ultrasound studies were acquired with a Fujifilm Vevo 2100 Imaging system, and
instrument specifically designed for lab animal imaging studies. Pregnant females were
anesthetized using an isoflurane/oxygen mixturewith an isoflurane concentration of 3%
during imaging. The pregnancy date (at least 17) was checked to observe the correct
development of fetal hearts. Isoflurane was increased until 5% and the abdomen of
pregnant females was open surgically to expose the gravid uterus. The number of fetuses

was counted, and craniofacial architecture was evaluated for phenotypic confirmation.
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Once each fetus was defined as mutant or wild type, echocardiography was performed
to evaluate left ventricle anatomy and physiology, including left ventricle size and
contractility. Three different measurements were obtained in B and M modes, and
functional parameters, including heart rate, fraction shortening, ejection fraction, and left
ventricle mass were obtained.
Whole-mount embryo staining

Embryos were stained as previously described (Sandell et al., 2018). In brief,
embryos were harvested, and heads were fixed overnight in 4% PFA. Embryos were
dehydrated through a methanol series up to 100% before being treated with Dent’s bleach
(4:1:1, MeOH, DMSO, 30% H202) for 2hr at 25°C. Embryos were serially rehydrated in
methanol up to 25%, washed with PBST, and stained with DAPI solution (1:40,000,
Thermo Scientific, cat# 62248) overnight at 4°C. Samples were mounted in low melt
agarose for imaging.
Whole-mount skeletal staining

Embryos were stained as previously described (Rigueur and Lyons, 2013). In brief,
embryos were dissected in cold PBS and scalded in hot water to facilitate the removal of
eyes, skin, and internal organs. Embryos were fixed in 95% ethanol overnight then
subsequently incubated in acetone overnight. Embryos were stained with Alcian Blue
solution (Newcomer Supply, cat# 1300B) for 8hr, washed in 70% ethanol, and destained
in 95% ethanol. Embryos were cleared in 95% ethanol and 1% KOH, and stained in Alizarin

red S solution (SCBT, cat#130-22-3) for 4hr. Embryos were stored in glycerol for imaging.
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Micro-computed tomography (microCT)

microCT studies were acquired with a Perkin EImer’s Quantum GX2 microCT
Imaging system, an instrument specifically designed for lab animal imaging studies. The
samples were imaged in Eppendorf tubes containing preservative media, which were
placed on the scanning bed and fixed with tape to minimize movement. Acquisition
parameters were set as follows: FOV 10mm, acquisition time 14 minutes, current voltage
70KV, amperage 114uA. Each study was composed by a 512x512x512 voxels matrix
with a spatial resolution of 0.018mm?3. Study reconstruction was based on Feldkamp’s
method using instrument dedicated software. For image analysis, tridimensional renders
were obtained using 3D SLICER software. The threshold range applied for bone
segmentation was 300-1400 Hounsfield Units. For the segmentation and visualization of
individual frontal bones, cranial base, and mandible, Avizo Lite software (v9.1.1) was
used. The threshold range applied was 570-1570 Hounsfield Units.
Cryosectioning and H&E staining

Embryos were fixed in 4% PFA overnight at 4°C and subjected to a sucrose gradient
from 15% to 30% before embedding in OCT (Tissue-Tek, cat#4583) and storage at -80°C.
Embryos were sectioned at 25um on a Leica CM1850 cryostat. Slides were immediately
subjected to H&E staining as previously described (Cardiff et al., 2014), or stored at -80°C
for immunofluorescence.
Immunofluorescence

Immunofluorescence of cryosections was performed on glass slides.
Immunofluorescence for primary cells was performed on glass cover slips. Primary cells

were fixed in 4% PFA for 10 minutes at room temperature. Antibody incubations were
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performed in blocking solution (0.1% Triton X-100, 1% BSA, 10% donkey serum) for 2hr at
room temperature or overnight at 4°C. Slides or cover slips were mounted in ProLong
Diamond Antifade Mountant (Thermo Scientific, cat# P36965). Primary antibodies used in
this study were anti-Sox9 (1:500, Proteintech, cat# 67439-1-1g), anti-Sox9 (1:500, Abcam,
cat# ab185230), anti-Runx2 (1:500, Cell Signaling, cat# D1L7F), anti-Ki67 (1:2000, Abcam,
cat# ab15580), anti-Vimentin (1:1000, Abcam, cat# ab8069), anti-BrdU (1:1000, Abcam,
cat# ab6326), anti-Sox10 (1:500, Cell Signaling, cat# D5V9L), anti-ALPL (1:1000,
Invitrogen, cat# PA5-47419), anti-Eed (1:1000, Cell Signaling, cat# E4L6E), and anti-
Cleaved Caspase-3 (Asp175) (1:500, Cell Signaling, cat#9661). Secondary antibodies
used in this study were Donkey anti-Rabbit IgG (H+L) Alexa Fluor Plus 555 (1:1000,
Thermo Scientific, caté A32794), Donkey anti-Rabbit IgG (H+L) Alexa Fluor 488 (1:1000,
Thermo Scientific, cat# A21206), and Donkey anti-Rabbit IgG (H+L) Alexa Fluor Plus 568
(1:1000, Thermo Scientific, cat# A10042). DAPI solution (1:5000, Thermo Scientific, cat#
62248) was added to secondary antibody solutions. Slides or cover slips were mounted in
ProLong Diamond Antifade Mountant (Thermo Scientific, cat# P36965) and cured
overnight before imaging.
BrdU staining

Timed mating dams were subjected to intraperitoneal injection of 100mg/kg sterile
BrdU in PBS (Abcam, cat# ab142567). After 2hr, mice were euthanized and embryos were
harvested in cold PBS. Embryos were fixed in 4% PFA overnight at 4°C and cryosectioned.
Sections were incubated with 1M HCI for 2hr then 0.1M sodium borate buffer for 15min

before being subjected to standard immunofluorescence.
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Microscopy and image analysis

Whole-mount skeletal and H&E stains were imaged using a Zeiss Stemi 305 Stereo
Zoom microscope running Zeiss Blue v2.0. Whole-mount embryo DAPI stains were imaged
using an upright Zeiss Axio Imager Z2 running AxioVision v4.0. Immunofluorescence
images were obtained using a Zeiss LSM800 confocal laser scanning microscope running
Zen Blue v2.0. Quantification of embryo measurements and immunofluorescence staining
intensities was performed in ImagedJ using standard thresholding and measurement of
signal integrated density. Signal to nuclei normalization was performed by dividing signal
intensity by DAPI signal per image. Quantification was performed using n>6 images per
embryo. Proliferation index was calculated by dividing number of Ki67+ or BrdU+ nuclei by
the total number of DAPI stained nuclei per image.
Primary craniofacial cell culture

Timed mating embryos were dissected on ice cold PBS and heads were removed.
Brains and eyes were removed from each head, and the remaining craniofacial structures
were minced with a sterile blade on a glass surface. Tissue was enzymatically dissociated
in 3mg/ml Collagenase Type 7 (Worthington, cat# CLS-6) in HBSS for 2-3hr at 37°C with
frequent trituration using an Eppendorf ThermoMixer. Dissociated cells were filtered
through a 70uM MACS smart strainer (Miltenyi Biotec, cat#130-110-916) and either
plated on cover slips or cell culture dishes. Primary craniofacial cells were grown in DMEM
with 10% FBS. For RNA extraction and immunofluorescence, cells were harvested one

day following initial dissociation.
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Single cell RNA-seq

Matched littermate timed embryos were dissected on ice cold PBS. Embryo heads
were removed and minced using sterile razor blades on a glass surface. Tissue was
enzymatically dissociated in 3mg/ml Collagenase Type 7 (Worthington, cat# CLS-6) in
HBSS for 2-3hr at 37°C with frequent trituration using an Eppendorf ThermoMixer. The
quality of the dissociation was frequently monitored by looking at the cell suspension on
an automated cell counter. Cells were spun down at 350rcf, resuspended in MACS BSA
stock solution (Miltenyi Biotec, cat# 130-091-376), and serially filtered through 70pum and
40um MACS smart strainers (Miltenyi Biotec, cat# 130-110-916). Dissociation quality
checks, cell viability, and counting was performed using an Invitrogen Countess 3
automated cell counter. 10,000 cells were loaded per single-cell RNA sequencing sample.
Single-cell RNA sequencing libraries were generated using the Chromium Single Cell 3’
Library & Gel Bead Kit v3.1 on a 10x Genomics Chromium controller using the
manufacturer recommended default protocol and settings.
Single-cell RNA sequencing analysis

Library demultiplexing, read alignment to the mouse reference genome mm10, and
unique molecular identifier (UMI) quantification was performed in Cell Ranger
v7.2.0. Cells with greater than 200 unique genes were retained for analysis. Data were
normalized and variance stabilized by SCTransform in Seurat v5.0 (Hao et al., 2024).
UMAP and cluster analysis were performed using the Seurat function RunUMAP with
parameters of mindist=0.7, res=0.4, dims=1:30. Cluster markers were identified using
Seurat function FindAllMarkers with parameters min.pct = 0.25, thresh.use = 0.25.

Differential gene expression analysis was performed using DElegate v1.1.0 (Hafemeister
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and Halbritter, 2023) using the DEseq2 method, with biological replicate animals (n=3 per
genotype) as the replicate_column parameter. Featureplots were generated using
SCPubr v1.1.2 (Blanco-Carmona, 2022) and scale bars represent log2 UMI's corrected
by SCTransform.
Statistics

All experiments were performed with independent biological replicates and
repeated, and statistics were derived from biological replicates. Biological replicates are
indicated in each figure panel or figure legend. No statistical methods were used to
predetermine sample sizes, but sample sizes in this study are similar or larger to those
reported in previous publications. Data distribution was assumed to be normal, but this
was not formally tested. Investigators were blinded to conditions during data collection
and analysis. Bioinformatic analyses were performed blind to clinical features, outcomes,
and molecular characteristics. The samples used in this study were nonrandomized with
no intervention, and all samples were interrogated equally. Thus, controlling for covariates

among samples was not relevant. No data points were excluded from the analyses.

Results
Loss of Eed after neural crest induction causes severe craniofacial malformations.

To determine if Eed is required for the development of neural crest derivatives,
homozygous floxed Eed alleles (Eed™') were used to conditionally delete Eed following
neural crest cell induction using Cre under control of the Sox70 promoter, which is
expressed in the migratory neural crest at embryonic day E8.75 and results in complete

recombination in post-migratory neural crest cells by E10.5 4654, Sox10-Cre Eed™ mice
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were not recovered past postnatal day 0, suggesting that loss of Eed following induction
of the neural crest is embryonic lethal (Fig. 1a). Sox70-Cre Eed™ embryos were
recovered at expected genotypic frequencies from embryonic day E9.5 to E17.5 (Fig. 1a),
and there were no differences in the penetrance or severity of Sox70-Cre Eed™"
phenotypes whether Cre was maternally or paternally inherited, as has been reported for
other phenotypes arising in cells expressing Sox70-Cre '341. No overt phenotypes were
identified at early post-migratory neural crest cell stages E10.5 or E11.5, but craniofacial
malformations were seen in Sox710-Cre Eed™" embryos starting at E12.5 that increased
in severity throughout the remainder of embryonic development (Fig. 1a). Sox70-Cre
Eed™F phenotypes were broadly consistent with impaired development of craniofacial
structures®?, including frontonasal and mandibular hypoplasia, a prominent telencephalon
and exencephaly resulting from underdevelopment of the viscerocranium and frontal
calvarium, collapsed nasal cavity bones, and microtia compared to controls (Fig. 1c).
Sox10-Cre Eed™" embryos had increased pupillary distance and craniofacial width
(Supplementary Fig. 1a-d), and whole mount DAPI imaging of Sox70-Cre Eed™" embryos
revealed severe frontonasal dysplasia with underdeveloped midface and mandible, and
an irregular and corrugated facial structure compared to controls (Fig. 1d). Although
PRC?2 is ubiquitously expressed in the developing embryo %%, Sox70-Cre Eed™F embryos
did not have cardiac outflow tract defects or other structural heart malformations that can
arise from impaired neural crest differentiation (40, 53) (Supplementary Fig. 2a-d and
Movie 1, 2). Instead, fetal echocardiography showed subtle structural and functional
changes but preserved ejection fraction and fraction shortening in Sox70-Cre Eed™*

embryos compared to controls (Supplementary Fig. 2d).
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Eed regulates craniofacial mesenchymal cell differentiation and proliferation from the
early post-migratory neural crest.

Skeletal stains, computed tomography (microCT), histology, and immunofluorescence
were used to shed light on how loss of Eed impacts craniofacial development. Whole
mount alcian blue/alizarin red staining of Sox710-Cre Eed™F embryos revealed hypoplasia
of the viscerocranium, including reduced frontal, temporal, maxillary, and mandibular
bones, and complete loss of the tympanic ring and premaxillary and nasal bones
compared to controls (Fig. 2a, b and Supplementary Fig. 3a). MicroCT validated these
findings, showing fragmentation and hypoplasia of the frontal, temporal, maxillary, and
mandibular bones, loss of frontal calvarial fusion, and absence of tympanic ring and nasal
bones (Fig. 2c-e and Movie 3, 4). H&E histology showed that frontal calvarium reduction
resulted in anteriorly displaced brain structures in Sox70-Cre Eed™"' embryos compared
to controls, with the midbrain and cortex in the same coronal plane as the nasal cavity
and developing mandible (Fig. 3a and Supplementary Fig. 3b). Most of the midfacial and
mandible were absent in Sox70-Cre Eed™" embryos, and the tongue and masseter
muscles were underdeveloped (Fig. 3a).

Immunofluorescence demonstrated disorganized ALPL and Osteocalcin, markers
of osteoblasts and mineralizing bone 42 in craniofacial tissues from Sox710-Cre Eed™F
embryos compared to controls (Fig. 3b and Supplementary Fig. 3c). Immunofluorescence
for Sox9, a marker of chondrocytes that are derived from the neural crest 273 was also
disorganized in Sox710-Cre Eed™ ' embryos compared to controls (Fig. 3b). There was a
small increase in immunofluorescence labeling index for cleaved Caspase 3

(Supplementary Fig. 3d, e), suggesting that apoptosis may play a subtle role in
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craniofacial phenotypes from Sox70-Cre Eed™F' embryos compared to controls. In
contrast to Wnt1-Cre Ezh2MF embryos 2 the craniofacial region of Sox70-Cre Eed™F
embryos had marked decreased immunofluorescence labeling index for Ki67 (Fig. 3c,
3d), a marker of cell proliferation 2" and decreased immunofluorescence staining for
Vimentin (Vim), a marker of mesenchymal cells (Fig. 3c) #’. Immunofluorescence for
Runx2, a transcription factor that is required for osteoblast differentiation and proliferation
3236 was also decreased in craniofacial tissues from Sox70-Cre Eed™f' embryos
compared to controls (Fig. 3e and Supplementary Fig. 3f). In support of these findings,
BrdU labeling index was decreased in the craniofacial region of Sox710-Cre Eed™*!
embryos compared to controls (Supplementary Fig. 4a, b), Eed, Runx2, Ki67, and ALPL
were decreased in primary Sox70-Cre Eed™F craniofacial cell cultures compared to
controls (Fig. 3f and Supplementary Fig. 4c), and there was no change in
immunofluorescence for Sox10 in either primary Sox70-Cre Eed*' craniofacial cell
cultures or Sox10-Cre Eed™" embryos compared to controls (Supplementary Fig. 4c, e).
These results suggest craniofacial mesenchymal differentiation, proliferation, and

osteogenesis are impaired in Sox70-Cre Eed™F embryos 2633,

Eed regulates craniofacial mesenchymal stem cell, osteoblast, and proliferating
mesenchymal cell fate from the early post-migratory neural crest.

To define cell types and gene expression programs underlying craniofacial
phenotypes in Sox10-Cre Eed ™ embryos, single-cell RNA sequencing was performed
on litter-matched E12.5 Sox10-Cre Eed™"Tand Sox10-Cre Eed™ " heads (n=3 biological

replicates per genotype). Uniform manifold approximation and projection (UMAP)
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analysis of 63,730 single-cell transcriptomes revealed 23 cell clusters (C0-C22) that were
defined using automated cell type classification 2, cell signature genes, cell cycle
analysis, and differentially expressed cluster marker genes (Fig. 4a, Supplementary Fig.
5, 6, and Supplementary Table 1, 2). Differentiating osteoblasts marked by Runx2 (C0)
and proliferating mesenchymal cells marked by Ki67 (C7) were enriched in Sox70-Cre
Eed™™T samples (Fig. 4b-d). Mesenchymal stem cells marked by Col6a3 (C4) or Dcn
(C5) were enriched in Sox70-Cre Eed™ samples 2°%7 (Fig. 4b-d), suggesting that loss of
Eed prevents craniofacial mesenchymal stem cell differentiation. There were subtle
differences in the number of interneurons (C17, 1.4% versus 1.9% of cells, p=0.01),
Schwann cells (C19, 1.0 versus 1.3% of cells, p=0.03), pericytes (C20, 0.7% vs 0.9%,
p=0.05), and spinal neurons (C21, 0.5% vs 0.9% of cells, p=0.003) in Sox710-Cre Eed™"T
versus Sox710-Cre Eed™F samples, but each of these comprised a small minority of the
recovered cell types (Student’s t tests) (Supplementary Table 1). There were no
differences between genotypes in the number of chondrocytes (C10, 3.1% versus 2.7%,
p=0.09), fibroblasts (C11, 2.6% versus 2.7%, p=0.24), endothelia (C16, 1.9% vs 1.6%,
p=0.22), hematopoietic cells, or other cell types recovered at E12.5 (Student’s t tests)
(Supplementary Table 1).

Differential expression analysis of single cell transcriptomes from differentiating
osteoblasts (C0), which were enriched in Sox70-Cre Eed™"T samples (Fig. 4c),
compared to mesenchymal stem cells marked by Col6a3 (C4), which were enriched in
Sox10-Cre Eed™F samples (Fig. 4c), showed Sox5 and Sox6 were reduced in
mesenchymal stem cells (Fig. 4e, Supplementary Fig. 7a, and Supplementary Table 3).

These data are consistent with the known role of Sox transcription factors in craniofacial
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specification and development . Iroquois homeobox (Irx) transcription factors 3 and 5,
which contribute to craniofacial osteogenesis and mineralization 376° were also
suppressed in mesenchymal stem cells compared to differentiating osteoblasts (Fig. 4e,
Supplementary Fig. 7a, and Supplementary Table 3).

Differential expression analysis of single cell transcriptomes from differentiating
osteoblasts compared to mesenchymal stem cells marked by Dcn (C5), which were also
enriched in Sox70-Cre Eed™ samples (Fig. 4c), showed Mecom, Trps1, and Ptch1 were
suppressed and Sparc and Tnmd were enriched in mesenchymal stem cells (Fig. 4f,
Supplementary Fig. 7b, and Supplementary Table 4). Loss of Mecom causes craniofacial
malformations in mice and zebrafish® Ptch1 is a key component of the Hedgehog
pathway that is crucial for craniofacial osteogenesis 348, and Trps7 regulates secondary
palate and vibrissa development '%'7. Consistently, Sox710-Cre Eed™ samples had
decreased vibrissa compared to controls (Fig. 1d and Supplementary Fig. 3b). Sparc
drives morphogenesis of the pharyngeal arches and inner ear °°, and Tnmd regulates
mesenchymal differentiation 3. Pax3 and Pax7, key regulators of neural crest migration
and development of skeletal structures %4 were also suppressed in mesenchymal stem
cells compared to differentiating osteoblasts (Fig. 4f, Supplementary Fig. 7b, and
Supplementary Table 4).

Differential expression analysis of single cell transcriptomes from the two clusters
of mesenchymal stem cells that were marked by Col6a3 (C4) versus Dcn (C5), both of
which were enriched in Sox70-Cre Eed™" samples (Fig. 4c), showed Twist2, Irx3, and

Irx5, which regulate mesenchymal differentiation to osteoblasts 38683% distinguished
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mesenchymal stem cell populations (Fig. 49, Supplementary Fig. 7c, and Supplementary
Table 5).

To determine if there were differences in the gene expression programs from
differentiating osteoblasts (C0), mesenchymal stem cells (C4, C5), or proliferating
mesenchymal cells in Sox10-Cre Eed™"T versus Sox10-Cre Eed™F samples, differential
expression analysis was performed on single-cell transcriptomes from these clusters
between genotypes (Supplementary Table 6). Consistent with craniofacial findings after
loss of Ezh2 3592 and vertebral body findings after loss of Eed 34. Hox transcription factors
were broadly de-repressed in mesenchymal cell populations from Sox70-Cre Eed™F
samples compared to controls (Fig. 4h). PRC2 targets Sp7 in bone marrow stroma cells
41 and regulates Wnt signaling in dental stem cells 3'. Differential expression analysis
showed that Sp7 was enriched in mesenchymal single-cell transcriptomes from Sox10-
Cre Eed™T samples and the Wnt and stem cell regulator gene Gata4 was enriched in
mesenchymal single-cell transcriptomes from Sox70-Cre Eed™F samples (Fig. 4h).
Mki67, Pax3, and Pax7 were enriched in mesenchymal single-cell transcriptomes from
Sox10-Cre Eed™"T samples, and the cell cycle inhibitors Cdkn2a and Cdkn2b were
enriched in mesenchymal single-cell transcriptomes from Sox70-Cre Eed™F' samples
(Fig. 4h). In sum, these data show that Eed specifies craniofacial osteoblast differentiation
and mesenchymal cell proliferation by regulating diverse transcription factor programs
that are required for specification of post-migratory neural crest cells, and that loss of Eed
inhibits mesenchymal stem cell differentiation and mesenchymal cell proliferation by de-
repressing transcription factors and inhibitors of the cell cycle. These data contrast with

the function of Eed in chondrocytes, where genetic inactivation of Eed at a later stage in
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mesenchymal development accelerates hypertrophic differentiation, leading to hypoxia

and cell death 9.

Discussion

Epigenetic regulation of the neural crest, which differentiates into diverse
mesenchymal derivatives, is incompletely understood. Here we identify the PRC2 core
subunit Eed as a potent regulator of craniofacial development after induction of the neural
crest. Conditional deletion of Eed using Sox70-Cre causes severe craniofacial
malformations that are consistent with impaired differentiation and proliferation of cells
arising from the pharyngeal arches '9.In support of this hypothesis, we observed severe
defects in the development of craniofacial mesenchyme-derived tissues (Fig. 1, 2) that
were consistent with molecular and cellular findings from Sox70-Cre Eed™ embryos
(Fig. 3, 4). Expression of key regulators of craniofacial osteogenesis such as Runx2, Irx3,
Irx5, Mecom, Trps1, Ptch1, Pax3, and Pax7 were reduced in Sox70-Cre Eed™ heads
and primary craniofacial cell cultures compared to controls, and single-cell RNA
sequencing showed reduced craniofacial osteoblast differentiation and reduced
proliferation of mesenchymal cells in Sox70-Cre Eed™"' heads compared to controls. We
also identified subtle cardiac phenotypes and a small increase in apoptosis in Sox70-Cre
Eed"F embryos. These data suggest that PRC2 may contribute to the development of
diverse neural crest-derived tissues but is particularly important for craniofacial
mesenchymal cell differentiation and proliferation.

By using Sox70-Cre, which marks the migratory neural crest 46, we bypass

potential roles of Eed in neural crest cell induction to examine its function in neural crest
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cell development. The requirement of PRC2 for craniofacial development has been
studied in the context of Ezh2 loss using Wnt1-Cre %2 but to our knowledge, our study is
the first report directly linking Eed to differentiation of neural crest-derived mesenchymal
cells. To date, fifteen human missense mutations in EED have been reported as
pathogenic for Cohen-Gibson syndrome '":1223 Like Weaver syndrome, which arises
from missense mutations in EZH2 2270, and Imagawa-Matsumoto syndrome, which arises
from missense mutations in SUZ72 28, Cohen-Gibson syndrome is a rare congenital
syndrome associated with craniofacial malformations, advanced bone age, intellectual
disability, and developmental delay ”. EED mutations in individuals with Cohen-Gibson
syndrome cluster in WD40 domains 3 through 5 and are predicted to (1) abolish
interaction with EZH2, (2) prevent histone methyltransferase activity, and (3) inhibit
H3K27 trimethylation peptide binding. In support of these hypotheses, functional
investigations have shown that single nucleotide variants in the WD40 domain of EED
abolish binding to EZH2 in vitro 5. Mouse models encoding pathogenic EZH2 missense
variants, which are predicted to result in loss of function of the PRC2 complex, phenocopy
Weaver syndrome and cause excess osteogenesis and skeletal overgrowth 2.In this
study, we show that loss of Eed after neural crest induction causes the opposite
phenotype, resulting in craniofacial hypoplasia due to impairments in osteogenesis,
mesenchymal cell proliferation, and mesenchymal stem cell differentiation. The
discrepancy of missense variants in EED causing gain of craniofacial osteogenic function
in humans versus loss of Eed causing loss of craniofacial osteogenic function in mice
warrants further study, including investigation using alternative Cre drivers to target

different developmental stages of the neural crest. Despite these discrepancies, it is
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notable that many of the phenotypes we observed after loss of Eed in the neural crest of
mice were similar to previously reported phenotypes after loss of Ezh2 in the neural crest
cell in mice, with the exception of proliferation deficits after loss of Eed but not after loss

of Ezh2 %2,
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Sox10-Cre™™T Eed™*

Tg- FIWT | Tg- FUFI
21 (32.3%) | 20(30.8%)

Tg+ FIIWT | Tg+ FIIFI
24(36.9%) | 01(0.0%)

Postnatal genotyping

Eed"

Sox10-Cre™"T Eed™*

19T | To- FU
61 (22.5%) | 70(25.8%)

Tg+ FI/WT | Tg+ FIIFI
75 (27.7%) | 65 (24.0%)

E9.5-E19.5 genotyping

Eed™"

Sox10-Cre™"TEed™”  Sox10-Cre™"T Eed”™T ©

Sox10-Cre™"T Eed*  Sox10-Cre™@"T Eed/""
Sox10-Cre™"TEed  Sox10-Cre™®"T Eed™""

Fig. 1. Sox10-Cre Eed’F' embryos develop craniofacial malformations in utero.

(a) Genotyping frequencies of postnatal postnatal (top) and embryonic (bottom) Sox70-Cre
Eed™" mice. (b) Sagittal brightfield images of Sox10-Cre Eed™""or Sox10-Cre Eed™ embryos
from E10.5 to E17.5 showing craniofacial malformations appearing at E12.5 that were observed
with 100% penetrance. Scale bar, Tmm. (c¢) Coronal brightfield images of E16.5 Sox710-Cre
Eed™T or Sox10-Cre Eed™ embryos showing craniofacial malformations. Scale bar, 1mm. (d)
Whole-mount fluorescence microscopy of DAPI-stained Sox10-Cre Eed™" or Sox10-Cre Eed™"
heads at E12.5, E14.5, or E16.5. Scale bar, 1mm. All images are representative of >3 biological
replicates.
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a Sox10-Cre™"T Eed™"™" Sox10-Cre’@"T Eed™"
E18.5

Sox10-Cre™™TEed™™  Sox10-Cre™¥T Eed?™T

Frontal bone i 4 Maxilla Mandibula Mandibula
sagittal gy inferior sagittal

Sox10-Cre™"T Eed™™T

Sox10-Cre™"T Eed""

Fig. 2. Eed is required for craniofacial skeletal development from the neural crest.
(a) Sagittal brightfield images of whole-mount skeletal stains of E18.5 Sox70-Cre Eed™T or
Sox10-Cre Eed™" embryos. Alcian blue and alizarin red identify cartilage and bone, respectively.
Scale bar, Tmm. (b) Magnified sagittal brightfield images of whole-mount skeletal stains of E18.5
Sox10-Cre Eed™ T or Sox10-Cre Eed™" embryos. Bones structures are annotated (|,
interparietal; P, parietal; Mx, maxilla; Mb, mandible; Tr, tympanic ring; F, frontal; N, nasal; T,
temporal; S, supraoccipital). Scale bar, 1mm. (c) Micro-CT images of E19.5 Sox10-Cre Eed™"
or Sox10-Cre Eed™ heads. Scale bar, 1um. (d) Micro-CT images of E19.5 Sox70-Cre Eed™""
or Sox10-Cre Eed™F neural crest-derived craniofacial bones shaded in orange (frontal), grey
(maxilla), or green (mandible). Scale bar, 1uym. (d) Micro-CT images of E19.5 Sox70-Cre Eed™"™
or Sox10-Cre Eed™" neural crest-derived craniofacial bones shaded. Scale bars, 1um.

39



a C
5 [E155 - 5
g f g
B|cs | oB ko]
@ " CP )
w LRNL om w
% \ oe NC HO. %
B Np 2
o S, [
O MM (&
S HT S"i/s' S
~ ~ 9 R ~
S| N ice 3
(%] N (%}
g g
2| AT 5
W W ct w
3 | e b 3
2 oM o
£ W %) S
Q OB NG - 2
S £
VE, ®
3 S
] (%}
d e
80 1 § 1257 1257 80 1
S . s |2
il _,g . 8 P .
= o —~ 501 ¢
. ] N ]
b3 @ . "y oo
3 o > £ g ¢ 3 404
B oo ) hd S
s o S 0754 € 075
£ &) & = £
2ol S 2 g i -
2 x 2 050+  oso{ v 2 o
3 : . -
é i %) § = - © 20 :
~ - by & ~ &
© 207 < X o~ ©
g S B 0251 £ 0254 2 104 .
9 w S 10
@ e B
w -
04— £ 0.00 - —= 0.00 A= 0
£800% i 5 i
& <& G (&8 & & L% @0 &
R A o o
o & ) & 48 &Y a8 N
& o = & o é o & o
\Q,G & 5 \0,0 & R o 8 \0,0 0
o of 2 ot o ot &P ot &P

Fig. 3. Eed regulates craniofacial differentiation and proliferation from the neural
crest. (a) Brightfield coronal H&E images of E15.5 Sox10-Cre Eed™"" or Sox10-Cre Eed™"
heads. Anatomic structures are annotated (Ct, cortex; CP, cartilage primordium; CS, conjunctival
sac; Gg, genioglossus muscle; HC, hyaloid cavity; Hg, hyoglossus muscle; L, lens; LV, lateral
ventricle; Mb, midbrain; MM, masseter muscle; Np, nasopharynx; NC, nasal cavity; OB, olfactory
bulb; OE, olfactory epithelium; OM, ocular muscle; RNL, retina neural layer; Sm/St, sublingual
and submandibular ducts; T, tongue; TV, third ventricle; VF, vibrissa follicles). Scale bar, Tmm.
(b) Coronal immunofluorescence images of E15.5 Sox10-Cre Eed™""or Sox10-Cre Eed™ heads
stained for ALPL (green) and Sox9 (red). Scale bars, 1mm and 100um. (c) Coronal
immunofluorescence images of E15.5 Sox10-Cre Eed™" or Sox10-Cre Eed™ heads stained for
Ki67 (green) and Vimentin (red). Scale bars, 1mm and 100um. (d) Quantification of Ki67
immunofluorescence labeling index from E15.5 heads. (e) Coronal immunofluorescence images
of E12.5 Sox10-Cre Eed™T or Sox10-Cre Eed™ heads stained for Runx2 (red) and Sox9
(green). Intracranial tissues demonstrate ex vacuo dilation and anterior herniation in Sox70-Cre
Eed™" heads. DNA is marked by DAPI. Scale bars, 500um and 100um. (f) Quantification of
immunofluorescence imaging intensity from primary craniofacial cell cultures from E12.5 Sox10-
Cre Eed™T or Sox10-Cre Eed™ embryos. All images are representative of >3 biological
replicates. DNA is marked by DAPI. Lines represent means and error bars represent standard
error of the means. Student’s t-tests, **p<0.01, ***p<0.0001.
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Fig. 4. Eed regulates craniofacial mesenchymal stem cell, osteoblast, and
proliferating mesenchymal cell fate from the neural crest. (a) Integrated UMAP of
63,730 transcriptomes from single-cell RNA sequencing of litter-matched E12.5 Sox70-Cre
Eed™T (n=3) or Sox10-Cre Eed™F (n=3) heads. (b) Integrated UMAP overlaying cell cluster
distribution from single-cell RNA sequencing. (c) Quantification of mesenchymal cell cluster
distribution from single-cell RNA sequencing. Lines represent means and error bars represent
standard error of the means. Student’s t-tests, **p<0.01, ***p<0.0001. (d) Gene expression feature
plots of mesenchymal lineages from single-cell RNA sequencing. (e) Volcano plot showing
differentially expressed genes between CO (osteoblasts) and C4 (mesenchymal stem cells). (g)
Volcano plot showing differentially expressed genes between CO and C5 (mesenchymal stem
cells). (a) Volcano plot showing differentially expressed genes between 2 clusters of
mesenchymal stem cells from single-cell RNA sequencing of litter-matched E12.5 Sox710-Cre
Eed™T (n=3) or Sox10-Cre Eed™ (n=3) heads. (c) Volcano plot showing differentially expressed
genes in differentiating osteoblasts (C0), mesenchymal stem cells (C4, C5), and proliferating
mesenchymal cells (C7) from single-cell RNA sequencing of litter-matched E12.5 Sox70-Cre
Eed™T (n=3) versus Sox10-Cre Eed™' (n=3) heads.
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Supplementary Fig. 1. Sox10-Cre Eed"f' embryos develop significant craniofacial
malformations in utero. (a) Craniofacial measurement quantification of pupillary distance (left)
or craniofacial width (right) from E12.5 Sox710-Cre Eed™ T or Sox10-Cre Eed™" embryos. (b)
Body measurement quantification of crown-rump length from E12.5 Sox70-Cre Eed™" or Sox10-
Cre Eed™ embryos. Lines represent means and error bars represent standard error of the
means. (c) Craniofacial measurement quantification of pupillary distance (left) or craniofacial
width (right) from E16.5 Sox10-Cre Eed™ or Sox10-Cre Eed™" embryos. (d) Body
measurement quantification of crown-rump length (left) or body weight (right) from E16.5 Sox10-
Cre Eed™T or Sox10-Cre Eed™F embryos. Lines represent means and error bars represent
standard error of the means. Student’s t-tests, ***p<0.0001.
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Supplementary Fig. 2. Sox10-Cre Eed™f' embryos develop subtle cardiac
malformations in utero. (a) Sagittal view of E16.5 Sox710-Cre Eed™"T (top) or Sox10-Cre
Eed™" (bottom) embryos in B-mode echocardiography (FL, frontal lobe; NB, nasal bridge; N,
nose; UL, upper lip; M, mandible). Scale bar, 1mm. (b) Transversal view of B-mode
echocardiography with measurements of left ventricle internal and external areas of an E16.5
embryo. (c) M-mode echocardiography of E16.5 Sox10-Cre Eed™"' (left) or Sox10-Cre Eed™"
(right) embryos. Four cardiac cycles are included per trace and all cardiac segments are visible
in each embryo, as labeled. (d) Quantitative echocardiography measurements from Sox70-Cre
Eed™Tor Sox10-Cre Eed™" embryos. Lines represent means and error bars represent standard
error of the means. Student’s t-tests, *p<0.05, **p<0.01.
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Supplementary Fig. 3. Sox10-Cre Eed"' embryos develop significant craniofacial
mesenchymal differentiation phenotypes and subtle apoptotic phenotypes in
utero. (a) Coronal brightfield images of whole-mount skeletal stains of E18.5 Sox10-Cre Eed™"T"
or Sox10-Cre Eed™" embryos. Scale bar, 1mm. (b) Brightfield sagittal H&E images of E16.5
Sox10-Cre Eed™T or Sox10-Cre Eed™ heads in series from lateral (left) to medial (right).
Vibrissa (V) were reduced in Sox70-Cre Eed™" heads compared to controls. Scale bar, 1mm. (c)
Coronal immunofluorescence images of E15.5 Sox710-Cre Eed™" or Sox10-Cre Eed™" heads
stained for osteocalcin (green). Scale bar, 1mm. (d) Coronal immunofluorescence images of
E15.5 Sox10-Cre Eed™T or Sox10-Cre Eed™ mandibles stained for Cleaved Caspase 3 (red).
Scale bar, 100pm. (e) Quantification of Cleaved Caspase 3 immunofluorescence labeling index
from E15.5 Sox10-Cre Eed™"Tor Sox10-Cre Eed™ " mandibles. Lines represent means and error
bars represent standard error of the means. Student's t-test, **p<0.01. (f) Coronal
immunofluorescence images of E15.5 Sox70-Cre Eed™"" or Sox10-Cre Eed™F heads stained for
Runx2 (red). Scale bar, 1mm. All images are representative of >3 biological replicates. DNA is
marked by DAPI.
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Supplementary Fig. 4. Eed regulates craniofacial differentiation and proliferation in
vivo and in primary cell cultures. (a) Coronal immunofluorescence images of E12.5 Sox10-
Cre Eed™ " or Sox10-Cre Eed™" heads stained for BrdU (red). Scale bars, 500um and 50um. (b)
Quantification of BrdU immunofluorescence labeling index from E12.5 heads. (c)
Immunofluorescence images of primary craniofacial cell cultures from E12.5 Sox10-Cre Eed™"
or Sox10-Cre Eed™" embryos stained for Eed, Runx2, Ki67, or Sox10. Scale bar, 100um. (d)
Quantification of ALPL immunofluorescence imaging intensity from primary E15.5 craniofacial cell
cultures. (e) Coronal immunofluorescence images of E12.5 Sox10-Cre Eed™" or Sox10-Cre
Eed™" heads stained for Sox10 (red). Scale bars, 500um and 50um. All images are
representative of >3 biological replicates. DNA is marked by DAPI. Lines represent means and
error bars represent standard error of the means. Student’s t-tests, ***p<0.0001.
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Supplementary Fig 5. Cell clusters from single-cell RNA sequencing of E12.5
Sox10-Cre Eed™T or Sox10-Cre Eed"F! heads. (a) Heat map of differentially expressed

genes across 23 cell clusters.
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Supplementary Fig. 6. Cell cluster marker genes from single-cell RNA sequencing
of E12.5 Sox10-Cre Eed™T or Sox10-Cre Eed"F! heads. (a) Gene expression feature
plots for differentially expressed genes across 23 cell clusters.



Supplementary Fig. 7. Single-cell transcriptome differential expression analyses
among mesenchymal cell clusters. (a) Gene expression feature plots for differentially
expressed genes between CO and C4. (b) Gene expression feature plots for differentially
expressed genes between CO and C5. (c) Gene expression feature plots for differentially
expressed genes between mesenchymal stem cell clusters.

48



References

1.

Bertol, J. W., Johnston, S., Ahmed, R., Xie, V. K., Hubka, K. M., Cruz, L., Nitschke,
L., Stetsiv, M., Goering, J. P., Nistor, P., et al. (2022). Twist1 interacts with beta/delta-
Catenins during neural tube development and regulates fate transition in cranial neural
crest cells. Development 149,.

Blanco-Carmona, E. (2022). Generating publication ready visualizations for Single
Cell transcriptomics using SCpubr. bioRxiv 2022.02.28.482303.

Bonnard, C., Strobl, A. C., Shboul, M., Lee, H., Merriman, B., Nelson, S. F., Ababneh,
O. H., Uz, E., Guran, T., Kayserili, H., et al. (2012). Mutations in IRX5 impair
craniofacial development and germ cell migration via SDF1. Nat. Genet. 44, 709-713.
Bowers, S. L. K., Meng, Q., Kuwabara, Y., Huo, J., Minerath, R., York, A. J., Sargent,
M. A., Prasad, V., Saviola, A. J., Galindo, D. C., et al. (2023). Col1a2-Deleted Mice
Have Defective Type | Collagen and Secondary Reactive Cardiac Fibrosis with Altered
Hypertrophic Dynamics. Cells 12, 2174.

Bronner, M. E. and LeDouarin, N. M. (2012). Development and evolution of the neural
crest: An overview. Dev. Biol. 366, 2-9.

Cain, C. J., Gaborit, N., Lwin, W., Barruet, E., Ho, S., Bonnard, C., Hamamy, H.,
Shboul, M., Reversade, B., Kayserili, H., et al. (2016). Loss of Iroquois homeobox
transcription factors 3 and 5 in osteoblasts disrupts cranial mineralization. Bone Rep.
5, 86-95.

Cardiff, R. D., Miller, C. H. and Munn, R. J. (2014). Manual Hematoxylin and Eosin

Staining of Mouse Tissue Sections. Cold Spring Harb. Protoc. 2014, pdb.prot073411.

49



8. Cheung, M., Chaboissier, M.-C., Mynett, A., Hirst, E., Schedl, A. and Briscoe, J.
(2005). The Transcriptional Control of Trunk Neural Crest Induction, Survival, and
Delamination. Dev. Cell 8, 179-192.

9. Cho, K. Y., Kelley, B. P., Monier, D., Lee, B., Szabo-Rogers, H. and Napierala, D.
(2019). Trps1 Regulates Development of Craniofacial Skeleton and Is Required for
the Initiation of Palatal Shelves Fusion. Front. Physiol. 10, 513.

10.Cohen, A. S. and Gibson, W. T. (2016). EED-associated overgrowth in a second male
patient. J. Hum. Genet. 61, 831-834.

11.Cohen, A. S. A., Tuysuz, B., Shen, Y., Bhalla, S. K., Jones, S. J. M. and Gibson, W.
T. (2015). A novel mutation in EED associated with overgrowth. J. Hum. Genet. 60,
339-342.

12.Crispino, G., Pasquale, G. D., Scimemi, P., Rodriguez, L., Ramirez, F. G., Siati, R. D.
D., Santarelli, R. M., Arslan, E., Bortolozzi, M., Chiorini, J. A., et al. (2011). BAAV
Mediated GJB2 Gene Transfer Restores Gap Junction Coupling in Cochlear
Organotypic Cultures from Deaf Cx26Sox10Cre Mice. PLoS ONE 6, e23279.

13.Deckelbaum, R. A., Holmes, G., Zhao, Z., Tong, C., Basilico, C. and Loomis, C. A.
(2012). Regulation of cranial morphogenesis and cell fate at the neural crest-
mesoderm boundary by engrailed 1. Development 139, 1346—1358.

14.Denisenko, O., Shnyreva, M., Suzuki, H. and Bomsztyk, K. (1998). Point Mutations in
the WD40 Domain of Eed Block Its Interaction with Ezh2. Mol. Cell. Biol. 18, 5634—
5642.

15.Dudakovic, A., Camilleri, E. T., Xu, F., Riester, S. M., McGee-Lawrence, M. E.,

Bradley, E. W., Paradise, C. R., Lewallen, E. A., Thaler, R., Deyle, D. R., et al. (2015).

50



Epigenetic Control of Skeletal Development by the Histone Methyltransferase Ezh2*.
J. Biol. Chem. 290, 2760427617 .

16.Fantauzzo, K. A. and Christiano, A. M. (2011). Trps1 activates a network of secreted
Whnt inhibitors and transcription factors crucial to vibrissa follicle morphogenesis.
Development 139, 203-214.

17.Faust, C., Schumacher, A., Holdener, B. and Magnuson, T. (1995). The eed mutation
disrupts anterior mesoderm production in mice. Development 121, 273-285.

18.Frisdal, A. and Trainor, P. A. (2014). Development and evolution of the pharyngeal
apparatus. Wiley Interdiscip. Rev.: Dev. Biol. 3, 403—418.

19.Gao, C. W., Lin, W., Riddle, R. C., Kushwaha, P., Boukas, L., Bjérnsson, H. T.,
Hansen, K. D. and Fahrner, J. A. (2023). Novel mouse model of Weaver syndrome
displays overgrowth and excess osteogenesis reversible with KDM6A/6B inhibition.
bioRxiv 2023.06.23.546270.

20.Gerdes, J., Lemke, H., Baisch, H., Wacker, H. H., Schwab, U. and Stein, H. (1984).
Cell cycle analysis of a cell proliferation-associated human nuclear antigen defined by
the monoclonal antibody Ki-67. J. Immunol. (Baltim., Md : 1950) 133, 1710-5.

21.Gibson, W. T., Hood, R. L., Zhan, S. H., Bulman, D. E., Fejes, A. P., Moore, R,,
Mungall, A. J., Eydoux, P., Babul-Hirji, R., An, J., et al. (2012). Mutations in EZH2
Cause Weaver Syndrome. Am. J. Hum. Genet. 90, 110-118.

22.Goel, H., O’'Donnell, S. and Edwards, M. (2024). EED related overgrowth: First report

of multiple members in a single family. Am. J. Méd. Genet. Part A 194, 374-382.

51



23.Hafemeister, C. and Halbritter, F. (2023). Single-cell RNA-seq differential expression
tests within a sample should use pseudo-bulk data of pseudo-replicates. bioRxiv
2023.03.28.534443.

24.Hao, Y., Stuart, T., Kowalski, M. H., Choudhary, S., Hoffman, P., Hartman, A,
Srivastava, A., Molla, G., Madad, S., Fernandez-Granda, C., et al. (2024). Dictionary
learning for integrative, multimodal and scalable single-cell analysis. Nat. Biotechnol.
42,293-304.

25.Honoré, S. M., Aybar, M. J. and Mayor, R. (2003). Sox10 is required for the early
development of the prospective neural crest in Xenopus embryos. Dev. Biol. 260, 79—
96.

26.lanevski, A., Giri, A. K. and Aittokallio, T. (2022). Fully-automated and ultra-fast cell-
type identification using specific marker combinations from single-cell transcriptomic
data. Nat Commun 13, 1246.

27.lmagawa, E., Albuquerque, E. V. A., Isidor, B., Mitsuhashi, S., Mizuguchi, T.,
Miyatake, S., Takata, A., Miyake, N., Boguszewski, M. C. S., Boguszewski, C. L., et
al. (2018). Novel SUZ12 mutations in Weaver-like syndrome. Clin. Genet. 94, 461—
466.

28.Jang, Y. O., Cho, M.-Y., Yun, C.-O., Baik, S. K., Park, K.-S., Cha, S.-K,, Chang, S. J.,
Kim, M. Y., Lim, Y. L. and Kwon, S. O. (2016). Effect of Function-Enhanced
Mesenchymal Stem Cells Infected With Decorin-Expressing Adenovirus on Hepatic

Fibrosis. Stem Cells Transl. Med. 5, 1247-1256.

52



29.Jeong, J., Mao, J., Tenzen, T., Kottmann, A. H. and McMahon, A. P. (2004).
Hedgehog signaling in the neural crest cells regulates the patterning and growth of
facial primordia. Genes Dev. 18, 937-951.

30.Jing, H., Liao, L., An, Y., Su, X,, Liu, S., Shuai, Y., Zhang, X. and Jin, Y. (2016).
Suppression of EZH2 Prevents the Shift of Osteoporotic MSC Fate to Adipocyte and
Enhances Bone Formation During Osteoporosis. Mol. Ther. 24, 217-229.

31.Kawane, T., Qin, X., Jiang, Q., Miyazaki, T., Komori, H., Yoshida, C. A., Matsuura-
Kawata, V. K. dos S., Sakane, C., Matsuo, Y., Nagai, K., et al. (2018). Runx2 is
required for the proliferation of osteoblast progenitors and induces proliferation by
regulating Fgfr2 and Fgfr3. Sci. Rep. 8, 13551.

32.Kim, J., Lo, L., Dormand, E. and Anderson, D. J. (2003). SOX10 Maintains
Multipotency and Inhibits Neuronal Differentiation of Neural Crest Stem Cells. Neuron
38, 17-31.

33.Kim, S. Y., Paylor, S. W., Magnuson, T. and Schumacher, A. (2006). Juxtaposed
Polycomb complexes co-regulate vertebral identity. Development 133, 4957—-4968.

34.Kim, H., Langohr, I. M., Faisal, M., McNulty, M., Thorn, C. and Kim, J. (2018). Ablation
of Ezh2 in neural crest cells leads to aberrant enteric nervous system developmentin
mice. PLoS ONE 13, e0203391.

35.Komori, T. (2009). Osteoimmunology, Interactions of the Immune and skeletal
systems Il. Adv. Exp. Med. Biol. 658, 43—49.

36.Lamandé, S. R., Mdrgelin, M., Adams, N. E., Selan, C. and Allen, J. M. (2006). The

C5 domain of the collagen VI alpha3(VI) chain is critical for extracellular microfibril

53



formation and is present in the extracellular matrix of cultured cells. J. Biol. Chem.
281, 16607-14.

37.Lee, M. S., Lowe, G., Flanagan, S., Kuchler, K. and Glackin, C. A. (2000). Human
dermo-1 has attributes similar to twist in early bone development. Bone 27, 591-602.

38.Lindsay, E. A., Botta, A., Jurecic, V., Carattini-Rivera, S., Cheah, Y.-C., Rosenblatt,
H. M., Bradley, A. and Baldini, A. (1999). Congenital heart disease in mice deficient
for the DiGeorge syndrome region. Nature 401, 379-383.

39.Lindsay, E. A., Vitelli, F., Su, H., Morishima, M., Huynh, T., Pramparo, T., Jurecic, V.,
Ogunrinu, G., Sutherland, H. F., Scambler, P. J., et al. (2001). Tbx1 haploinsufficiency
in the DiGeorge syndrome region causes aortic arch defects in mice. Nature 410, 97—
101.

40.Liu, Y., Strecker, S., Wang, L., Kronenberg, M. S., Wang, W., Rowe, D. W. and Maye,
P. (2013). Osterix-Cre Labeled Progenitor Cells Contribute to the Formation and
Maintenance of the Bone Marrow Stroma. PLoS ONE 8, e71318.

41.Liu, W., Zhang, L., Xuan, K., Hu, C., Liu, S., Liao, L., Li, B., Jin, F., Shi, S. and Jin, Y.
(2018). Alpl prevents bone ageing sensitivity by specifically regulating senescence
and differentiation in mesenchymal stem cells. Bone Res. 6, 27.

42.Luo, L., Ambrozkiewicz, M. C., Benseler, F., Chen, C., Dumontier, E., Falkner, S.,
Furlanis, E., Gomez, A. M., Hoshina, N., Huang, W.-H., et al. (2020). Optimizing
Nervous System-Specific Gene Targeting with Cre Driver Lines: Prevalence of
Germline Recombination and Influencing Factors. Neuron 106, 37-65.e5.

43.Maczkowiak, F., Matéos, S., Wang, E., Roche, D., Harland, R. and Monsoro-Burq, A.

H. (2010). The Pax3 and Pax7 paralogs cooperate in neural and neural crest

54



patterning using distinct molecular mechanisms, in Xenopus laevis embryos. Dev.
Biol. 340, 381-396.

44 .Margueron, R. and Reinberg, D. (2011). The Polycomb complex PRC2 and its mark
in life. Nature 469, 343—-349.

45.Matsuoka, T., Ahlberg, P. E., Kessaris, N., lannarelli, P., Dennehy, U., Richardson,
W. D., McMahon, A. P. and Koentges, G. (2004). Neural crest origins of the neck and
shoulder. Nature 436, 347-55.

46.Mendez, M. G., Kojima, S. and Goldman, R. D. (2010). Vimentin induces changes in
cell shape, motility, and adhesion during the epithelial to mesenchymal transition.
FASEB J. 24, 1838-1851.

47.Metzis, V., Courtney, A. D., Kerr, M. C., Ferguson, C., Galeano, M. C. R., Parton, R.
G., Wainwright, B. J. and Wicking, C. (2013). Patched1 is required in neural crest cells
for the prevention of orofacial clefts. Hum. Mol. Genet. 22, 5026-5035.

48.Minoux, M. and Rijli, F. M. (2010). Molecular mechanisms of cranial neural crest cell
migration and patterning in craniofacial development. Development 137, 2605-2621.

49.Mirzamohammadi, F., Papaioannou, G., Inloes, J. B., Rankin, E. B., Xie, H., Schipani,
E., Orkin, S. H. and Kobayashi, T. (2016). Polycomb repressive complex 2 regulates
skeletal growth by suppressing Wnt and TGF-f8 signalling. Nat. Commun. 7, 12047.

50.Montgomery, N. D., Yee, D., Montgomery, S. A. and Magnuson, T. (2007). Molecular
and Functional Mapping of EED Motifs Required for PRC2-Dependent Histone

Methylation. J. Mol. Biol. 374, 1145-1157.

55



51.Mori-Akiyama, Y., Akiyama, H., Rowitch, D. H. and Crombrugghe, B. de (2003). Sox9
is required for determination of the chondrogenic cell lineage in the cranial neural
crest. Proc. Natl. Acad. Sci. 100, 9360-9365.

52.Nakamura, T., Gulick, J., Colbert, M. C. and Robbins, J. (2009). Protein tyrosine
phosphatase activity in the neural crest is essential for normal heart and skull
development. Proc. Natl. Acad. Sci. 106, 11270-11275.

53.Niethamer, T. K., Teng, T., Franco, M., Du, Y. X., Percival, C. J. and Bush, J. O.
(2020). Aberrant cell segregation in the craniofacial primordium and the emergence
of facial dysmorphology in craniofrontonasal syndrome. PLoS Genet. 16, e1008300.

54.0O’Carroll, D., Erhardt, S., Pagani, M., Barton, S. C., Surani, M. A. and Jenuwein, T.
(2001). The polycomb-group gene Ezh2 is required for early mouse development. Mol.
Cell. Biol. 21, 4330-6.

55.Pasini, D., Bracken, A. P., Jensen, M. R., Denchi, E. L. and Helin, K. (2004). Suz12 is
essential for mouse development and for EZH2 histone methyltransferase activity.
EMBO J. 23, 4061-4071.

56.Piunti, A. and Shilatifard, A. (2021). The roles of Polycomb repressive complexes in
mammalian development and cancer. Nat. Rev. Mol. Cell Biol. 22, 326-345.

57.Rigueur, D. and Lyons, K. M. (2013). Skeletal Development and Repair, Methods and
Protocols. Methods Mol. Biol. 1130, 113-121.

58.Rotllant, J., Liu, D., Yan, Y.-L., Postlethwait, J. H., Westerfield, M. and Du, S.-J.
(2008). Sparc (Osteonectin) functions in morphogenesis of the pharyngeal skeleton

and inner ear. Matrix Biol. 27, 561-572.

56



59.Sandell, L., Inman, K. and Trainor, P. (2018). DAPI Staining of Whole-Mount Mouse
Embryos or Fetal Organs. Cold Spring Harb. Protoc. 2018, pdb.prot094029.

60.Schumacher, A., Faust, C. and Magnuson, T. (1996). Positional cloning of a global
regulator of anterior—posterior patterning in mice. Nature 383, 250-253.

61.Schwarz, D., Varum, S., Zemke, M., Schdéler, A., Baggiolini, A., Draganova, K., Koseki,
H., Schibeler, D. and Sommer, L. (2014). Ezh2 is required for neural crest-derived
cartilage and bone formation. Development 141, 867—-877.

62.Shukunami, C., Takimoto, A., Oro, M. and Hiraki, Y. (2006). Scleraxis positively
regulates the expression of tenomodulin, a differentiation marker of tenocytes. Dev.
Biol. 298, 234-247.

63.Shull, L. C., Sen, R., Menzel, J., Goyama, S., Kurokawa, M. and Artinger, K. B. (2020).
The conserved and divergent roles of Prdm3 and Prdm16 in zebrafish and mouse
craniofacial development. Dev. Biol. 461, 132—144.

64.Simbes-Costa, M. and Bronner, M. E. (2015). Establishing neural crest identity: a gene
regulatory recipe. Development 142, 242-257 .

65.Smits, P., Li, P., Mandel, J., Zhang, Z., Deng, J. M., Behringer, R. R., Crombrugghe,
B. de and Lefebvre, V. (2001). The Transcription Factors L-Sox5 and Sox6 Are
Essential for Cartilage Formation. Dev. Cell 1, 277-290.

66.Spellicy, C. J., Peng, Y., Olewiler, L., Cathey, S. S., Rogers, R. C., Bartholomew, D.,
Johnson, J., Alexov, E., Lee, J. A., Friez, M. J., et al. (2019). Three additional patients
with EED-associated overgrowth: potential mutation hotspots identified? J. Hum.

Genet. 64, 561-572.

57



67.Tamamura, Y., Katsube, K., Mera, H., Itokazu, M. and Wakitani, S. (2017). Irx3 and
Bmp2 regulate mouse mesenchymal cell chondrogenic differentiation in both a Sox9-
dependent and -independent manner. J. Cell. Physiol. 232, 3317-3336.

68.Tan, Z., Kong, M., Wen, S., Tsang, K. Y., Niu, B., Hartmann, C., Chan, D., Hui, C. and
Cheah, K. S. E. (2020). IRX3 and IRX5 Inhibit Adipogenic Differentiation of
Hypertrophic Chondrocytes and Promote Osteogenesis. J. Bone Miner. Res. 35,
2444-2457.

69. Tatton-Brown, K., Murray, A., Hanks, S., Douglas, J., Armstrong, R., Banka, S., Bird,
L. M., Clericuzio, C. L., Cormier-Daire, V., Cushing, T., etal. (2013). Weaver syndrome
and EZH2 mutations: Clarifying the clinical phenotype. Am. J. Méd. Genet. Part A 161,
2972-2980.

70.Tien, C.-L., Jones, A., Wang, H., Gerigk, M., Nozell, S. and Chang, C. (2015).
Snail2/Slug cooperates with Polycomb repressive complex 2 (PRC2) to regulate
neural crest development. Development 142, 722—-731.

71.Ting, M.-C., Wu, N. L., Roybal, P. G., Sun, J., Liu, L., Yen, Y. and Maxson, R. E.
(2009). EphA4 as an effector of Twist1 in the guidance of osteogenic precursor cells
during calvarial bone growth and in craniosynostosis. Development 136, 855—-864.

72.Yan, Y.-L., Miller, C. T., Nissen, R. M., Singer, A., Liu, D., Kirn, A., Draper, B.,
Willoughby, J., Morcos, P. A., Amsterdam, A., et al. (2002). A zebrafish sox9 gene
required for cartilage morphogenesis. Dev. (Camb., Engl.) 129, 5065—79.

73.Yu, M., Riva, L., Xie, H., Schindler, Y., Moran, T. B., Cheng, Y., Yu, D., Hardison, R.,

Weiss, M. J., Orkin, S. H., et al. (2009).

58



CHAPTER 3

Epigenetic reprogramming shapes the cellular landscape of schwannoma

Introduction

Cancer is a heterogeneous disease, and the evolution of cell states and cell types
. . . . 1-5 .
in the tumor microenvironment can influence response to treatment ~. Peripheral
6 . .
nervous system Schwann cells develop from the neural crest”, a multipotent embryonic

cell population characterized by remarkable molecular and functional diversity7.

Schwannoma tumors have a low burden of somatic mutations that do not change after

treatment with ionizing radiations’g, but schwannomas that are treated with radiotherapy

11 . . .
. In clinical practice, symptomatic

. . 10,
periodically swell and shrink for many years
schwannoma oscillations are treated with empiric immunosuppressive corticosteroids or

surgical decompression, and preoperative schwannoma growth is associated with

immune cell infiltration'>"®. Here we test the hypothesis that epigenetic mechanisms
shape schwannoma cell states and the immune microenvironment during schwannoma
responses to radiotherapy. To do so, | collaborated with Dr. John Liu, MD, PhD (J.L) and
Dr. David Raleigh, MD, PhD who conceived of this study and wrote this manuscript. J.L.
interrogated human schwannomas, primary patient-derived schwannoma cells, and
Schwann and schwannoma cell lines using bulk and single-cell bioinformatics, functional
genomic, proteomic, metabolomic, and mechanistic approaches. J.L. found
schwannomas are comprised of 2 molecular groups that are distinguished by tumor and
immune cell types and can arise de novo (Fig. 1) but undergo epigenetic interconversion

in response to radiotherapy (Fig. 2). | conducted a genome-wide CRISPR interference
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(CRISPRI) screen’ and identified epigenetic regulators driving schwannoma cell
reprogramming and immune cell infiltration in response to ionizing radiation (Fig. 3). We
co-developed a technique integrating single-nuclei ATAC, RNA, and CRISPRI
perturbation sequencing and elucidates concordant chromatin accessibility, transcription
factor activity, and gene expression programs underlying schwannoma cell state
evolution that are conserved in human tumors (Fig. 4). In sum, these data shed light on
the molecular landscape of schwannomas and reveal epigenetic mechanisms underlying

tumor heterogeneity and response to radiotherapy (Fig. 5).

Methods
Cell culture and treatments

Human Schwann cells (HSC, ScienCell Research Laboratories #1700) and Mouse
Schwann Cells (MSC, ScienCell Research Laboratories #M1700-57) were cultured in
complete Schwann Cell Medium on Poly- L-Lysine coated substrates (ScienCell
Research Laboratories, #1701). HEI-193 schwannoma cells were a gift from Marco
Giovannini and cultured in Dulbecco’s Modified Eagle Medium (Gibco, #11960069)

supplemented with 10% fetal bovine serum (FBS) (Life Technologies, #16141), glutamine

(Thermo Fisher Scientific, #10378016)38. HEK-293T cells were a gift from Luke Gilbert
and cultured in Dulbecco’s Modified Eagle Medium (Gibco, #11960069) supplemented
with 10% fetal bovine serum (FBS) (Life Technologies, #16141). Cell cultures were
authenticated by STR analysis at the UC Berkeley DNA Sequencing Facility, as well as
routinely tested for mycoplasma using the MycoAlert Detection Kit (Lonza, #75866-212).

Subconfluent HSC and HEI-193 schwannoma cells were irradiated with an X-Rad 320
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(Precision X-Ray) irradiator using a 320 KV output at a rate of 3 Gy/min, with rotating a
platform supporting cell culture plates. Cells were quantified by manual hemocytometer

during routine cell culture passaging. Crystal violet staining of HEI-193 cells was

quantified with background subtraction using ImageJ74. For ciliation and Hedgehog
signaling assays, cultures were transitioned to OptiMEM (Thermo Fisher Scientific,
#31985062) and treated with recombinant Sonic Hedgehog 1 pg/ml (1845, R&D Systems,
Minneapolis, MN) or vehicle control for 24 h. Subconfluent HSC cultures in 96 well plates
were treated with vismodegib (Genentech) for 72 h, and cell proliferation was assayed on
a GloMax Discovery plate reader (Promega, #PAGM3000) using the CellTiter 96 Non-
Radioactive Cell Proliferation kit (Promega, #G4100). For proteomic mass spectrometry,
cells were grown in serum-free N5 media consisting of Neurobasal A (Life Technologies,
#10888022) supplemented with N2 (Gemini Bio-Products, #400-163) and B27
supplements without vitamin A (Gibco, #12587010), L-glutamine 2 mM, antibiotic-
antimycotic (Thermo Fisher Scientific, #15240112), bFGF 20 ng/mL (VWR, #119-126),
and human EGF 20 ng/mL (Pepro- Tech, #AF-100-15). Cells were irradiated, and cell-
free conditioned media was isolated by centrifugation for 10 min at 4000g and filtering
through a 0.45 um syringe for mass spectrometry. TUNEL assays for apoptosis were
performed using the APO-BrdU TUNEL Assay Kit with Alexa Fluor 488 Anti-BrdU

(Thermo Fisher Scientific, #A23210).

CRISPR interference

HEI-193 schwannoma cells stably expressing the CRISPRi components dCas9-

KRAB were generated as previously described 14,40, HEI- 193 schwannoma cells were

transduced with lentivirus harboring SFFV-dCas9-BFP-KRAB, and the top ~25% of cells
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expressing BFP were FACS sorted and expanded. For single gene targeted knockdowns,
sgRNA protospacer sequences (Supplementary Data 11) were cloned into a lentiviral
expression vector (U6-sgRNA EF1Alpha-puro-T2A- BFP) by annealing and ligation. HEI-
193 schwannoma CRISPRI cells were then transduced with sgRNA lentivirus and

selected with puromycin 1 pg/mL for at least 4 days before experimentation.

Lymphocyte isolation and migration

Peripheral blood lymphocytes were isolated from the human blood of healthy

volunteers’6. A Polymorph density gradient (Accurate Chemical & Scientific Corporation,
#AN221725) was used to isolate peripheral blood mononuclear cells that were
subsequently selected and differentiated into T cell lymphocytes in Roswell Park
Memorial Institute 1640 media (Life Technologies, #11875093) supplemented with 10%
FBS, 1% penicillin/streptomycin, phytohemagglutinin 1 yg/ ml (10576015, Thermo Fisher
Scientific) and recombinant human IL-2 20ng/ml (202-IL, R&D Systems). The QCM
Leukocyte Migration Assay (MilliporeSigma, # ECM557) and a GloMax Discovery plate
reader (Promega, #PAGM3000) were used to quantify transwell T cell lymphocyte
migration from the apical chamber over 4 h at 37 °C. Unconditioned HEI-193 media
served as a negative control, uncon- ditioned HEI-193 media supplemented with
recombinant human CCL21 600 ng/ml (366-6C, R&D Systems) served as a positive
control, HEI-193 media 5 days after 12.5 Gy in 1 fraction, or HEI-193 media without
radiation were placed in the basolateral chamber. All conditions were free from serum or

other supplements unless specifically indicated.

Quantitative polymerase chain reaction
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RNA was isolated using the RNEasy Mini Kit (Qiagen, #74106) and a QiaCube
(Qiagen, #9001292), and cDNA was synthesized using the iScript cONA Synthesis Kit
(Bio-Rad, #1708891) and a ProFlex ther- mocycler (Thermo Fisher Scientific, #4484073).
Target genes were amplified using PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific, #A25741) and a QuantStudio 6 thermocycler (Thermo Fisher Scientific,
#4485691). Gene expression was calculated using the AACt method for candidate genes,

with normalization to GAPDH (Supple- mentary Data 11).

Single-nuclei RNA sequencing and analysis

Flash-frozen archived schwannoma specimens were minced with sterile Bard-
Parker #10 surgical scalpels (Aspen Surgical, #—410) and mechanically dissociated with
a Pestle Tissue Grinder (size A, Thomas Scientific, #3431E45) in ice-cold lysis buffer

consisting of 0.32 M sucrose, 5 mM CaCl2, 3 mM MgAc2, 0.1 mM EDTA, 10 mM Tris-

HCI, 1 mM DTT and 0.1% Triton X-100 in DEPC-treated water90. A sucrose solution
consisting of 1.8 M sucrose, 3 mM MgAc2, 1 mM DTT, and 10 mM Tris- HCI in DEPC-
treated water was added to the bottom of the lysis solution in ultracentrifuge tubes
(Beckman Coulter) to form a gradient, which was ultracentrifuged at 107,000g for 2.5 h
at 4 °C. Nuclei pellets were resuspended in phosphate-buffered saline and sequentially
filtered twice in 30 um strainers (Miltenyi Biotec, #130-098-458). Isolated nuclei were
assessed with DAPI staining and loaded onto a 10x Chromium controller using the
Chromium Single Cell 3’ Library & Gel Bead Kit v2 (10x Genomics). Library sequencing
and preprocessing for single nuclei were performed as described above for single-cell
libraries, except that a pre-mRNA reference library (GRCh38), including intronic

segments, was used for read alignment and quantification. Nuclei libraries with greater
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than 400 unique genes were detected, and fewer than 5% of reads attributed to
mitochondrial transcripts were retained. To integrate single-nuclei and single-cell RNA
sequencing data, all libraries passing respective QC filters described above were
combined in silico and normalized with variance stabilization using SCTransform in

Seurat version 3.0, with UMI count, percent of reads aligned to mitochondrial transcripts,

and technique (single-cell versus single- nuclei) as covariates88. Principal component
analysis was performed, and single nuclei and single-cell data were harmonized using
Harmony in Seurat version 3.0 using technique and day-of tumor isolation as covariates.
Clustering and marker identification was performed as described above for single cell-

only analysis, with parameters min.d- ist = 0.3 and resolution = 0.3.

CRISPR interference genome-wide screening

CRISPRI screens were performed as described previously14,15. HEI-193 cells
stably expressing CRISPRi components (dCas9-KRAB) were transduced with lentivirus

supernatant containing the third- generation dual sgRNA CRISPRI library, which targets

20,528 genes and 1025 sgNTC15. Screens were performed in triplicate cultures with
coverage of at least 500x cells per construct. sgRNA-expressing cells were selected
using puromycin (1 um/mL) for 48 h and transferred to puromycin-free normal growth
media for 48 h to allow recovery. Initial (TO) cell populations were then frozen in 10%
DMSO and processed for genomic DNA alongside endpoint (T12) cell populations, which
corresponded to 7.82 population doublings. Triplicate screens were also performed with
radiotherapy (1.8 Gy x 5 fractions) delivered daily starting on TO, with the endpoints (T12)
corresponding to 3.46 population doublings. Genomic DNA was harvested using the

NucleoSpin Blood L Kit (Machery-Nagel, #740954.20) for each cell population, and
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sgRNA cassettes were amplified using 22 cycles of PCR using NEBNext Ultra I Q5 PCR

MasterMix (New England Biolabs, #M0544L). Sequencing was performed on a NovaSeq
6000 (lllumina) using custom sequencing primers15. sgRNA read counts were aligned

using custom Python scripts derived from the ScreenProcessing package15, without
allowing mismatches. sgRNA counts with discordant target genes from the same vector,
representative of vector recombination, or fewer than 100 reads detected in the TO
populations, were discarded from downstream analysis. Growth phenotype (gamma) was

defined as log2(sgRNA count T12/sgRNA count TO) minus median sgNTC log2(sgRNA

count T12/sgRNA count T0O) as previously described14. Radiation phenotype (rho) was
defined as log2(sgRNA count T12 (1.8 Gy x 5)/sgRNA count T12 (0 Gy)). Statistical
significance was quantified using a two-sided Student’s t-test comparing replicate dis-
tributions of library-normalized counts for each sgRNA between con- ditions (rho) or time
points (gamma). A discriminant threshold of 5, derived from the product of normalized

gene-phenotype and —log10(p-value), corresponding to an empiric false discovery rate of

~1%, was selected for hit definitions14. To ascertain the fidelity of our screens, we

overlapped all negative growth hits from our screen (without radiotherapy treatment) with

common essential genes from DepMap91 and found that 591 out of 918 total negative
growth hits (64.4%) were also DepMap essential genes. The reproducibility of our screens
was assessed by calculating the Pearson correlation coefficients of the screen hit
phenotypes, which demonstrated a median R of 0.829 for no radiotherapy and 0.760 for

radiotherapy conditions.
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Single-nuclei ATAC, RNA, and CRISPRi perturbation sequencing (snARC-seq)

Genetic perturbations in snARC-seq rely on the CROP-seq vector (Addgene,

pBA950)94, which allows for the capture of sgRNA identity from nuclear RNA transcripts.
This design permits single sgRNA per- turbations, and therefore we designed 2

independent sgRNA vectors per target gene, corresponding to each of the dual sgRNAs

that tar- geted hit genes from the genome-wide CRISPRi V3 library19. Oligonucleotides
containing protospacer sequences (Supplementary Data 11) were ordered as a pool from
Twist Bioscience and PCR amplified as described above. The oligonucleotide pool was
ligated into the CROP-seq backbone using BstXl and Blpl digestion and T4 ligation.
Library representation, including sgNTC overrepresentation, was performed on a MiSeq
run to ensure sgRNA uniformity. The cloned library was packaged into lentivirus using
HEK-293T cells. HEI-193 cultures were transduced to an MOI of 0.1, and FACS sorted
for sgRNA+ cells after 48 h. Radiotherapy was then delivered to either 0 Gy or 1.8 Gy x
5 daily fractions using the X-Rad 320 irradiator (Precision X-Ray). Following completion
of radiotherapy, cells were harvested with Trypsin and prepared following the Nuclei
Isolation for Single Cell Multiome ATAC + Gene Expression Sequencing 10x Protocol
(10x Genomics, CG000365 Rev C). Briefly, 1-2 x 109 cells were incubated in chilled
Lysis Buffer (Tris-HCI (pH 7.4) 10 mM, NaCl 10 mM, MgCl2 3 mM, Tween-20 0.1%,
Nonidet P40 Substitute 0.1%, Digitonin 0.01%, BSA 1%, DTT 1mM, RNase inhibitor 1
U/uL) on ice for 4 min, washed with Wash Buffer (Tris-HCI (pH 7.4) 10 mM, NaCl 10 mM,
MgCI2 3 mM, Tween-20 0.1%, BSA 1%, DTT 1 mM, RNase inhibitor 1 U/uL) 3 times, and
resuspended in diluted nuclei buffer. Nuclei were counted, and membrane integrity was

evaluated by Trypan staining on the Countess Il FL Automated Cell Counter (Thermo,
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#TF-CACC2FL). Nuclei suspensions were diluted to approximately 3000 nuclei/uL and
processed according to the 10x Chromium Next GEM Single Cell Multiome ATAC + Gene
Expression protocol (CG000338 Rev A). To recover sgRNA identities from single-nuclei
RNA fractions, CROP-seq guides were amplified into dual-indexed Illlumina libraries from

the cDNA product of the 10x multiome protocol as described above with a three-round

heminested PCR as previously described 9. Totally, 15 ng of full-length cDNA product
was amplified with primers binding to the sgRNA constant region and 10x Genomics
Read 1 Adapter. Two subsequent PCR steps were performed to introduce i5 and i7
indices and lllumina P5 and P7 adapters. After the first round of PCR, each product was
size-selected using SPRI beads at 1.0x. Sub- sequent PCRs were conducted with 1 ng
product. The final PCR pro- duct was size selected with 0.5%, and then 1.0x SPRI beads,
and library quality was assessed by TapeStation high-sensitivity D1000 analysis (Thermo,
#5067-5584). CROP-seq libraries were pooled with gene expression libraries and
sequenced on an lllumina NovaSeq 6000 using the paired-end 100 bp protocol. Library
demultiplexing, read alignment to human genome GRCh38, and UMI quantification for

the RNA and ATAC fractions were performed using Cell Ranger ARC version 2.0.1 (10x

Genomics). Crop- seq sgRNAs were detected using kallisto bustools (v0.24.1 )96. First, a
sgRNA reference was built using kb ref with a k-mer size of 15 which was used as a
reference for kb count. The sgRNA enrichment PCR sequences were then pseudo-
aligned to this index using kallisto bustools, including the ARC multiome Gene Expression

Whitelist version 1 (10x Genomics). For each cell barcode group, sgRNAs with less than

6 UMIs were filtered, and sgRNAs were assigned to cells using Geomux (v0.2.1)54

(https:// github.com/noamteyssier/geomux), which performs a hypergeometric test for
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each cell on its observed guide counts, then calculates a log2- odds ratio between the
two highest counts. Cells were assigned to their majority guide if their Benjamini—
Hochberg corrected P value was below 0.05, the log-odds ratio was above 1, and the
total number of UMIs was greater than 6. The resulting sgRNA assignments were used

to determine cell barcode groups with a single detected sgRNA. Preprocessing of single-

nuclei RNA and ATAC data was performed using Signac v1 .8.097. Cells containing the
following quality measures were retained: ATAC UMI between 1000 and 100,000, RNA
UMI between 50 and 25,000, nucleosome signal <4, and TSS enrichment >1. TAC peak
calling was performed using the MACS2 wrapper in Signac. Peaks were processed using
term frequency-inverse document frequency (TF-IDF) normalization and singular value
decomposition. RNA counts were normalized, and variance was stabilized by
SCTransform using default parameters. ATAC UMAP projection was calculated using the
latent semantic indexing reduction dimensions 2-30. RNA UMAP projection was
calculated using principal component analysis dimensions 1:20, which was empirically
determined using ElbowPlot. Louvain clustering for either ATAC or RNA data was
performed using a resolution parameter of 0.5. Gene activity scores from the ATAC signal
were generated by quantifying ATAC UMIs mapped to the promoter of each gene, defined
as between the TSS and 2000 bp upstream of the TSS for each gene. To score gene
activity changes of gene modules between radiotherapy and control conditions, gene
activity scores were calculated for marker genes derived from Louvain clustering of
human schwannoma cell types (Fig. 1b) and HEI-193 schwannoma cell states (Fig. 2c),
as described above. Expression and gene activity were then pseudobulked according to

the target gene and therefore included cells with either of the two targeting sgRNAs. The
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top ten most specific cluster markers were used for each cell type or cell state, and the
mean pseudobulk gene activity of these markers was obtained for each on- target sgRNA
as well as for sgNTC cells, in each radiotherapy condition. sSgRNA phenotypes were then
log2 transformed, and the gene activity vector in radiotherapy (1.8 Gy x 5) conditions
were subtracted by those in control conditions (0 Gy). These fold changes were clustered
using hierarchical clustering with Pearson correlation and complete linkage. Transcription

factor motif deviations in the setting of genetic or therapeutic perturbations were

quantified using the ChromVARD9 wrapper in Signac with default parameters against the
peaks assay. Mean motif deviations for each sgRNA identity in each condition were
quantified and subsetted to only motifs whose cognate transcription factors were
expressed in HEI-193 cells using RNA sequencing data, as described above. To estimate
the differential motif deviations for a given sgRNA perturbation in radiotherapy conditions
versus control conditions, deviations were log2 transformed, and deviations in
radiotherapy conditions were subtracted by those in control conditions. To further quantify
chromatin accessibility at motif regions as a consequence of epigenetic regulator snARC-
seq perturbations, differentially accessible regions were determined using the
FindMarkers function in Signac using logistic regression. Differentially accessible regions
were further subsetted by those whose nearest neighbor gene was associated with ChlP-
seq peaks derived from the ENCODE project (KLF13 accession ENCFF453MMH,
SETDB1 accession ENCFF773RNU). Average ATAC profiles were obtained for each
sgRNA condition at these restricted sets of differentially accessible regions with a window
+1000 bp and then normalized to the average read depth at 100 bps at each end flank of

the distributions.
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Results

Schwannomas are comprised of neural crest and immune enriched epigenetic groups

and radiation is sufficient for epigenetic reprogramming between groups.

Dr. John Liu (J.L.) conducted DNA methylation profiing on vestibular
schwannomas from patients at UCSF and discovered differentially methylated probes
comprising two molecular groups: genes involved in nervous system development or
immunologic signaling (Fig. 5). RNA sequencing and differential expression analysis on
11 neural crest and 13 immune-enriched schwannomas integrated with DNA methylation
profiling revealed enrichment and hypomethylation of either neural crest genes and
Hedgehog target genes or immune genes and apolipoprotein genes across the 2
molecular groups of schwannomas. To define cell types comprising schwannoma
molecular groups, J.L. performed single-nuclei or single-cell RNA sequencing on neural
crest or immune enriched schwannomas and found schwannoma cluster cell states
reflective of nerve injury and regeneration, or immune signatures indicative of processes
like macrophage migration and axon repair. J.L. defined immune cell types using CyTOF
analysis and found an enrichment of myeloid derived macrophages and lymphoid cells in
immune enriched schwannomas compared to neural crest schwannomas. J.L. found that
schwannomas with prior radiotherapy favored immune characteristics and underwent an
epigenetic reprogramming from immune-enriched to neural crest upon treatment with
radiotherapy. Hierarchical clustering of differentially methylated DNA probes
distinguishing schwannomas with prior radiotherapy showed hypomethylation of immune

genes and hypermethylation of neuronal progenitor maintenance genes. The NF2
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deficient schwannoma cell line HEI193 was employed and treated with ionizing radiation
to assess epigenetic transformation of these cells. Indeed, schwannoma cell expression
of inflammatory factors like apolipoprotein was enriched in the radiated cells. To better
define how schwannoma cell states respond to radiotherapy, J.L. used Perturb-seq in
radiated HEI193 cells and found that genetic perturbations caused heterogenous
changes in gene module expression with or without ionizing radiation. Therefore, |
hypothesized other genomic and epigenomic mechanisms responded to radiation to
define schwannoma cell states. The following data presented is a product of my close

collaboration with John Liu and was exclusively conducted in the Raleigh lab.

Epigenetic regulators reprogram schwannoma cells and drive immune cell

infiltration in response to radiotherapy

To more broadly define genomic drivers specifying schwannoma cell states in

response to ionizing radiation, triplicate genome-wide CRISPRIi screens were performed

using dual sgRNA libraries comprised of 20,528 targeted sgRNAs and 1025 sgNTCs15
(Fig. 6a). The effect of genetic perturbations on HEI-193 schwannoma cell growth +
radiotherapy was defined by quantifying the relative DNA abundance of all sgRNAs in
each sample using sequencing of integrated barcodes. Gene set enrichment analysis of
radiotherapy sensitivity screen hits showed expected enrichment of cell cycle and DNA
repair, but also revealed significant enrichment of epigenetic genes (Supplementary Fig.
16a). Examination of screen hits identified 29 epigenetic regulators associated with
radiotherapy resistance or sensitivity phenotypes in schwannoma cells (Fig. 6b, c). In

support of these findings, CRISPRI suppression of the histone demethylases KDM1A or
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KDMS5C validated radiotherapy resistance or sensitivity phenotypes, respectively (Fig.

6d,e). Cancer cell death from ionizing radiation leads to acute, transient recruitment of

immune cells to the tumor microenvironment51, but we identified surviving schwannoma
cells alongside infiltrating immune cells for many years after treatment of human tumors
with radiotherapy (Fig. 6b and Supplementary Fig. 2f, 5c, 12). To determine if
schwannoma cell reprogramming contributes to immune cell infiltration of the tumor
microenvironment, proteomic mass spectrometry was performed on conditioned media
from surviving HEI-193 schwannoma cells after radiotherapy (Supplementary Fig. 17a—
c). Ontology analyses of 425 differentially expressed proteins from conditioned media
revealed enrichment of apolipoproteins after ionizing radiation (Fig. 6f), and a parallel
reaction monitoring targeted assay validated secretion of APOA1 and other chemokines
from surviving schwannoma cells (Fig. 6g). Transwell migration assays showed
conditioned media from schwannoma cells recruited primary human peripheral blood
lymphocytes after radiotherapy (Supplementary Fig. 16c¢), and conditioned media from
schwannoma cells with CRISPRI suppression of the radio- therapy resistance hit KDM1A
enhanced lymphocyte migration (Fig. 6h). In contrast, conditioned media from
schwannoma cells with CRISPRI suppression of APOA1 or the radiotherapy sensitivity
hit KDMSC inhib- ited lymphocyte migration (Fig. 6h and Supplementary Fig. 16b). Thus,
epigenetic mechanisms in schwannoma cells contribute to immune cell infiltration in
response to radiotherapy. To determine if altered expression of epigenetic regulators
med- iates schwannoma responses to radiotherapy, we analyzed the 29 epigenetic hits
from our genome-wide CRISPRI screen (Fig. 6b, c) across schwannoma cell types and

schwannoma cell states. Surprisingly, no epigenetic regulators were differentially
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expressed across either context, either with or without radiotherapy (Supplementary Data

4,7). Epigenetic regulator activity is dependent on metabolite cofactors that covalently

modify histone subunits®. Thus, we hypothesized schwannoma cell metabolites may be
altered in response to radiotherapy. To test this, we performed targeted metabolite
profiling of HEI-193 cells after control, fractionated radiotherapy, or hypo- fractionated
radiotherapy treatments using liquid chromatography mass spectrometry. Radiotherapy
suppressed the KDM5C cofactor a- ketoglutarate and succinic acid, a biproduct of a-
ketoglutarate metabolism (Fig. 6i). a-ketoglutarate was also suppressed by radiotherapy
in primary schwannoma cells from 7 patients (Supplementary Fig. 17d). Moreover,
radiotherapy suppressed the KDM1A cofactor flavin adenine dinucleotide (FAD) and
increased the KDM5C cofactor ascorbic acid (Fig. 6i). RNA sequencing showed IDH1/2
and MDH1/2, which produce a- ketoglutarate or succinic acid, respectively, were

suppressed following schwannoma cell radiotherapy (Fig. 6j). DHCR7, which metabolizes

ascorbic acid precursor353, was also suppressed after radiotherapy, but the nudix
hydrolases NUTD1/4/14, which degrade FAD, were increased (Fig. 6j). These data
suggest altered expression of metabolic enzymes and metabolite cofactors may influence

epigenetic regulator activity during schwannoma radiotherapy responses.

Single-nuclei ATAC, RNA, and CRISPRI perturbation sequencing identifies integrated
genomic mechanisms driving schwannoma cell state evolution

To define how epigenetic regulators shape chromatin accessibility and gene
expression in schwannoma cells during tumor evolution, we developed a technique for
simultaneous interrogation of chromatin accessibility and gene expression coupled with

genetic and therapeutic perturbations in single-nuclei (Fig. 7a). Single-nuclei ATAC, RNA,
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and CRISPRI perturbation sequencing (snARC-seq) of the 29 epigenetic regulator hits
from our genome-wide CRISPRI screen (Fig. 6b, c) was performed in HEI-193 cells with

control or radiotherapy treatments (Supplementary Fig. 18a). sgRNA identities were

assigned to individual cells using a hypergeometric test™ (Supplementary Fig. 18b, c).

Genome-wide ATAC signals were enriched at transcription start sites and 5’ nucleosome
free regions55 (Supplementary Fig. 18d). ATAC and RNA sequencing data exhibited

heterogenous distributions in UMAP spaceo6 (Fig. 4b). Together, these data support
successful simultaneous profiling of 3 genomic modalities in single-nuclei with or without
radiotherapy (Fig. 7a). To determine if snARC-seq suppression of chromatin regulators
reprograms the epigenetic landscape of schwannoma cells, we quantified gene activity
scores for open chromatin regions nearby marker genes distinguishing schwannoma cell
states or cell types . Differential gene activity scores clustered according to gene
ontologies of perturbed epigenetic regulators (e.g., histone demethylases, histone
acetyltransferases) and CRISPRI screen phenotypes (radiotherapy sensitivity, negative
rho; radiotherapy resistance, posi- tive rho) (Fig. 7c). For instance, snARC-seq
suppression of the elongator acetyltransferase complex component ELP6 attenuated
interferon signaling and ER stress schwannoma cell states that were normally activated

by radiotherapy consistent with the role of the elongator acetyltransferase complex in

gene activation and sensitivity to genotoxic stress®7,98_ To elucidate transcription factors
underlying changes in gene expression programs with snARC-seq suppression of
chromatin regulators, we scored transcription factor motif deviation with or without
radiotherapy59 (Fig. 7d). Restricting analysis to transcription factors in HEI-193 cells

revealed heterogenous disruptions in chromatin accessibility that clustered based on
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CRISPRI screen phenotypes (Fig. 7d). snARC-seq suppression of the radiotherapy
sensitivity hit KDM5C caused enrichment of open chromatin regions at KLF13 motifs with
radiotherapy (Fig. 7e), and KLF13 target genes such as DDI2 and PTPA were
simultaneously accessible at their genomic loci and had enriched RNA expression in
single-nuclei following snARC-seq suppression of KDM5C with radiotherapy
(Supplementary Fig. 18e). ITIH4, a secreted protein that was enriched in conditioned
media from schwannoma cells surviving radiotherapy (Fig. 6g), displayed closed
chromatin and RNA suppression following snARC-seq suppression of KDM5C with
radiotherapy (Supplementary Fig. 18e). Concordant changes in KLF13 gene activity were
not observed following snARC-seq suppression of the radiotherapy resistance hit KDM1A
with radiotherapy (Fig. 7e), con- sistent with opposing phenotypes of KDM1A and KDM5C
in mediating schwannoma radiotherapy responses (Fig. 6¢). snARC-seq suppression of
the histone methyltransferase SETDB1 increased accessibility at TCF3 motifs and
expression of TCF3 target genes (Fig. 7e) such as RNF217, FOXO1, and RAD23B with
radiotherapy (Supplementary Fig. 18e). Integrated single-nuclei and single-cell RNA
sequencing showed TCF3 target genes were expressed in schwannoma cells from
human tumors (Fig. 4f), and schwannoma clustering restricted to RNA sequencing of
TCF3 target genes recapitulated neural crest and immune-enriched molecular groups of
schwannomas (Fig. 7g). Thus, our snARC-seq technique for simultaneous interrogation
of chromatin accessibility and gene expression coupled with genetic and therapeutic
perturbations in single-nuclei reveals epigenetic dependances underlying radiotherapy
responses in schwannomas cells that are conserved across molecular groups of human

tumors.
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Discussion

. . . ” . 560
Mutational and non-mutational mechanisms are critical for cancer evolution )

Schwannomas are the most common tumors of the peripheral nervous system and have

a remarkably low burden of somatic mutations that is not increased by radiotherapy 8961,

Thus, schwannomas represent prototypical tumors for understanding epigenetic
mechanisms specifying tumor cell states, tumor heterogeneity, and response to therapy.
Our results reveal schwannomas are comprised of neural crest and immune-enriched
molecular groups that are distinguished by schwannoma and immune cell types, and that
radiotherapy is sufficient for epigenetic reprogramming of neural crest schwannomas to
immune-enriched schwannomas (Fig. 5). By integrating multiplatform profiling of human
tumors with multiomic functional genomic approaches, we show interconversion of

schwannoma molecular groups, cell types, and cell states in response to radiotherapy, a

treatment that is used for half of cancer patients worldwide %2 Future studies will be
needed to determine if the epigenetic mechanisms we report are relevant to other
treatment modalities or tumorigenesis. Intriguingly, patients in our study with autoimmune
diseases and severe allergies were more liked to have immune- enriched schwannomas
than neural crest schwannomas (25.7% vs 0%, p = 0.0025, Fischer’s exact test) (Fig. 1a
and Supplementary Data 1), suggesting systemic factors may also influence the
epigenetic architecture of cancer. To that end, we establish a framework for investigating
how tumor evolution and responses to treatment are modulated by epigenetic
reprogramming. This paradigm is bolstered by an innovative method for simultaneous

profiling of epigenetic and transcriptional cell states coupled with genetic and therapeutic
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perturbations in single-nuclei (snARC-seq), a technique that may enable new discoveries

in health and disease.
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Fig. 5| An integrated model of schwannoma tumorigenesis and epigenetic
reprogramming in response to treatment. Two molecular groups of schwannoma, neural
crest schwannoma and immune-enriched schwannoma, are driven by distinct mechanisms.
Radiotherapy can induce immune-enriched schwannoma through metabolic and epigenetic
reprogramming.
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Fig. 6 Epigenetic regulators reprogram schwannoma cells and drive immune cell
infiltration in response to radiotherapy. a Experimental workflow for genome-wide
CRISPRI screens using dual sgRNA libraries comprised of 20,528 targeted sgRNAs and 1025
non-targeted control sgRNAs (sgNTC). Libraries were transduced into HEI-193 cells that were
subsequently treated with 0 Gy or 1.8 Gy x 5 radiotherapy (n = 3 per condition). sgRNA
barcodes were sequenced and quantified as proxies for cell enrichment or depletion. b CRISPRIi
screen results showing the average rho log2(sgRNA in radiotherapy conditions/sgRNA in

control conditions) and two-sided Student’s t-test p values across three replicates.

Figure caption continued on the next page.
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Figure caption continued from the previous page.

On-target hit genes (purple), epigenetic regulator hit genes (orange), and sgNTCs called hits
(green) at a false discovery rate of 1% are shown. ¢ Rho phenotypes of epigenetic regulator
CRISPRI screen hits genes from (b). n = 3 replicate screens. d Crystal violet staining of HEI-193
following.CRISPRIi of KDM1A or KDM5C compared to sgNTC after treat- ment with 0 Gy, 1.8 Gy
x 5, 0or 12.5 Gy x 1 of radiotherapy. Scale bar, 100 um. e Quantification of cell density from (d)
(n = 3 independent cultures, two-sided Student’s t-test). f Volcano plot of 425 peptides identified
using proteomic mass spectrometry of conditioned media from triplicate HEI-193 cultures after
radiotherapy or control treatment. Significant gene ontology terms of enriched peptides after
radiotherapy conditions annotated (two-sided Fisher's exact test). g Proteomic mass
spectrometry parallel reaction monitoring targeted assay vali- dating secreted peptide
enrichment in conditioned media from HEI-193 after radiotherapy (n = 3 independent cultures,
two-sided Student’s t-test) as in (f). h Transwell primary human peripheral blood lymphocyte
migration assays using conditioned media from HEI-193 (n = 3 independent cultures, two-sided
Student’s t- test) following CRISPRi suppression of APOA1, KDM1A, or KDM5C # radiotherapy
as a chemoattractant. i Targeted metabolite mass spectrometry of HEI-193 after treatment with
0 Gy, 1.8 Gy x 5, or 12.5 Gy x 1 of radiotherapy (n = 3 independent cultures per condition, two-
sided Student’s t-test). Fold changes normalized to 0 Gy treatment for each metabolite. |
Metabolic enzymes gene expression changes from bulk RNA sequencing of HEI-193 cells
radiotherapy (n = 3 independent cultures) (Supplementary Data 6). Fold changes normalized to
0 Gy treatment for each gene. Lines represent means, and error bars represent standard error
of means (two- sided Student’s t-tests, *p < 0.05, **p <0.01, ***p < 0.0001). Source data are
pro- vided as a Source Data file.
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integrated genomic mechanisms driving schwannoma cell state evolution.

a Experimental workflow for single-nuclei ATAC, RNA, and CRISPRI perturbation sequencing
(snARC-seq). Triplicate HEI-193 cultures were transduced with sgRNA libraries targeting 29

epigenetic regulators driving radiotherapy responses from genome-wide CRISPRI screens (Fig.

3c) and treated with 0 Gy or 1.8 Gy x 5 of radiotherapy prior to isolation of single-nuclei for

sequencing. sgRNA identities were recovered from CROP-seq tags in single-nuclei RNA
sequencing data. b UMAPs of ATAC (left) or RNA (right) sequencing of 855 single nuclei
passing snARC-seq quality control from triplicate control or radiotherapy conditions

(Supplementary Fig. 18). ¢ Hierarchical clustering of differential gene activity scores between
radiotherapy and control conditions for each snARC-seq perturbation (columns). Gene activity

modules (rows) were derived from HEI-193 schwannoma cell states * radiotherapy (Fig. 2c) or

from human schwannoma cell types (Fig. 1b).

Figure caption continued on the next page.
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Figure caption continued from the previous page.

Gene ontology of perturbed epigenetic regulators and CRISPRi screen growth (gamma) or
radiation response (rho) phenotypes from genome-wide CRISPRi screens (Fig. 3¢) are shown.
d Hierarchical clustering of differential ChromVAR transcription factor motif deviations between
radiotherapy and control conditions for each snARC-seq perturbation (columns). e Average
profile plots of normalized ATAC signal at KLF13 or TCF3 motifs with ENCODE ChlP-seq peak
annotations and differential accessibility following snARC-seq perturbation of KDM1A, KDM5C,
or SETDB1. f Feature plot of integrated UMAP from harmonized schwannoma single- nuclei and
single-cell RNA sequencing (Fig. 1b) showing genes near TCF3 motifs that are differentially
accessible following SETDB1 snARC-seq perturbation. g Hierarchical clustering of human
schwannoma RNA sequencing profiles using 56 differentially expressed SETDB1 targets with
TCF3 motifs showing separation of NCS and IES molecular groups of schwannomas. Source
data are provided as a Source Data file.
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Supplementary Fig. 8 Genome-wide CRISPRI screens reveal regulators of

schwannoma cell radiotherapy responses. a, Gene set enrichment analysis of ranked

gene targets exhibiting negative rho (left, radiotherapy sensitivity) or positive rho (right,

radiotherapy resistance) following CRISPRi gene suppression. Gene ontology terms derived

from Reactome. NES, normalized enrichment score. b, CRISPRI suppression of APOA1,

KDM1A, or KDM5C in HEI-193 cells (n=3 independent cultures, **p=0.00042 sgAPOA1, ***p=
0.00047 sgKDM1A, p=4.33x10-7 sgKDM5C). ¢, Transwell primary human peripheral blood

lymphocyte migration assays using conditioned media from HEI-193 cells + radiotherapy or with

recombinant CCL21 as a chemoattractant (*p=0.033, ***p=0.000125). Lines represent means
and error bars represent standard error of means. (Two-sided Student’s t tests used). Source

data are provided as a Source Data file.
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Supplementary Fig. 9. Proteomic and targeted metabolic mass spectrometry of
schwannoma cells. a, Proteomic mass spectrometry Pearson correlation matrix from HSC
and HEI-193 media demonstrating high correlation across samples. b and ¢, Unique non-
contaminant or contaminant protein counts from HEI-193 media mass spectrometry (n=3

independent cultures, Two-sided Student’s t tests, ***p=8.17x10-6 0Gy, p=1.94x10-5 12.5Gy).

d, Metabolite mass spectrometry of primary patient-derived human schwannoma cells (n=7

patient samples) after treatment with 3Gy x 1, 10Gy x 1, or 20Gy x 1 of radiotherapy validated

suppression of aKetoglutarate with ionizing radiation (Fig. 3i). Fold changes normalized to 0Gy
treatment for each primary cell culture (ANOVA, p£0.05). Lines represent means and error bars
represent standard error of means. Source data are provided as a Source Data file.
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