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ABSTRACT
De novo dominant ASXL3 frameshift variants are the genetic basis of Bainbridge-Ropers

Syndrome (BRS) and syndromic autism spectrum disorder (ASD), emphasizing the
importance of this gene in development. ASXL3 is a component of the Polycomb
repressive deubiquitination (PR-DUB) complex that is critical for Polycomb-mediated
transcriptional repression. PR-DUB catalyzes the removal of ubiquitin from Histone 2A
(H2AUDb1), a repressive histone modification catalyzed by Polycomb repressive complex
1 (PRC1). The molecular mechanism of H2AUb1 and the cellular processes it regulates
during normal development and disease remain largely unexplored. To investigate the
role of ASXL3 in development we generated a mouse model that carries a clinically
relevant Asx/3 frameshift variant (Asx/3"). Genetic inactivation of Asx/3 leads to perinatal
lethality, multi-organ developmental defects, and increased levels of H2AUb1. Asx/3"/
mice exhibit highly penetrant congenital heart defects, primarily hypoplastic right
ventricles. Our structural, molecular, and transcriptomic analysis of cardiogenesis
revealed that defects in extracellular matrix (ECM) composition and associated signaling
underlie the Asx/3" dependent heart defects. Within the developing cerebral cortex, loss
of ASXL3 perturbs the composition of excitatory neurons and fidelity of cortical layer
deposition. We carried out single-cell RNA sequencing at three developmental stages
during neurogenesis to characterize the cellular composition and transcriptomic changes.
The emerging pathogenic model based on analysis of multiple cell types, at sequential

developmental timepoints, implicates overactivation of Notch signaling that alters NPCs
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proliferation and timing of differentiation. These early developmental defects lead to
altered composition of excitatory neurons with aberrant expression of proneural genes
responsible for layer specificity at later timepoints. Across cortical development,
dysregulated genes were enriched for high confidence ASD risk genes, implicating a
convergent pathological mechanism. Together our findings underscore the importance of
ASXL3 in Polycomb transcriptional repression during development and provide insight

into developmental mechanisms altered by ASD risk genes.
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Chapter 1!
Introduction
Development of multicellular organisms depends on their capacity to produce and
maintain different cell types while sharing genomic DNA. Expression of cell type specific
transcriptional programs governs acquisition of cell fate. Cells utilize epigenetic regulation
to coordinate these expression programs that instruct cell-identity and cell fate choices.
Within the nucleus, chromosomal DNA wraps around a nucleosome and organizes into
chromatin fibers. Each nucleosome octamer is composed of two of each evolutionarily
conserved histones H2A, H2B, H3 and H4 [1, 2]. The chromatin can then be packaged
into higher order structures and compartments of heterochromatin and euchromatin. The
N-terminal and C-terminal tails of histones undergo numerous post-translational
modifications (PTMs), including acetylation, ubiquitination, phosphorylation, and
methylation of specific amino acid residues. These marks throughout the genome
demarcate genomic elements like promoters, enhancers, and gene bodies. Histone PTMs
also influence chromatin compaction, transcriptional regulation and interaction with
protein complexes. The genome-wide histone PTM landscape requires active
maintenance to accommodate changing transcriptional profiles that allow for
differentiation of diverse cell types and tissues from pluripotent stem cells during
development [3]. PTMs are dynamically modified and interpreted by chromatin readers,

writers and erasers. Throughout development, chromatin complexes can respond to

" This chapter represents a published manuscript. Srivastava A, McGrath B, Bielas SL. Histone H2A

Monoubiquitination in Neurodevelopmental Disorders. Trends in Genetics. 2017;33(8):566-578.
1



internal and external cues to reshape the histone PTM landscape and allow for activation
of certain networks and repression of others. Understanding how the patterns of histone
modifications are deciphered and changed by cells is critical for our understanding of
development and disease.
Polycomb transcriptional regulation

Among the most well conserved family of chromatin modifiers are the Polycomb
group genes (PcG). PcGs were initially identified in a genetic screen that detected
homeotic transformations of the Drosophila sex comb [4]. Within these mutants ectopic
expression of Hox genes due to a loss of Polycomb repression caused the observed
homeotic transformations during body segmentation [5]. These early studies underscore
a fundamental role of Polycomb transcriptional repression specification and maintenance
of cell fate during body patterning. Since these drosophila studies, PcG proteins have
emerged as central players in epigenetic programming events during mammalian
development. At the center of this evolutionarily conserved PcG system are three
multiprotein complexes namely Polycomb repressive complex 1 (PRC1), Polycomb
repressive complex 2 (PRC2), and Polycomb repressive deubiquitination complex (PR-
DUB). PRC2 mono, di, or tri methylate histone H3 lysine 27 (H3K27me3). Meanwhile,
PRC1 and PR-DUB work antagonistically to monoubiquitinate or deubiquitinate histone
H2A lysine 119 (H2AUb1) respectively. These three complexes undergo complex cross-
regulation mediated by their respective histone modifications. Work in invertebrates and
vertebrates are uncovering differences between these organisms in the mechanisms of

PcG transcriptional repression and the composition of PRC2 and PRCH1.



Composition of polycomb complexes
Polycomb repressive complex 1

While the PcG complexes are evolutionarily conserved, the diversity of the
mammalian complexes has increased [6]. Functional diversity of the PRC1, PR-DUB, and
PRC2 is generated by distinct subunit compositions. The catalytic core of PRC1 includes
one of six Polycomb group factor (PCGF) proteins assembled around an E3 ubiquitin
ligase, Ring1A or Ring1B. The presence of different PCGF defines the enzymatic activity
and localization of PRC1 [7-9]. Biochemical characterization has revealed distinct PRC1
complexes classified as either canonical (cPRC1) or non-canonical (ncPRC1).
cPRC1components include Ring1A/B associated with either PCGF2 (MEL18) or PCGF4
(BMI1), CBX2/6/4/8, which can bind H3K27me3, and PHC1/2/3. ncPRC1 complexes
possess Ring1A/B, RYBP or YAF2, and either PCGF1,3,5,0or 6 with additional binding
partners. PRC1 can compact chromatin and mediate higher-order chromatin structure
independent of its H2AUb1 catalytic activity [10-12]. The contribution and necessity of
each function in initiation and maintenance of Polycomb gene regulation has been heavily
debated. Research suggests the compaction and catalytic activities are split between
canonical and variant PRC1 complexes respectively. In vitro analysis of E3 ligase activity
demonstrated variant PRC1 complexes have the greatest H2A monoubiqutination activity
[7]. Systemic analysis of canonical and variant PRC1 complexes in ESCs, revealed
canonical PRC1 contributes very little to H2AUb1 whereas variant complexes synergize
to coordinate H2AUb1 levels throughout the genome [8, 9]. The CBX containing canonical
PRC1 complexes are responsible for shaping the nuclear landscape by mediating long

range interactions [12].



Polycomb repressive deubiquitination complex

PR-DUB was initially identified in Drosophila, as a complex between the ubiquitin
hydrolase, calypso, and additional sex combs (ASX) [13]. In mammals, PR-DUB contains
of one of three ASXL family members (ASXL1/2/3) and BAP1, the ortholog of calypso.
ASXL family members share a common domain structure which includes an ASX N-
terminal (ASXN), ASX homology (ASXH), two ASX-middle (ASXM1, ASXM2), and a PHD
finger domain [14]. Together these domains grant ASXL proteins epigenetic protein-
protein interactions, DNA binding, and histone reader capabilities. ASXL proteins
associate with BAP1 through a conserved region of ASXH termed the DEUBIquitinase
Adaptor Domain (DEUBAD) [15-17]. Mechanistically, BAP1 deubiquitinase activity
requires a stable interaction with the conserved DEUBAD domain in ASXL proteins [18-
20]. This mandatory interaction is not only required for BAP1 enzymatic activity but also
its stability [20]. Proteomics based studies have reported that additional BAP1 interactions
with a variety of other proteins including transcription factors, chromatin factors, cell cycle
regulator and DNA repair proteins [21, 22]. Given that the interactions between BAP1 and
ASXL occur in a mutually exclusive fashion, further analysis will need to dissect PR-DUB
complex composition for each ASXL1/2/3 across development [20]. Depletion of Bap1 or
any ASXL family members results in increased H2AUb1 [16, 22, 23]. In BAP1 knockout
MESCs, the excess H2AUb1 accumulates across the genome which leads to widespread
reduction in gene expression [23]. Notably, transcriptional defects and increased H2AUb1
can be rescued by inactivation of PRC1 [22, 23]. This highlights a need for balanced

PRC1 and PR-DUB activity and controlled levels of H2AU1 to regulate transcription.



Polycomb repressive complex 2

In Eukaryotic cells, PRC2 is responsible for all mono-, di-, and trimethylation of
histone H3 lysine 27 [24, 25]. Biochemically, the PRC2 core is comprised of a histone
methyltransferase, EZH1/2, bound to EED, SUZ12 and RBP4/7. Additional accessory
proteins further define PRC2.1 and PRC2.2 by regulating its enzymatic activity and
chromatin localization [26, 27]. PRC2.1 mutually exclusively incorporates one of three
Polycomb-like homologs PHF1, MTF2, or PHF19 [21]. Meanwhile, PRC2.2 interacts with
AEBP2 and Jarid2 which recognizes H2AUB1 deposited by PRC1 [21, 28-30]. Recent
biochemical analysis with mouse embryonic stem cells suggests that the combined

actions of PRC2.1 and PRC2.2 direct the deposition of H3K7me3 [31].

Mono-ubiquitinated histone H2A

Reversible H2AUb1 has diverse roles in a complex transcriptional milieu
comprised of multiple chromatin modifications, DNA methylation, and chromatin
remodeling molecules. Recent genome wide analysis has demonstrated the H2AUb1 is
found broadly throughout the genome [8, 32, 33]. Polycomb chromatin domains have high
levels of H2AUb1, H3K27me3 and Polycomb complexes [34, 35]. Within ESCs, bivalent
promoters are signature of developmentally important genes that establish cell identity
[34, 36, 37]. H2AUb1 serves to prevent elongation of RNA polymerase machinery at
bivalent loci, while RNA polymerase initiation remains unhindered [38, 39]. This poised
state allows for dynamic transition between a transcriptionally active or repressed state
required for normal development. Ubiquitinating and deubiquitinating components of the

H2AUb1 regulatory axis reflect a similar genome-wide binding pattern implicating



developmental modulation of this modification as an important regulatory mechanism [19,
35, 40]. Resolution of bivalent promoters at developmentally regulated genes towards
active or fully repressed involves the concerted activity of various chromatin-modifying
complexes [41, 42]. The emerging mechanisms suggest they can interact. The
compounding effect among histone modifications due to alteration of a single histone
modification can complicate interpreting the resulting molecular and transcriptional
impacts.

H2AUDb1 plays an important role in epigenetic establishment of mature cell fates
by protecting CpG islands against DNA methylation required for constitutive repression
of the corresponding genes [43, 44]. It still remains mechanistically unclear how
developmental redistribution of H2AUb1 contributes to this diversity of transcriptional
functions. Nevertheless, it underscores the diversity of clinical features and syndromic
nature of inherited neurodevelopmental disorders that impact the H2AUb1 regulatory

axis.

Mechanisms of polycomb repression

Several studies have characterized the recruitment of PRC1 and PRC2 to target
genes for Polycomb gene silencing and the importance of H3K27me3 and H2AUDb1 in this
process [45-47]. In Drosophila, the dynamic functions of PRC1 and PRC2 are coordinated
in a sequential manner at Polycomb repressive elements (PREs) to mediate
transcriptional repression and chromatin compaction, with PRC2 initiating this molecular
cascade [45]. The E3 ubiquitin ligase and chromatin compaction activities are conserved

between vertebrates and invertebrates, yet the composition of PRC1 complexes are more



heterogenous in vertebrates [18]. Likewise, in vertebrates PREs are not the functional
genomic element that provides the platform for PcG repression and coordination of PRC1
and PRC2 activities exhibits more diversity. Rather in mammals, the majority of gene
promoters are encompassed by CpG islands, that correspond to contiguous non-
methylated segments of the genome with a higher than average level of CpG
dinucleotides [48]. DNA methylation of CpG islands acts as a stable and heritable
repressive epigenetic mark essential for development and generating a diversity of cell
fates from multipotent progenitor cells. PcG have been demonstrated to be enriched at
CpG islands [34, 37]. The PRC1.1 component KDM2B can bind DNA at CpG islands and
recruit variant PRC. However, KDM2B does not recruit variant PRC1 to all CpG islands it
binds [35]. There are additional accessory proteins in PRC1 complexes with DNA binding
function, however their contribution to PcG recruitment is unclear.

Initial genome-wide mapping studies in vertebrate models revealed a strong
overlap between H3K27me3 and H2AUb1 at the promoters of many repressed gene loci
[36, 49-52]. Cross talk between PcG complexes was further supported by data that
showed H3K27me3 increases the affinity of CBX-bound PRC1 complexes to chromatin
[45, 46]. Together this data implicated a hierarchical recruitment model of PcG gene
repression with initial recruitment of PRC2 to deposit H3K27me3. Sequentially, PRC1
gets recruited to the chromatin by CBX recognition of H3K27me3 followed by
monoubiquitination of H2A. However, H2AUb1 can also be found at chromatin loci without
H3K27me3, implicating an H3K27me3 independent PRC1 role [32]. Additional studies
demonstrating RING1B and H2AUb1 continue to be recruited to target sites in PRC2-

deficient mouse ESCs further substantiate an alternative recruitment mechanism [47].



Lastly, removal of PRC1 in mESCs drives a reduction in PRC2 binding and H3K27me3
at Polycomb target sites [7, 28]. However the PRC1 function responsible for this loss was
not investigated.

Given the two functionally distinct PRC1 activities, the initial model of Polycomb
recruitment questions the necessity of H2AUb1 in Polycomb regulation. This precipitated
a series of studies designed to isolate their functional impacts on Polycomb regulation
and development. Ring1A and Ring1B (Ring1A/B) are the central E3 ubiquitin ligases of
all PRC1 complexes. Complete deletion of Ring1A/B in mESCs leads to loss of both
PRC1 complex stability, essential for compaction function, and H2AUb1 ligase activity
[11]. Consequently, Ring1A/B”- mESCs spontaneously differentiate and de-repress many
developmentally regulated genes [49]. In drosophila, an [48A mutation in Sex Combs
Extra (Sce), the Ring1 homolog, ablates the E3 ligase enzymatic activity and results in
decreased H2AUDb1 levels [10]. Sce/#%@48 maintain repression of many classical PCG
target genes and show less severe phenotypes than Sce”, but Sce#®48a grrest
development at the end of embryogenesis due to undefined causes [53]. Introduction of
a catalytically inactive Ring1B I53A variant allowed for the H2AUb1 ligase activity of
PRC1 to be evaluated independent of chromatin compaction [54, 55]. Unexpectedly,
these genetic manipulations revealed that formation of a stable multimeric PRC1 complex
could target developmental genes and compact chromatin independent of H2AUb1. This
highlighted the dual functions of PRC1 and questioned the requirement for H2AUb1 in
development. While Ring7B”- mice are embryonic lethal by ~E10.5, Ring1B/%3/53A
embryos complete gastrulation, but are unable to survive past ~E15.5 emphasizing an

essential function for H2AUb1 later in development [55]. It's important to note Ring1A was



still present in Ring1B'>341534 and may compensate for decreased Ring1b catalytic activity.
Additional work showed the 153A variant does not sufficiently abolish E3 ligase activity
and instead acts as a hypomorph [56].

Two recent studies investigated the conditional inactivation of Ring1B catalytic
activity by introducing the RING1B'534/D56K gnd RING1B!538/53S glgles into mMESCs [57, 58]
Compared to the I53A allele alone, RING1B'53AP36K gnd RING1B'53%/1538 cguse a complete
loss of bulk H2AUb1. Upon complete depletion of H2AUb1, PRC2 and H3K27me3 across
the genome are greatly reduced. Inactivation of PRC1 catalytic activity affected
occupancy of both PRC2.1 and PRC2.2 at target sites. However PRC2.2, which contains
the H2AUb1 binding subunit Jarid2, was reduced to a greater extent than PRC2.1.
Consistent with these changes in PRC2 activity, localization of canonical PRC1 which
depends on recognition of H3K27me3 through CBX binding, was compromised. As a
consequence, long range interactions between classical Polycomb target sites were
disrupted. On the contrary, binding of variant PRC1 remained largely intact in the absence
of PRC1 catalytic activity. These results are contrary to the initial PRC2 led Polycomb
recruitment model. Instead, the emerging model (Fig. 1.2) suggests variant PRC1 targets
Polycomb sites independent of catalytic activity to deposit H2AUb1. In response, PRC2
is recruited to H2AUb1 chromatin sites to methylate H3K27. This drives accumulation of
canonical PRC1 complex which promotes long-range interactions and chromatin
compaction. This new model recognizes the importance of both PRC1 functions, but
argues that PRC1 catalytic activity and H2AUb1 is central to Polycomb transcriptional
regulation. As the function and mechanism of PcG transcriptional repression continues to

unravel, it will be important to determine how variant PRC1 recognizes target sites.



Considering these studies were performed with ESCs, it will be important to conduct
studies on the role H2AUb1 in more differentiated cell types and across development.
Together these studies demonstrate the vital requirement for proper regulation of
H2AUb1 during development and emphasize that H2AUb1 can regulate non-canonical
PCG target genes. The essential nature of H2AUb1 in development is further emphasized
when viewed from the perspective of the H2AUb1 regulatory axis, representing a number
of complexes and single molecules with a primary function of H2AUb1 modification (Fig.
1.3). Genes encoding axis components have been implicated as the genetic basis of
many different diseases including cancers, congenital heart defects, and
neurodevelopmental disorders. Likewise, recurrent pathogenic variants in genes that
encode H2A monoubiquitination or deubiquitination components in neurodevelopmental

disorders bolster this argument and will be discussed.

Histone H2A Monoubiquitination in Neurodevelopmental Disorders

Developmental decisions during lineage commitment are precisely coordinated at
the genome level by gene expression programs that jointly activate or repress
transcription [59]. Brain development requires the concurrent differentiation of neuronal
cell types that must be organized into a complex organ [60, 61]. This process involves
specification of pluripotent cells to ectoderm and neural precursors prior to terminal
differentiation. Thus, brain development depends on precise temporal control of gene
expression patterns, and disruption of transcriptional networks in brain development
underlies neurodevelopmental disorders. It is not known how groups of genes are co-
regulated during fate specification of neural lineages. Modification of histone marks is

fundamentally important in specifying different cell types during embryonic development
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and pathogenic variants in genes that encode a broad-set of molecules that mediate
chromatin modifications, including mono-ubiquitination of histone H2A lysine 119
(H2AUDb1), are emerging as a prominent contribution to the genetic and molecular etiology
of neurodevelopmental disorders [62-64].

H2AUDb1 has historically been associated with the E3 ubiquitin ligase activity of
Polycomb repressive complex 1 (PRC1) and Polycomb transcriptional repression, yet a
variety of molecules that ubiquitinate or deubiquitinate H2A comprised of components of
the H2AUb1 regulatory axis [65-68]. The components that decorate H2A with ubiquitin
include canonical PRC1, variant PRC1, and TRIM37. Among the deubiquitinating
components are the Polycomb repressive deubiquitinating complexes (PR-DUB) and
USP16 [69, 70] (Fig. 1.3). Dynamic exchange of this histone modification reflect the
succession of transcriptional profile changes required to produce the cellular diversity
from pluripotent cells during development.

Large scale sequencing studies and widespread use of clinical exome sequencing
are identifying inherited and de novo germline variants enriched in the H2AUb1 regulatory
axis as important molecular pathology of syndromic neurodevelopmental disorders with
features of autism and intellectual disability. Pathogenic human variants observed in
Really interesting new gene (Ring1), Autism susceptibility candidate 2 (AUTS2),
Polyhomeotic-like 1 (PHC1), Additional sex combs like family members (ASXI1,2,3),
Tripartite motif-containing protein 37 (TRIM37), BCL6 corepressor (BCOR) and Ubiquitin-
specific protease 16 (USP16) are components of the histone H2A ubiquitination

regulatory axis. In this review, we will summarize the confluence of human neurogenetic
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findings around this important area of histone modification critical for brain development

(Table 1.1).

Histone H2A ubiquitination syndromes
Ring1 in syndromic neurodevelopmental disorder

Whole exome sequencing revealed a likely damaging de novo RING1 missense
mutation in a 13 year old girl with a syndromic neurodevelopmental disorder [71]. She
was born with mild growth retardation and microcephaly. While early motor and language
development was normal, she later displayed delay in acquisition of language, cognitive,
and social skills. By 13, she began to show symptoms of schizophrenia including
hallucinations, delusions and disorganized thinking. RING1 is one of two E3-ubiquitin
ligases in the catalytic core of PRC1. In vitro ubiquitination analysis revealed the patient
missense mutation disrupts ubiquitination of H2A. Likewise, decreased levels of H2AUb1
were observed in patient lymphoblast cells compared to control indicating a loss of protein
function. When this variant was introduced in a C. elegan model, H2AUb1 was reduced
and neuronal migration and axon guidance were disrupted.

Ring1A is the mouse ortholog to human RING1. Ring1a null mice have skeletal
abnormalities due to homeotic transformations [72]. However, no other overt phenotypes
were observed. Combinatorial loss of both Ring7a and Ring1b has a greater effect on
development. The level of H2AUb1 in the telencephalic wall was greatly reduced upon
double knockout compared to Ring1A null alone [73]. Together, Ring1A and Ring1B
govern mouse telencephalic regionalization by regulating the spatial expression patterns

of morphogens along the dorsal ventral axis [73].Inactivation of Ring1B catalytic activity

12



in Ring1a deficient neural progenitor cells activates ectopically activates neurogenic
genes [56]. This result implicates an H2AUb1 dependent role in repression of neurogenic
transcriptional programs. Investigations into how clinically associated Ring1a variants

disrupt patterning or transcriptional maintenance remains unexplored.

PHC1 in autosomal recessive primary microcephaly

Autosomal recessive primary microcephaly (MCPH) is clinically characterized as
a small head circumference that reflects a correspondingly small brain. This genetically
heterogeneous disorder is largely attributed to defects in neural progenitor cell (NPC)
proliferation, neurogenesis and apoptosis, which reduce the size of the NPC pool
available to build a brain. PHC1 is a core component of the canonical PRC1. Homozygous
missense PHC1 variants were identified as a genetic basis for MCPH11 in a family with
reported consanguinity (OMIM; 615414) [64]. This inherited rare variant in PHCT is
noteworthy based on the loss-of-function (LOF) intolerance and high constraint for
homozygous variants calculated for this gene by Exome Aggregation Consortium (ExAC)
[74] (Table 1.1). The clinical presentation of MCPH11 includes primary microcephaly, low-
normal cognitive function and short stature. Functional analysis of this pathogenic variant
in patient cells revealed reduced PHC1 expression with lower H2AUb1 levels genome-
wide and impaired recruitment of PHC1 to loci of DNA damage and repair. These defects
were also accompanied by increased expression of GMNN (Geminin), which was
previously shown to cooperate with PcG transcriptional repression to achieve germinal
differentiation, lineage commitment and early specification of neural cell fate [75].

Differential expression of GMNN was not linked to alterations in H2AUb1 at the GMNN

13



locus, but is consistent with decreased progenitor proliferation and differentiation
implicated in the pathogenic mechanisms of MCPH.

Phc1 null mice display diverse and severe phenotypes, including cephalic neural
crest defect, microcephaly, abnormal facies, parathyroid and thymic hypoplasia together
with skeletal and cardiac abnormalities [76-79]. These phenotypes are consistent with
constitutive disruption of both canonical PRC1 chromatin folding and E3 ligase activities.
In comparison to the Phc1 knockout phenotype, the MCPH11 phenotype suggests the
PHC1 missense variants function as a hypomorphic allele. As the defective protein is
expressed at normal levels, PRC1 formation, and thus chromatin compaction properties,
may not be altered. We instead speculate that the MCPH11 phenotypes may be
explained as a defect in PRC1 E3 ligase activity, which alone has been shown generate
a milder phenotype in animal models. Interestingly, the MCPH11 PHC1 variant
predominantly impacted neural development in affected individuals, potentially
highlighting a sensitivity of the developing brain to dysregulation of developmental

H2AUb1 exchange kinetics.

AUTS2 in autism spectrum and neurodevelopmental disorders

AUTSZ2 was originally identified as a candidate for neurodevelopmental disorders
by resolution of a translocation-breakpoint in twins with autism spectrum disorder (ASD),
developmental delay (DD), and epilepsy [80]. Following this initial description, AUTS2
structural variants and de novo dominant variants were identified by recent large-scale
WES studies [81-85]. AUTS2 is a component of variant the PRC1 complex PRC1.5.

PRC1.5 is sufficient for H2A ubiquitination in vivo and in vitro, a finding confirmed in the

14



PCGF5 knockout mouse that disrupts the formation of PRC1.5 and is accompanied by a
reduction of H2AUb1 levels [86]. In 293T-REXx cells, AUTS2 stably recruits casein kinase
2 (CK2) to PRC1.5. In an in vitro nucleosomal assay CK2 suppresses PRC1.5 H2A mono-
ubiquitination activity through a RING1B phosphorylation event [62]. This reduction in
H2AUb1 corresponds to transcriptional activation associated with the recruitment of
P300. While direct experimental evidence is needed to confirm this molecular mechanism
in the developing brain, it highlights the importance of modulating H2AUb1 activity, in this
scenario by RING1B phosphorylation, for proper neural development. Of note,
heterozygous de novo mutations in EP300 (E1A binding protein p300), which encodes
the histone H3 acetyltransferase P300, is a genetic basis for Rubinstein-Taybi syndrome
(RSTS1 MIM: 180849), an neurodevelopmental disorder that shares clinical features
AUTS2-ASD. AUTS2 associated chromatin biology exemplifies the complexity and
interconnected nature of coordinated histone modifications, the molecular mechanisms
of which will need to be elucidated to fully appreciate their role in brain development and
neuropathology.

Homozygous Auts2 knockout mice exhibit reduced intrauterine and postnatal
growth, altered motor control and reduced vocalizations relative to controls [62]. While
these findings corroborate human genetic findings associated with AUTSZ2 and implicate
an important role in neuropathology, the molecular function of AUTS2 in neural
development and cortical neuron fate specification are yet to explored. AUTS2 exhibits
highest expression in the developing cortex [87]. During cortical development, neural
progenitor cells (NPCs) produce mature neuronal subtypes and glial cells in a defined

temporal order. The timing of fate switches that determine the number of neuronal
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subtypes that will make up the composition of the six-layer cortex is governed by dynamic
changes in NPC chromatin. Abnormal productions of cortical progeny have been shown
to underlie ASD neuropathology. Uncovering the epigenomic role of AUTS2 and H2AUb1
dysregulation within the pathogenic PRC1.5 mechanism and more generally in normal

development will be an important direction for future research.

TRIM37 in Mulibrey nanism

Mulibrey nanism (MUL; OMIM: 253250) is a rare autosomal recessive genetic
disorder. The acronym “mu—li-br—ey” reflects the “muscle—liver—brain—eye” involvement
in this syndrome. MUL is characterized by prenatal-onset growth retardation, short
stature, craniofacial features, hepatomegaly, enlarged ventricles and dysarthria. Cardiac
involvement is illustrated by progressive constrictive pericarditis, myocardial hypertrophy,
and variable myocardial fibrosis. Pathogenic variants in TRIM37 are the genetic basis of
MUL [88]. TRIM37 encodes a RING finger domain like the hallmark E3 ubiquitin ligases
RING1A/B, but functions independent of and of the multimeric PRC1 complexes. Thus,
TRIM37 does not exhibit chromatin compaction properties conveyed by PRC1
complexes, highlighting the critical role of H2AUb1 in development [89]. While the H2A
ubiquitin ligase activity of TRIM37 has been experimentally demonstrated in vitro and in
vivo, the molecular pathology associated with pathogenic TRIM37 variants has not been
explored. Likewise, further studies are needed to confirm the dynamics of H2A
ubiquitination in primary cells from individuals with MUL. The spectrum of phenotypes
described for the Trim37~~mouse model recapitulates many clinical features of MUL and

thus provides a good model to study pathogenesis related to TRIM37 deficiency [90].
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Despite the prominent neurological features of MUL, the role of TRIM37 in neural

development has not been investigated.

BCLG6 corepressor (BCOR) in syndromic microphthalmia 2

Syndromic microphthalmia 2 (MCOPS2, MIM 300166) is a rare, X-linked disorder
characterized by microphthalmia, congenital cataracts, dysmorphic facial features,
congenital heart defects, malformed ears, dental, skeletal, renal and urogenital
anomalies. Neurologically, MCOPS2 is associated with ID, microcephaly and structural
brain abnormalities. Pathogenic variants in X-linked BCOR (BCL6 interacting
corepressor) are the genetic basis of this disorder that presents with a broad phenotypic
spectrum consistent with hemizygosity in males and random X inactivation in females [91,
92]. These phenotypes also encompass those associated with reported copy number
variants of BCOR reported. Pathogenic variants in BCOR are associated with a significant
reduction in genome-wide H2AUb1 levels in mesenchymal stem cells isolated from an
individual with MCOPS2 compared to control, implicating H2AUb1 dysregulation in the
molecular pathology [92, 93].

BCOR is a transcriptional corepressor that was originally identified by its ability to
interact with the site-specific transcriptional repressor BCL6 [94]. BCOR, KDM2B (lysine
demethylase 2B) and PCGF1 are PcG-associated proteins that characterize the
composition of variant PRC1.1 [67, 95]. PCGF1 knockdown experiments exhibit a
dramatic reduction of H2AUb1, mirroring H2AUb1 deposition activity of PRC1.1 [96]. A
role for KDM2B in the BCOR MCOPS2 molecular pathology has not been investigated,

but KDM2B binds DNA and is critical for recruiting PRC1.1 E3 ligase activity to
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unmethylated CpG islands to protect against de novo methylation and constitutive
repression (Fig. 1.1) [43]. Such PRC1.1 functions would allow genome-wide epigenetic
changes during development required to maintain the balance between proliferation and
differentiation, and the subsequent emergence of cellular diversity defined by unique
genome-wide DNA methylation patterns [97].

A role of H2AUb1 dysregulation has not been described for the neural
developmental defects described for the Bcor conditional knockout mouse where BCOR
is required for Sonic Hedgehog (SHH) signaling suppression by BCL6 in cerebellar
development [98]. The epigenetic changes that mediate transcriptional repression of SHH
signaling effectors in association with BCOR have not been elucidated, but recruitment
of the histone deacetylation SIRT1 by BCOR to BCL6 target genes has been shown to
be important. This again emphasizes a role for co-regulation of histone modifications in
H2AUDb1 associated transcriptional regulation. A similar SHH mechanism could contribute
to the pathogenesis of medulloblastoma tumorigenesis associated with somatic variants

in BCOR and cardiac laterality defects observed in individuals with MCOPS2 [99].

H2AUb1 deubiquitination syndromes
Ubiquitin-specific protease 16 (USP16) in Down syndrome

Down Syndrome (DS; OMIM: 190685) results from full or partial trisomy of
chromosome 21 and is characterized by reduced growth, facial dysmorphisms, 1D, motor
deficits and early onset Alzheimer’'s disease. The constellations of DS phenotypes are
attributed to the overexpression of a number of dosage-sensitive genes on chromosome

21. Among the genes that have been evaluated is Usp76 [100]. USP16 can independently
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remove ubiquitin moieties from histone H2A and exhibits high expression in stem cell
populations. The Ts65Dn mouse model that has a third copy of approximately two-thirds
of the murine genes homologous to genes on human chromosome 21, including Usp176,
recapitulates several traits of the human disorder. Ts65Dn mice have 1.5-fold increase in
Usp16 expression and a 40% decrease in H2AUb1. This molecular defect is proposed to
account for decreased stem cell proliferation and increased senescence. Restoring
Usp16 expression to disomy levels by reducing the USP16 dosage or reducing Usp16
expression by shRNA knockdown, rescues the stem cell proliferation and premature
senescence phenotypes. These experiments suggest the third copy of Usp76 in Ts65Dn
mice disrupt maintenance of stem cell multipotency contributing to DS pathology. A
survey of tissues from individuals with DS confirmed reduced self-renewal of
hematopoietic stem cells and premature senescence of mammary epithelial cells, NPCs,
and fibroblasts [40, 101]. Molecularly, this highlights the role of histone H2AUb1 in
pluripotency, differentiation and cell lineage commitment.

Usp 16 knockout mice are early embryonic lethal and further implicate an essential
role for USP16 in development and lineage commitment. Usp16 knockout mESCs exhibit
elevated H2AUb1 unlike Ts65Dn mice, proliferate normally and maintain pluripotency.
Upon differentiation high H2AUb1 levels persist at transcriptional start sites of many
pluripotency and developmentally regulated genes. This molecular defect corresponds to
persistent expression of pluripotency genes, delayed expression of germinal layer
markers and an impediment to differentiation. A role for USP16 H2A deubiquitination in
neural development has not been explored. We speculate that the epigenomic functions

of USP16 may underlie the highly dynamic disruption of gene expression in the brains of
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individuals with DS spanning mid-fetal development to adulthood [102]. These
transcriptomic  findings implicate cell-autonomous deficits in oligodendrocyte
differentiation and the production of neocortical myelin in DS pathogenesis, molecular

and developmental biology consistent with UPS16 H2AUb1 hydrolase activity.

Developmental disorders: additional sex combs-like (ASXL1, ASXL2 and ASXL3)
ASXL1, ASXL2 and ASXL3 are mammalian homologs of Drosophila Additional sex
combs (Asx) and share a conserved domain structure [13]. The paralogs interact with
BRCA1 Associated Protein-1 (BAP1) in a mutually exclusive fashion to form three
separate PR-DUB complexes. BAP1 provides the H2AUb1 ubiquitin hydrolase activity for
the PR-DUBs represented by each ASXL family member. BAP1 is a critical tumor
suppressor that has attracted medical interest in the past years since its loss leads to a
variety of cancers due to somatic variants, but no pathogenic germline variants have been
identified as the genetic basis of a developmental disorder to date [103-106]. Conversely,
de novo heterozygous germline variants have been detected in all three family members
by research and clinical sequencing efforts, for multi-organ developmental disorders with
shared features of hypotonia, ID, craniofacial dysmorphisms, white matter loss and
skeletal manifestations. Despite these overlapping features, each gene is associated with
its own distinct neurodevelopmental syndrome that differ based on their constellation of
partially penetrant clinical features, molecular pathology and associated cancer risk. De
novo variants in ASXL1 are the genetic basis of Bohring—Opitz syndrome (BOS; MIM
605039) [107, 108]. BOS is distinctive among ASXL family member disorders based on

severe and highly penetrant skeletal abnormalities, facial nevus flammeus, microcephaly,
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persistent feeding difficulties and delays in speech and gross motor skills. ASXL2 is the
genetic basis of Shashi-Pena syndrome (SPS; MIM 617190), which is the least severe of
the ASXL associated disorders and distinctive because of mild neonatal feeding
difficulties, complete penetrance of macrocephaly, partially penetrant facial nevus
flammeus, variability in severity of ID, normal height and weight and bone density
abnormalities [109]. Pathogenic ASXL3 variants have been discovered in Bainbridge
Ropers syndrome (BRS; MIM 615485). BRS is characterized by persistent severe feeding
difficulties, partially penetrant microcephaly, highly penetrant severe hypotonia, failure to
meet developmental milestones including walking and highly penetrant nonverbal
outcomes [16, 110]. Comprehensively, these findings suggest an important role for
H2AUb1 exchange kinetics in development, with prominent and distinct neurological
defects.

The Asx/1 and Asx/2 knockout mice exhibit both posterior and an anterior homeotic
skeletal transformation, suggesting their role in Hox regulation is conserved in vertebrates
[111, 112]. Both genotypes were born at less than Mendelian ratio, demonstrated
perinatal lethality with the null animals proportionally smaller than control littermates [112,
113). Besides skeletal transformations, Asx/77- mice exhibit microphthalmia, craniofacial
dysmorphisms and myelodysplasia but have not been described as microcephalic [47,
54, 113, 114]. Asx/2” mice showed enlarged hearts with interstitial fibrosis and
cardiomyocyte disarray and do not exhibit macrocephaly [112, 115]. This discrepancy in
brain size phenotypes between mice and humans is an interesting observation that
warrants further analysis, as the role for PR-DUB function in brain development has not

yet been described.
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Between analysis of mouse models and primary cells established from affected
individuals, dysregulation of H2AUb1 DUB activity is a key molecular defect of ASXL
pathogenic variants [16]. However, molecular differences may also contribute to their
phenotypic differences. In addition to H2AUb1, ASXL1 molecular pathology is also
impacted by dysregulation of H3K27me3 [116]. ASXL3 molecular pathology has been
linked primarily to defects in H2AUb1 DUB activity and elevated genome-wide levels of
H2AUb1 [16]. Pathogenic variants in ASXL2 have been implicated to function in a
dominant-negative manner in the PR-DUB complex, a finding that will need to be
confirmed [109]. Additionally, Asx/2”- mice demonstrate elevated levels of H2AUb1
presumably due to an absence of PR-DUB activity [117]. Further investigating these
pathogenic mechanisms in affected tissue will provide insight into the tissue-specific

H2AUb1 modification exchange in fate specification of distinct cell lineages.

Gene dosage in neurodevelopmental disorders

Advanced genomic sequencing and clinical genetic testing tools have significantly
added to the list of de novo variants contributing to neurological syndromes. Pathogenic
de novo dominant heterozygous variants can act through dominant negative, toxic gain-
of-function or LOF genetic mechanisms. A large proportion of heterozygous variants are
predicted to result in LOF and haploinsufficiency, yet only a fraction are experimentally
confirmed. What underlies the vulnerability to haploinsufficiency is unclear, however, it
accentuates the importance of gene dosage and the pathogenicity that results from such
changes of dosage-sensitive genes. Chromatin modifying genes are an important group

of disease-associated genes that are contributing to the recent expansion of early-onset
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reproductively lethal neurodevelopmental disorders attributed to pathogenic de novo
variants. The molecular mechanisms that underlie the phenotypic spectrum of dosage-
sensitive genes have been largely unexplored. Through comprehensive genetic testing
and research sequencing the SNVs and CNVs will be important to define dosage
sensitive genes and the corresponding spectrum of phenotypic outcomes.

Reciprocal dosage of Usp 16 that results in opposing phenotypes is an example of
the relationship of dosage and phenotypic outcomes for dosage sensitive genes. Located
on chromosome 21, triplicate copies of USP16 are present in Down syndrome [100].
Reduced dosage of USP16 has not been described in human pathogenesis. Yet, early
embryonic lethality of the Usp76 knockout suggests USP16 may be essential for
development in humans as well. An evaluation of different cell types, including
differentiation of mMESCs towards a germinal fate showed that knockout of Usp 16 results
in increased H2AUb1 levels at key developmental regulators and persistent multipotency,
while an extra functional copy of USP16 promotes H2AUb1 deubiquitination, progenitor
proliferation, accelerated differentiation and senescence. For most cases of dosage the
resulting phenotypic outcomes and proposed molecular mechanisms are more variable
than this direct relationship between gene dosage and phenotype. For many of the
neurodevelopmental disorder genes that encode components of the histone H2A
ubiquitination regulatory axis, in depth molecular studies will be required to understand
how a gene dosage alters tissue- and developmental- specific expression and how the
altered amount of a single subunit of a multi-subunit protein complex leads to
recognizable phenotypes. These two criteria are particularly relevant given the variability

in subunit composition of PRC1.
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Coincidence of variants in cancers and neurodevelopmental disorders

A decidedly unexpected finding from comprehensive analysis of data from large
scale sequencing efforts and routine clinical genome-wide genetic tests was the
coincidence of variants in chromatin modifying genes that are attributed to both
neurodevelopmental disorders and cancer. Similar to germline variants in components of
the histone H2AUb1 regulatory axis detected for neurodevelopmental disorders, somatic
variants are being identified as potential drivers of a variety of tissue malignancies.
Individually mutated genes can be preferentially associated with individual tumor types,
as well as overlapping contributions to a broad range of cancers including neural,
epithelial and hematopoietic malignancies. The ASXL family members are an example of
this complex interconnectedness. Pathogenic germline variants in ASXL1, ASXL2 and
ASXL3 are each associated with distinct neurodevelopmental disorders that share some
overlapping phenotypes. Likewise, somatic variants in ASXL1, ASXL2 and ASXL3 are
detected in many malignancies, but each is also associated prominently with AML, breast
cancer and melanoma respectively [14]. These cases highlight the importance of tissue-
and developmental- specific expression to pathogenesis and suggest shared molecular
mechanisms conveyed by germline and somatic variants in the same gene. An
outstanding question is how variants in different subunits of the same complex can
generate divergent phenotypes and susceptibility to tumorigenesis. Thus, the context of
genetic variations, including timing, genetic background and cell type, may contribute to
the differing disease phenotypes, despite similar protein defects. The cell and tissue

choices for investigating the molecular mechanisms of pathogenesis will be critically
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important to uncover the pathogenic mechanism of neurodevelopmental defects and

generation of cancer.

Concluding remarks

Convergence of neurogenetics findings on genes that encode components of the
H2AUb1 regulatory axis provides genetic evidence for the important function of this
histone PTM in normal development and pathogenesis. The diversity of syndromic
features that define these neurodevelopmental disorders belies the dosage sensitivity and
molecular complexity that accompanies developmental H2AUb1 exchange. Divergent
phenotypes exhibited by pathogenic variants in genes that encode components of
overlapping protein complexes with H2AUb1 modifying activity also suggests tissue- and
developmental- specific expression. These genetic observations will be critical for
designing experimental approaches to understand the fundamental epigenetic
mechanisms of H2AUb1. More mechanistic studies will be needed to translate these
genetic perturbations into a better understanding of the Polycomb histone modifications
required for the generation and maintenance of cellular diversity of different organ
systems, including the brain. These genetic findings provide a strong foundation on which

to base these future research goals.
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Fig. 1.1. Canonical versus variant PRC1 There are two categories of PRC1 complexes,
A, canonical and B, variant, which are distinguished by the mutually exclusive
incorporation of one of six PCGF paralogs. This family of complexes is biochemically
defined by the presence of RING1A/B. Components of canonical PRC1 include
RING1A/B, PHC1, and CBX family members and are labeled as either PRC1.2 or PRC1.4
based on incorporation of PCGF2 or PCGF4 respectively. RYBP/YAF2, PCGF and
RING1A/B are shared core components of variant PRC1, that are characterized by
accessory binding partners, including BCOR, KDM2B, E2F6, RYBP, and AUTS2, and
labeled according to the PCGF1, PCGF3, PCGF5 or PCGF6 subunits (PRC1.1, PRCA1.3,
PRC1.5 and PRC1.6)
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Figure 1.2. Polycomb recruitment model. Schematic summarizing the emerging model
of Polycomb transcriptional regulation. A, Variant PRC1 monoubiquinates H2AK119. B,
PRC2 is recruited by H2AUb1 and deposits H3K27me3. C, Canonical PRC1 recognizes
H3K27me3 and promotes long-range interactions.
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Fig. 1.3. Histone H2A monoubiquitination regulatory axis. Occurrence of genetic
variants in the components that mediate H2AUb1 either independently or in association
with Polycomb complexes. AUTS2, BCOR, and PHC1 are components of different PRC1
complexes that mediate the ubiquitination of lysine 119 on H2A. TRIM37 also functions
as a ubiquitin E3 ligase but has not been shown to directly bind to a PRC1 complex. Along
the right side, enzymes with H2AUb1 hydrolase activity are depicted. Individual ASXL
family members form mutually exclusive PR-DUB complexes that mediate the
deubiquitination of lysine 119 on H2A. The three PR-DUB complexes have overlapping
and unique tissue and cell specificity. USP16 deubiquitinates H2AUb1 but does not
interact with Polycomb complexes. Abbreviations: ASXL, additional sex comb-like;
AUTS2, autism susceptibility candidate 2; BCOR, BCL6 corepressor; H2AUb1,
monoubiquitination of histone H2A; PHC1, polyhomeotic-like 1; PRC1, Polycomb
repressive complex 1; PR-DUB, Polycomb repressive deubiquitination complex; TRIM37,
tripartite motif-containing protein 37; USP16, ubiquitin-specific protease 16.
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Table 1.1. Clinical features and model organism phenotypes implicated in H2AUb1
remodeling and Neurodevelopmental Disorders?®®

Gene/Disorder Human Phenotypes pLI° VA Model system: Refs
score? phenotypes
ASXL1/BOS Developmental delays, ID, hypotonia, 0.00 0.08 Mouse: craniofacial [58, 59]
hypoplastic/agenesis corpus dysmorphism, skeletal
callosum, delayed myelination, transformations,
microcephaly, craniofacial myeloid dysplasia
dysmorphisms, feeding difficulties,
skeletal manifestations, VSD, ASD
ASXL2/SPS Delayed psychomotor development 0.99 -0.01 Mouse: abnormal heart [60]
and speech, ID, ventriculomegaly, morphology, skeletal
white matter volume loss, enlarged transformations
extra axial spaces, macrocephaly
craniofacial dysmorphisms, feeding
difficulties, skeletal manifestations,
ASD
ASXL3/BRS, autism  Global psychomotor development 1.00 -0.94 Mouse: abnormal heart [16]
delay, profound ID, microcephaly, development
craniofacial dysmorphisms, feeding
difficulties, skeletal manifestations
USP16/Down ID, ventriculomegaly, hypotonia, 0.01 -0.89 Mouse: Embryonic [40, 61]
Syndrome skeletal manifestations, CHD, AVC lethal < E7.5 Xenopus
laevis: homeotic
transformation
AUTS2/autism Delayed psychomotor development 1.00 3.09 Mouse: developmental [62, 63]
and speech, learning difficulties, delay in sensorimotor,
microcephaly, ID, hypertonia, cognition, and
craniofacial dysmorphisms, feeding communication
difficulties, skeletal manifestations Zebrafish: craniofacial
dysmorphism
PHC1/microcephaly  Low-normal intelligence, 1.00 4.01 Mouse: congenital heart  [62, 64]
microcephaly, craniofacial defects, homeotic
dysmorphisms transformations,
craniofacial
dysmorphisms
Trim37/Mulibrey Large cerebral ventricles and 0.17 1.42 Mouse: [65]
Nanism cisternae, dysarthria, craniofacial cardiomyopathy,
dysmorphisms, dolichocephaly, reproductive organ
skeletal manifestations, myocardial defects
fibrosis, congestive heart failure,
pericardial constriction, globular-
shaped heart
BCORI/syndromic Mild ID, delayed motor development, 1.00 1.06 Mouse: heart defects, [66]
micropthalamia 2 hypoplastic or absent optic chiasm, craniofacial
spastic paraparesis, hypoplastic dysmorphism, abnormal
corpus callosum, microcephaly, forebrain development,
craniofacial dysmorphisms, skeletal decreased cerebellar
manifestations, ASD, VSD, aortic size
valve stenosis, pulmonary valve
stenosis, pentalogy of Fallot, DORV,
dextrocardia, mitral valve prolapse,
tricuspid valve inefficiency
Ring1/Schizophrenia Intrauterine growth retardation, 0.92 3.42 Mouse: Abnormalities of  [67]

microcephaly, delayed acquisition of
language, cognitive, and social skills,
mild scoliosis, schizophrenic
sypmtoms

axial skeleton
patterning. Defects in
dorsal ventral patterning
of telencephalon.

@Both Z score and pLI values have been obtained from the EXAC browser (http://exac.broadinstitute.org).

bAbbreviations: ASD, atrial septal defect; AVC, atrioventricular canal; BOS, Bohring—Opitz syndrome; BRS,
Bainbridge—Ropers syndrome; CHD, congenital heart disease; DORV, double outlet right ventricle; SPS, Shashi—Pena
syndrome; VSD, ventricular septal defect.

°pLI is the probability of being LOF intolerant (pLI). The closer pLl is to one, the more LOF intolerant the gene appears
to be.

dFor synonymous and missense, Z score has been created. Z score is the deviation of observed counts from the
expected number. Positive Z scores indicate increased constraint (intolerance to variation) and therefore the gene had
fewer variants than expected. Negative Z scores are given to genes that had more variants than expected.
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Chapter 22
Aberrant Extracellular Matrix and Cardiac Development in Models Lacking the PR-
DUB Component ASXL3

ABSTRACT
Clinical and research based genetic testing has uncovered genes that encode chromatin

modifying complex components required for organogenesis. Covalent histone
modifications play a key role in establishing transcriptional plasticity during development,
required for cell fate specification, and have been implicated as a developmental
mechanism that accounts for autism spectrum disorder (ASD) and CHD co-occurrence.
ASXL3 has been identified as a high confidence ASD gene. ASXL3 is a component of
the Polycomb Repressive Deubiquitination (PR-DUB) complex, which deubiquitinates
histone H2A. However, the role of ASXL3 in cardiac development remains unknown. We
used CRISPR/Cas9 gene editing to generate clinically relevant Asx/3 frameshift alleles in
a mouse model and human embryonic stem cells (hESCs). To evaluate ASXL3 function
in developing hearts, we performed structural, molecular, immunostaining and
histological analyses. Transcriptomic and cellular compositional changes were assessed
with bulk RNA sequencing of mouse hearts and single-cell RNA sequencing (ScCRNA-seq)
of human cardiac tissue differentiated from isogenic hESC lines. Biallelic genetic
inactivation of Asx/3 leads to perinatal lethality and increased levels of histone H2A mono-
ubiquitination, which are regulated by PR-DUB. Asx/3*/ and Asx/3™ mice display
cardiac abnormalities including ventricular hypoplasia, septal defects, and bifid cardiac

apex with variable penetrance. The presence of underdeveloped ventricles is preceded

2 This chapter represents a submitted manuscript. McGrath B, Tsan YC, Salvi S, Ghali N, Martin DM,
Hannibal M, Keegan CP, Helms A, Bielas SL, Srivastava A. Aberrant extracellular matrix and cardiac

development in models lacking the PR-DUB component ASXL3. Under Review Circulation
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by increased progenitor proliferation in the ventricles, as determined by EdU
incorporation. Differential gene expression, assessed by bulk RNA sequencing implicates
extracellular matrix dysfunction as a pathogenic mechanism. This correlates with a
reduction in vimentin-positive cardiac fibroblasts. scRNA-seq of cardiac cultures
differentiated from human ASXL3" ESC lines exhibit altered ratios of cardiac fibroblasts
and cardiomyocytes. Similar to the mouse data, genes essential for extracellular matrix
composition and signaling are differentially expressed between ASXL3** and ASXL3""
human in vitro differentiated cardiac tissue. The observed transcriptomic changes predict
diminished cell-cell signaling interactions between cardiac fibroblasts and cardiomyocyte
progenitors in ASXL3 cultures. Collectively, our data implicates species-specific roles for
ASXL3 in both human and mouse cardiac development. These results highlight the role
of extracellular matrix gene programs by cardiac fibroblast during cardiomyocyte
development and provide insight into mechanisms of altered cardiogenesis by autism risk

genes.
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INTRODUCTION

Heart development requires exquisite orchestration of cardiac progenitor
proliferation, migration, differentiation, morphogenesis and developmental remodeling to
form four chambers. Disruption of this complex process is the basis of congenital heart
defects, the most prevalent birth defect. Investigating the genetic and molecular
mechanisms underlying cardiac development will unveil the transcriptomic and regulatory
networks essential for normal and abnormal cardiogenesis.

Transformation of the embryonic heart tube into the mammalian four chambered
heart requires coordinated proliferation of cardiac progenitor cell (CPC) pools and
differentiation toward diverse cardiac lineages. Analysis of cardiogenesis in model
organisms has allowed the developmental origin of the mature structural heart features
to be traced back to one of the two mesoderm derived cardiac primordia, the first (FHF)
and second heart fields (SHF), or neural crest lineages [1]. The left ventricle and atria are
a product of FHF progenitors and the SHF contributes to the right ventricle, atria, outflow
and inflow tracks. Single-cell transcriptomics studies along heart organogenesis have
defined the shared and distinct expression profile of CPCs progressing through a series
of intermediate cardiac-cell states to mature endocardial and cardiomyocyte cardiac
lineages, in mouse and human model systems [2-5].

Within the embryonic heart, the extracellular matrix (ECM) plays an active role in
governing the spatial programs of cardiac organogenesis[6]. Beyond structural support
for cardiac cells, the ECM influences cardiomyocyte migration during cardiac tube

expansion, looping, ventricular trabeculation and compaction and regulation of cell
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proliferation and differentiation [7-16]. The influence of the ECM on these developmental
processes depends on the coordinated synthesis and degradation of ECM secreted
factors and expression of corresponding ECM receptors [6]. For instance, cardiac
fibroblasts, which comprise a large cell population in the heart, secrete high levels of
developmental stage-specific extracellular matrix and growth factors, including fibronectin
(FN) [17].Cell surface expression of 31 Integrin by cardiomyocytes binds FN in the ECM,
promoting CPC proliferation and expansion of ventricular chambers during cardiogenesis
[14, 18, 19]. ECM composition varies across cardiac structures and development.
Independent of the stage of heart development, ECM composition is transcriptionally
requlated across various cardiac cell lineages and can be disrupted by epigenetic
mechanisms that alter chromatin remodeling or genome wide post-translational
modifications[12, 20, 21].

During cardiogenesis, epigenetic mechanisms establish transcriptional plasticity
that generates distinct transcriptional profiles for development. The evolutionarily
conserved Polycomb group (PcG) complexes contribute to establishing this
transcriptional plasticity by regulating transcriptional repression [22]. The PcG complexes,
Polycomb repressive complex 1 (PRC1), complex 2 (PRC2) and PR-DUB, are subdivided
on the basis of associated enzymatic activities[23]. Histone H3 lysine 27 trimethylation
(H3K27me3) is catalyzed by PRC2. PRC1 catalyzes mono-ubiquitylation of H2A
(H2AUb1), while PR-DUB hydrolyzes H2AUb1 deubiquitination. The core components of
the PR-DUB complex are the ubiquitin hydrolase BAP1 (BRCA1 associated protein 1)
and one of three ASXL family members, ASXL1, ASXL2 or ASXL3 [24]. Individual ASXL

family members function as the mutually exclusive obligate regulatory subunits of the PR-
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DUB complex, as BAP1 does not exhibit histone H2A deubiquitination activity (DUB) in
the absence of an ASXL protein [25, 26]. While all ASXL family members were expressed
in the embryonic mouse heart, the role of Asx/3 during cardiac development has not been
investigated [27].

Monoallelic frameshift ASXL3 variants are the genetic basis of Bainbridge-Ropers
Syndrome (BRS) and syndromic autism spectrum disorder (ASD), characterized by
repetitive and social features of ASD, global developmental delay, intellectual disability,
hypotonia, craniofacial dysmorphism, reduced gastrointestinal motility and altered sleep
cycle [28, 29]. While congenital heart defects are not enriched in this cohort, they have
been described as a feature of ultra-rare biallelic recessive ASXL3 missense variants
[30]. We investigated the role of ASXL3 in cardiac development by using a biallelic
frameshift Asx/3 mouse model and cardiac tissue differentiated from biallelic frameshift
ASXL3 human embryonic stem cell (hESC) lines. Constitutive loss of Asx/3 exhibit highly
penetrant CHDs and perinatal lethality, with less severe cardiac phenotypes observed in
heterozygous animals. Altered composition of cardiac cell lineages and ECM components
were observed in models from both species. Transcriptomics implicate species-specific
genetic and molecular features of these shared pathogenic mechanisms. Correlation
between these biallelic models highlight a dosage-sensitive role for ASXL3 in

cardiogenesis and underscores the differential expressivity of CHDs in BRS/ASD.
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RESULTS
H2AUDb1 elevated in AsxI3 frameshift mouse model

To investigate the role of ASXL3 in development, we generated a mouse model
with a two base-pair deletion in Asx/3, corresponding to homologous nucleotides
classified as pathogenic ASXL3 BRS/ASD variants. Single guide RNAs (sgRNAs) were
designed to target a region of mouse exon 12, which is homologous to human exon 11
(Fig. 21A). CRISPR/Cas9 editing created an AsxI3
€.990_992delCA:993T > G;p.T484Afs*5 frameshift (Asx/3fs) allele through non-
homologous end joining in B6SJL hybrid blastocyst after pronuclear injection (Fig. 2.1B).
Expression of full-length Asx/3 and its protein product was not detected by RT-gPCR and
Western blot in Asx/3 mice (Fig. 2.1C and 2.1D). ASXL3 interacts with BAP1 to form
the PR-DUB complex, which mediates histone H2A deubiquitylation [29]. We measured
the levels of Histone H2A mono-ubiquitination in E13.5 hearts by western blot. Consistent
with findings from patient derived fibroblasts, we found a 1.5 fold increase of H2AUDb1

relative to histone H3 in Asx/3™" mice (Fig. 2.1E and 2.1F).

AsxI3 null mouse exhibits Polycomb transcriptional repression phenotypes
Heterozygous intercrosses yielded Asx/3™" at standard Mendelian ratios till birth
at P0.5 (Fig. 2.1G). Consistent with neonatal lethality, Asx/3®% pups are
underrepresented from P0.5 to P5. At birth, Asx/3™" mice weigh less than both Asx/3*
and AsxI3** littermates which are comparable in weight (Fig. 2.1H). Given the important
role for Polycomb transcriptional repression on Hox gene expression, we performed
skeletal Alcian blue staining to assess evidence of skeletal homeotic transformations [23].

No defects were observed in the vertebral column of 8 Asx/3** pups, while a low penetrant
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cervical rib homeotic transformation of cervical vertebrae C7 was observed for 1 in 10
AsxI3*, and 1 of 11 AsxI3™ pups. Small ossified rib anlagen at cervical vertebra C7 are
observed at very low penetrance in wild-type mice of some hybrid mouse strains [31].
This phenotype has not been described for a B6SJL hybrid mouse strain, implicating a

nonredundant role of ASXL3 in Hox gene regulation of axial skeleton segmentation.

AsxI3 mutant neonates exhibit severe congenital heart defects

Phenotypic evaluation of multiple organ systems was performed to determine an
etiology of neonatal lethality. Stomach milk is externally observed in P0.5 Asx/3™ pups,
suggesting that suckling reflexes are intact. Hematoxylin and eosin (H&E) histological
evaluation of whole mount P0.5 Asx/3**, AsxI3*" and AsxI3™ neonates depicted normal
gross anatomy of liver, lungs, kidneys, small intestine, colon, testis, and stomach for all
three genotypes (Supplemental Fig. 2.1) No structural brain defects were observed by
cresyl violet staining, but distinct borders defining cortical layers are diminished (Chapter
3). These defects are not predicted to result in neonatal lethality.

Conversely, Asx/3™" neonates exhibit congenital cardiac defects by H&E staining
and gross organ structural defects. Hearts of P0.5 mice displayed congenital
morphological abnormalities ranging from cardiac bifida to separated ventricles in
AsxI3* and AsxI3®" mice at increasing penetrance, respectively (Fig. 2.2A and
2.2B). Bifida cardiac apex was observed in 16.7% of Asx/3*" mice and separated
ventricles were observed in 4.5% of Asx/3* and 16.7% of Asx/3™" mice. Out of 39
AsxI3™% neonatal hearts serially sectioned and analyzed by H&E staining, 11 (28%)
showed right ventricular hypoplasia, with 4 presenting with almost complete loss of the

ventricular lumen, making this the most penetrant heart phenotype in this Asx/3 mouse
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model. Apical muscular ventricular septal defects were also detected in 5.1% of Asx/3
mice. The ventricles in hypoplastic ventricular hearts appeared incomplete with reduced
luminal space throughout the entirety of serial sections (Fig. 2.2 and Supplemental Fig.
2.3). Such cardiac defects have been observed in transgenic mouse models of genes
that encode components of Polycomb complexes and are predicted to be the basis of
neonatal lethality [27].

Right ventricular hypoplasia in Asx/3*" and Asx/3™" P0.5 hearts correlates to
increased heart weight and heart to body weight ratios, consistent with increased cardiac
tissue. We independently weighed P0.5 pups as well as dissected hearts with extra-
cardiac tissue removed. Asx/3™ hearts weigh significantly more than Asx/3** hearts,
with a corresponding increase in heart to body-weight ratio (Fig. 2.2D and 2.2E). No
significant difference was observed in heterozygous mice. Quantitative morphometric
analysis of H&E stained heart sections were performed to characterize the ventricular
tissue changes in hypoplastic hearts. Morphometric analysis included interventricular
septum (IVS), left ventricle internal diameter (LVID), left wall thickness (LWT), right
ventricular internal diameter (RVID), and right wall thickness (RWT) (Fig. 2.2F). This
analysis revealed a decrease in LVID and RVID in Asx/3®% mice consistent with
ventricular hypoplasia (Fig. 2.2G). The absence of a significant increase in RWT, LWT,
or IVS length could be due to the variable penetrance of hypoplastic hearts since the
septum and ventricular walls of hypoplastic hearts appear thicker (Supplemental Fig.

2.3).

Increased proliferation during heart development
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Several pathogenic mechanisms of cardiac development including fibrosis,
increased cardiomyocyte size (hypertrophy) or altered cardiac progenitor proliferation
(hyperplasia) could account for an increased ventricular chamber wall thickness. Masson
trichrome staining performed on PO0.5 paraffin-embedded heart sections did not show
evidence of fibrosis in ventricular or septum tissue from mice of any genotype (Fig. 2.3A
and 2.3B). To investigate the possibility of cardiomyocyte hypertrophy, the cross-sectional
area of cardiomyocytes was quantified from P0.5 coronal cardiac sections stained with
Alexa 488 conjugated wheat germ agglutinin (WGA). No significant difference in
cardiomyocyte size was observed in Asx/3*" or AsxI3™ tissue relative to controls across
corresponding structural areas (Supplemental Fig. 2.3).

CPC proliferation during development was interrogated using a 24hr pulse of EdU,
to label mitotically active cells undergoing DNA replication. Timed-pregnant dames were
administered EdU, by intraperitoneal injection at embryonic day 13.5 (E13.5) (Fig. 2.3C).
A day later, hearts from E14 littermates were fixed, cryosectioned and EdU was detected
through a Click-it reaction (Fig. 2.3F and 2.3G). No appreciable changes in EdU positive
cells were noted in the septum between genotypes (Fig. 2.3E). In the left ventricle of
AsxI3*" and AsxI3™ hearts, EJU was detected in more cells relative to wild type
littermates (Fig. 2.3E). EdU-positive cells were also increased in the right ventricle of
AsxI3* and AsxI3™" hearts, however, significance was achieved in only Asx/3™ tissue
relative to controls (Fig. 2.3E). Overall, Asx/3™ hearts tend to show increased levels of
EdU incorporation in both the left and right ventricles at E14. This is consistent with a
model of cardiac progenitor hyperplasia, with a secondary reduction in ventricular luminal

size.

45



RNA Seq uncovers distinct gene expressions in E18.5 AsxI3 mutants

De novo and CRISPR-edited ASXL3 genetic variants disrupt ASXL3-dependent
PR-DUB H2AUb1 deubiquitination and transcriptional regulation (Fig. 2.1E). To analyze
transcriptional changes correlated with elevated H2AUb1 in Asx/3* and Asx/3™ hearts,
we performed bulk-RNA sequencing of E18.5 ventricles isolated from closely associated
aorta, left atrium and right atrium from four sets of Asx/3-littermates. Highly reproducible
transcriptomic changes were observed in the ventricular samples from both Asx/3*% and
AsxI3™% samples. 333 differentially expressed genes (DEGs; false discovery rate
adjusted p-values defined by DESeq2, g < 0.05 and log> fold change of 20.4) were
identified in AsxI3* ventricles, with 170 (51.05%) downregulated and 163 (48.95%)
upregulated (Fig. 2.4A). Similarly, 366 DEGs were observed in Asx/3™ ventricular tissue
with 161 (43.99%) downregulated and 205 (56.01%) upregulated (Fig. 2.4B).

Comparison of all Asx/3** and Asx/3™" DEGs revealed that ~30% of DEGs were
represented in both genotypes (Supplemental Fig. 2.4A and 2.4B). Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis of Asx/3** and Asx/3™
transcriptomics revealed overlapping pathways for downregulated DEGs including ‘ECM-
receptor interactions’, focal adhesion’, and ‘PISK-AKT signaling pathway’ (Fig. 2.4C).
Similar findings were detected with GO analysis (Supplemental Fig.2.4C). Together these
altered pathways implicate disrupted extracellular matrix (ECM) function in Asx/3** and
AsxI3™ ventricles. The ECM provides both signaling and structural functions in the
developing heart that are critical for the heart organogenesis [6]. Downregulated DEGs
enriched in Asx/3"® and AsxI3® shared pathways include important cardiac ECM

components like Col1a1, Colb5a1, Fbin2, Fbn1, Ein, Ltbp4, and Fn1, (Fig. 2.4A and 2.4B).
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Of note, while Asx/3* and AsxI3™" shared a similar number of upregulated (55) and
downregulated (52) genes, upregulated DEGs enriched in KEGG pathways were not
shared between Asx/3*" and AsxI3™ datasets (Fig. 2.4D). ECM involvement in Asx/3™/
cardiac phenotype was also implicated by gene set enrichment analysis (GSEA) of the
C5 ontology gene set from the molecular signature database (MSigDB), which also
identified significant DEG transcript enrichment in GO Extracellular Matrix Assembly and
GO Collagen Fibril Organization (Fig. 2.4E and 2.4F). While negative normalized
enrichment scores (NESs) quantified the correlation of downregulated DEGs for both
AsxI3*s and AsxI3™" samples, this analysis also reveals the intermediate transcriptional
changes for Asx/3*" relative to Asx/3™ samples, for both the rank order DEGs and
negative NES. An Asx/3*/ NES of -1.2 and -1.23 versus Asx/3® NES of -1.89 and -2.13
for GO Extracellular Matrix Assembly and GO Collagen Fibril Organization pathways
respectively quantify the difference of enriched hits from bottom-ranked genes in the
pathway. This data does not differentiate between timing of the onset of differential
expression across cardiac development, both of which may be required to describe the

discrepancy in the severity of cardiac phenotypes between Asx/3* and AsxI3™ animals.

Reduced cardiac fibroblasts in ventricles of Asx/3 mutants

Cardiac fibroblasts are a prominent source of ECM deposition, degradation, and
remodeling in the developing heart [17]. Embryonic cardiac fibroblasts are also a source
of integrin ligands, including fibronectin and collagen, that promote cardiomyocyte
proliferation through integrin signaling pathways [14]. Given the differential expression of
ECM components we detected in Asx/3** and AsxI3™* ventricles and increased

proliferation observed at E14, cardiac fibroblasts distribution and ECM deposition was
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evaluated. Coronal sections of fixed P0.5 heart were immunostained for vimentin, an
intermediate filament protein marker of cardiac fibroblasts. Vimentin-positive cells were
quantified in each ventricle separately and the septum (Fig. 2.5C). An equivalent number
of fibroblasts were observed in the septum between all three genotypes (Fig. 2.5B). A
significant reduction in vimentin-positive cells were quantified in Asx/3** and Asx/3
samples relative to controls (Fig. 2.5D and 2.5F). This decrease in cardiac fibroblasts is
a mechanism that would account for downregulation of ECM gene signatures by RNA
sequencing.

Given, Collagen1A1 (COL1A1) and Collagen3A1 (Col3A1) expression was
downregulated by RNA-seq, ECM deposition in E15.5 and P0.5 heart were validated by
immunohistochemistry. Surprisingly, minimal collagen differences were observed at P0.5
in any heart region (Supplemental Fig. 2.5). At E15 Col3A1 appeared comparable in the
left ventricle of AsxI3+/+ and Asx/3™" mice, but it appeared slightly increased in the right
ventricle of Asx/3™ |ittermates. Evaluation of other ECM components and/or additional
developmental time points would provide greater insights into the disrupted ECM
dynamics. Together these findings suggest that inactivation of Asx/3 in cardiac
development may have downstream consequences such as the disrupted collagen and
decreased number of cardiac fibroblasts as is observed in the heterozygous and null

hearts.

ASXL3-dependent in vitro human cardiac differentiation
Given the AsxI3®™% mouse cardiac phenotype, and congenital heart
defects attributed to biallelic ASXL3 missense variants, a human in vitro model of cardiac

differentiation was used to explore the function of ASXL3 in normal physiology and
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pathology. CRISPR/cas9 gene-editing was used to create isogenic H9 human embryonic
stem cell (hESC) lines carrying biallelic ASXL3 ¢.1393dupT;p.C465LfsX4; and
¢.1390_1393del;p.E464AfsX19 (ASXL3™) variants in exon 11 an ASXL3 exon enriched
for variants clinically classified as pathogenic [29] (Fig 2.6A and Supplemental Fig. 2.6).
Isogenic control and ASXL3™" hESC lines were differentiated to a cardiac lineage using
an established protocol, but lactate selection or magnetic beads assisted cell sorting was
omitted to preserve non-cardiomyocyte lineages in the culture, thus enhancing the cellular
heterogeneity of tissue differentiated from the common cardiogenic mesodermal lineage
[32]. Differentiation of monolayer cultured hESC towards cardiomyocyte lineage is
induced by modulating components of the WNT signaling pathway over first 5 successive
days to establish cardiogenic mesoderm and transition into CPCs. By omitting
cardiomyocyte selection at day 10, differentiation proceeds to generate NKX2-5
cardiomyocytes lineages and non-contractile cardiac derivatives (Fig. 2.6B). Single-cell
RNA sequencing was performed on ASXL3** control and ASXL3™ cultures at 12 days
of differentiations to characterize the progeny of cardiac lineages. A total of 18,577 cells
(9,379 ASXL3** and 9,198 ASXL3™ cells) with an average of 1001.73 genes detected
per cell that met our data quality control and filtering parameters, were captured from
three ASXL3"* and two ASXL3™" independent cardiac differentiations. The filtered
dataset was analyzed using our pipeline based on Seurat version 3 [33].

By performing dimensionality reduction and unsupervised clustering with uniform
manifold approximation and projection (UMAP) we identified 11 unique cell populations
(Fig 2.6C and 2.6D). Clusters were manually annotated according to expression of cell

type markers described by various experimental approach, and each set of cluster-
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specific marker genes were cross-referenced against published scRNAseq studies (Fig.
2.6C and 2.6E) [2-4]. The cell populations identified correlated to major cell-types present
in in vivo cardiogenesis and in vitro cardiac differentiation, including cardiomyocyte
progenitors, cardiomyocytes, fibroblast progenitors, and cardiac fibroblasts. The TTN+
cardiomyocyte clusters, clusters 8, 9, 10, and 11 express high levels of sarcomere genes
MYH6, MYL3, TNNT2, TTN. While we observe three NKX2-5 positive cardiomyocyte
progenitor populations, cluster 5, 6, and 7, only cluster 5 actively expressed cell
proliferation marker MKI67. Interestingly first heart field marker TBX5 and second heart
field marker MEF2C shared similar expression patterns among all cardiomyocyte
progenitor clusters, suggesting these are still early-stage progenitors. We identified three
Decorin (DCN)-positive fibroblast clusters cardiac fibroblast populations, clusters 1, 2,
and 3 that contain cells expressing high levels of extracellular matrix genes such as DCN,
COL3A1 and COL1A1. We further classified cluster 1 (DCN+MKI67+ Proliferating
Fibroblast) as proliferating fibroblast progenitors based on their expression of MKi67.
Lastly, we detected an ID1+ non-cardiomyocyte progenitor cluster. In the developing
heart, ID1 is exclusively expressed by non-cardiomyocyte cells in the epicardium and
endocardium [34].

Comparable cell-type clusters were detected in control and ASXL3™* samples
when clustered independently and in aggregate. In the combined analysis, ASXL3™" cells
are distributed across all clusters (Fig. 2.6C). The reproducibility of scRNA-seq
transcriptomics allows the cellular composition of heterogeneous differentiating tissue to
be determined between control and ASXL3™" samples (Fig. 2.6F). The ratio of non-

cardiomyocytes fated cell progeny (+/+ 20.3%, fs/fs 25.5%) relative to cardiomyocytes
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fated lineages (+/+ 79.7%, fs/fs 74.5%) was similar in samples from both genotypes (Fig.
2.6F). A slight increase in ASXL3™" cardiac fibroblasts, differentiating along a DCN
defined lineage, was observed relative to control sample (+/+ 17.8%, fs/fs 24.9%).
Additional days of cardiac differentiation are required to determine if this composition
difference resolves or results in a ASXL3™" cardiac differentiation phenotype.

To identify transcriptomic changes that occur during cardiac differentiation,
ASXL3™s DEG were determined for each cluster (supplemental data). An average of 367
DEGs were detected per cluster (Min. 184; Max. 749). KEGG pathway analysis of DEGs
showed overlapping dysregulation of ECM receptor interaction, signaling pathways,
cardiomyopathy, and cell function related pathways (Fig. 2.6G). These aberrant pathways
were enriched for both up- and down-regulated genes across multiple clusters. Notably,
three of the top KEGG pathways focused on ECM receptor interaction showed DEG
enrichment, specifically "Focal Adhesion", "ECM-receptor interaction" and "PISK-AKT
signaling pathway" (Fig. 2.4C and 2.6G). These findings suggest pathologic mechanisms
are shared between mice and humans. In addition, DEGs from three NKX2-5 positive,
cardiomyogenic progenitor clusters (NKX2-5+MKI67+ Progenitor, NKX2-5+MKI67-
Progenitor 1, and NKX2-5+MKI67- Progenitor 2) were similarly enriched in the Focal
adhesion KEGG pathway. Of the 184, 235, and 467 DEGs identified in each cluster
respectively MAP2K1, ACTB, and MYLK were differentially expressed among all 3
clusters from the Focal adhesion KEGG pathway. Interestingly the majority of these DEGs
were down-regulated DEGs (168, 228, 259, respectively). ECM deposited by the stromal
fibroblast populations acts non-autonomously to influence cardiomyogenic progenitor

proliferation (Fig. 2.7H). Coalescence of cardiomyogenic progenitor DEGs in the focal
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adhesion KEGG pathway implicates that imbalanced expression of ECM ligand
components and/or receptors in cardiomyogenic progenitor cells impacts proliferation and
differentiation.

To assess defects in cell-cell communication, due to a cell-specific imbalance of
ligand-receptor expression, we processed our scRNA-seq dataset using CellphoneDB,
an analysis tool developed to objectively quantify potential cell signaling between clusters
based on single-cell transcriptomics [35]. The averaged expression intensity of each
ligand-receptor pair was calculated and compared to the random permuted null
distribution to calculate p values, which are based on unbiased identification of cell-cell
interactions and active signaling pathways. 129 and 217 active molecular signaling
pathways were identified in ASXL3"* and ASXL3™" cells respectively (Fig. 2.7A and
2.7B) by the CellphoneDB algorithm. Interestingly regardless of genotype, DCN+
fibroblast 1 was the most “communicative” population of cells, interacting within itself and
robustly with both cardiomyogenic progenitors (NKX2-5+MKI67+ Progenitor, and NKX2-
5+MKI67- Progenitor 1 clusters), and non-cardiomyogenic progenitors (DCN+MKI67+
Proliferating and Fibroblast, ID1+ Progenitor) (Fig. 2.7A and 2.7B). This piece of evidence
again strongly favors the hypothesis that the fibroblasts support and regulate progenitors
in the developing heart through both laying down the ECM environment and secreting
other signaling cue molecules. Conversely in comparison mature cardiomyocytes are
“quieter” and less communicative in general (Fig. 2.7A), although in the ASXL3™%
condition the mature TTN+ cardiomyocyte populations were more communicative
compared to their ASXL3"* counterparts with the progenitor populations (Fig. 2.7B).

However, we also identified a group of cardiomyogenic progenitors (NKX2-5+MKI67-
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Progenitor 2)that had very little communication with other cells (Fig. 2.7A). The
importance and function of this group of cells remain to be further investigated.

We next compared the changes in cell-cell signaling pathways between the
ASXL3"* and ASXL3™" cells. Active cell-cell communication lines between each cell
populations in ASXL3** and ASXL3"™" cells were generated and then cross-referenced.
While changes in total of 183 different cell-cell signaling communication lines were
detected, 143 were strengthened and only 40 communication lines were weakened in
ASXL3™" compared to ASXL3** control cells (Fig. 2.7D and 2.7E). Strikingly, among the
40 weakened communication lines, DCN+ Fibroblast 1 was involved in 28 among the 40,
suggesting an important role this group of fibroblasts play in the biology of ASXL3™"
defects (Fig. 2.7C). Fibronectin 1 (FN1) was one of the most important ECM proteins
downregulated by ASXL3 loss of function identified in our mouse model (Fig. 2.4).
Similarly in our human in vitro model, FN1 was highly expressed in the DCN+ Fibroblast
1 cells while the different heterodimer combinations between Integrin A5/AV
(ITGAS/ITGAV) and Integrin B1/B5 (ITGB1/ITGB5) were expressed by the
cardiomyogenic progenitor clusters NKX2-5+MKI67+ Progenitor and NKX2-5MKI67-
Progenitor 1 (Supplemental Fig. 2.8). FN1 expression was downregulated among all
fibroblast clusters (Supplemental Fig. 2.8) while the integrin receptor genes were mostly
downregulated in the NKX2-5+MKI67+ Progenitor and NKX2-5MKI67- Progenitor 1
(Supplemental Fig. 2.8). CellphoneDB hence predicted a weakening of the Fibronectin
(DCN+ Fibroblast 1) - Integrin (NKX2-5+MKI67+ Progenitor/NKX2-5MKI67- Progenitor
1) signaling in our ASXL3™" model compared to the ASXL3** controls (Fig. 2.7F and

2.7H). Conversely, BMP signaling was among the signaling pathways strengthened in the
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ASXL3™" cells. BMP signaling plays a crucial role and regulates cardiogenesis during
heart development and loss of one of the BMP receptor genes BMPR1A leads to
decrease in cell proliferation in the developing heart [36]. Interestingly we observed that
multiple BMP signaling communication lines were strengthened between and within the
cardiomyogenic progenitor clusters (Fig 2.7F and 2.71). Although we did not observe an
increase in proliferating cardiomyogenic progenitors in our in vitro model, increased BMP
signaling pathways may implicate proliferation defects as observed in the Asx/3™ animal

model (Fig 3).
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DISCUSSION

In this study, we demonstrate that pathogenic frameshift variants in Asx/3 cause
increased levels of H2AUb1, neonatal lethality, and an array of partially penetrant
congenital heart defects (CHD). Hypoplasia of the right ventricle, the most prevalent
AsxlI3-associated CHD, was observed together with cellular composition changes within
the heart. While different genes are dysregulated in mouse and human ASXL3 models,
both showed suppression of ECM gene sets indicating disruption of a conserved
regulatory mechanism. Corresponding disruption to key signaling pathways and
proliferation were detected in mouse ventricular development and human cardiac
differentiation. Our findings provide an evidence for how chromatin biology can influence
heart development through ECM regulation, and more broadly, a mechanism for co-
occurrence of CHDs with ASD due to pathogenic variants in chromatin genes.

ASXL1, ASXL2 and ASXL3 are the genetic basis of Bohring-Optiz (BOS), Sashsi-
Pena (SPS) and Bainbridge-Ropers syndromes (BRS) respectively [28, 37, 38],
developmental disorders with multiorgan involvement. Despite a shared H2AUb1
deubiquitination molecular mechanism, each ASXL1-, ASXL2- and ASXL3-PR-DUB
complex conveys non-redundant functions based on the unique constellation of clinical
features attributed to each disorder. CHDs have been described in association with de
novo monoallelic pathogenic variants in ASXL1 (BOS) and ASXL2 (SPS), but not de novo
monoallelic frameshift ASXL3 (BRS/ASD) variants. CHDs observed in individuals with
BOS include ventricular and atrial septal defects with minor incidence of cardiac
hypertrophy and bradycardia. SPS is characterized by atrial septal defects, patent ductus

arteriosus (PDA) and left ventricular dysfunction. While the pathogenicity of monoallelic
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ASXL3 missense variants is difficult to classify, CHDs were recently reported for biallelic
ASXL3 missense variants, providing evidence of the pathogenicity of ASXL3 missense
variants [30]. Distinct CHDs detected in loss-of-function (knockout or frameshift) Asx/1,
AsxI2 and AsxI3 mouse models, support non-redundant roles for ASXL family members
in heart development, while highlighting the discrepancy in dosage-sensitivity between
the species [27, 39].

Cardiac phenotypes of biallelic loss-of-function Asx/ mouse models mirror the
diversity of clinical features observed across the ASXL-related developmental disorders.
Highly penetrant severe inlet ventricular septal defects, with interventricular septum (IVS)
involvement are observed in Asx/1 knockout mouse model, reminiscent of cardiovascular
features of BOS [27]. Minor membranous VSDs were detected in Asx/2, while muscular
VSDs were found in Asx/1 and AsxI3 mice. The severe Asx/1 VSD phenotype can also
be distinguished from Asx/2”- and AxsI3™ heart phenotypes by normal ventricular wall
and valve thickness. Partially penetrant ventricular hypoplasia is observed in both Asx/2-
and AsxI3™" mouse models, but exhibit distinct ventricular laterality involvement. Asx/2-
/ animals are characterized by hypoplastic left ventricle and IVS with corresponding
thickening of the compact myocardium, while Asx/3™ animals present with right
ventricular hypoplasia. The general contribution of FHF and SHF cardiac primordia, to the
left versus right ventricles respectively, highlight the spatiotemporal specificity of the
individual Asx/2 and Asx/3 family members. Identifying the non-redundant genome-wide
H2A deubiquitination functions of individual PR-DUB complexes will be critical future
studies to correlate direct genomic targets of individual PR-DUB complexes to

mechanisms of heart development.
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Based on the cardiac involvement in the Asx/3*" mouse, we analyzed
echocardiograms of three individuals clinically diagnosed with BRS based on de novo
frameshift ASXL3 variants, which revealed a single case of bicuspid aortic valve.
Furthermore, review of published case reports revealed one additional BRS case
displaying cardiac phenotypes as pulmonary artery stenosis, small patent foramen ovale
and PDA [38, 40]. This analysis did not investigate digenic or co-occurrence of a second
pathogenic coding variants in these cases, yet the incidence of these CHDs is insufficient
evidence to conclude a direct link between de novo monoallelic frameshift ASXL3 variants
and CHDs. Individuals with biallelic missense ASXL3 variants present with Tetralogy of
Fallot (TOF) [30]. TOF refers to the combination of four congenital abnormalities; VSD,
pulmonary valve stenosis, misplaced aorta and thickened right ventricular wall. Thickened
right ventricular wall and VSD phenotypes phenocopy the CHDs detected in Asx/3™
mouse alluding to a consistent genotype-phenotype correlation. The developmental
mechanism implicated by transcriptomic analysis of a biallelic missense Asx/3 mouse
model implicated involvement of the PI3K/AKT KEGG pathway, also detected in our
AsxI3* model, and altered expression of components of the PRC2 complex, a
phenotype shared with the Asx/2”- mouse model [27, 30, 39]. These phenotypic outcomes
provide further evidence for the importance of chromatin biology and Polycomb
transcriptional repression in heart development.

The occurrence of heart defects in mouse models that disrupt genes encoding
PRC1, PR-DUB, and PRC2 components demonstrates the importance of Polycomb
transcriptional plasticity during cardiogenesis [22]. Phenotypic overlap between PR-DUB

and PRC1 models, as compared to PRC2, implicates dynamic exchange of distinct
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Polycomb histone PTMs as central to the cardiac morphogenesis phenotypes [27, 41-
43]. Similar to the Asx/3™ mouse model, right ventricular hypoplasia was detected in the
knockout mouse model of Phc1 (also known as Rae28), which encodes canonical PRC1
complex (PRC1.2 and PRC1.4) component PHC1 [42]. VSDs, reminiscent of the cardiac
phenotype observed in the Asx/77”- mouse model, have been described in Phc? and the
noncanonical PRC1 (PRC1.1) complex component Bcor knockout mouse models [44,
45]. While dynamic exchange of H2A mono-ubiquitination by PRC1 and PR-DUB
complexes are clearly essential for cardiac development, careful evaluation of cardiac
morphogenesis for defects associated with a comprehensive representation of PRC1
complexes is required to assign non-redundant roles in heart development and
complementary PR-DUB phenotypes. Alternatively, PRC2 heart phenotypes are distinct
from those shared between mouse models of PRC1 and PR-DUB components,
highlighting the paucity of data detailing how H2AUb1 and H3K27Me3 dependent
transcriptional plasticity is coordinated. Knockout mouse models of PRC2 components
Ezh2 or Jarid2 present with a spectrum of cardiac structural malformations including
hyper-trabeculation and hypoplasia of the compact myocardium, which is characterized
by thinning of the ventricular wall [21, 46-48]. Neither do PRC2 associated heart
phenotypes exhibit phenotypic laterality, by preferentially disrupting morphogenesis of a
single ventricle.

Genetic and functional studies have contributed to our current understanding of
the pathogenic mechanisms that give rise to single ventricular disorders (SVDs), namely
hypoplastic left heart syndrome (HLHS) and hypoplastic right heart syndrome (HRHS).

HRHS is a phenotype shared with the Asx/3®" mouse model. Both HLHS and HRHS are
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characterized by underdeveloped or malformed structures of a single ventricle. Human
and mouse genetic studies of SVDs have identified chromatin regulators, transcription
factors, and signaling pathway components as the basis of these developmental defects
[42, 49-62]. The convergence of the human genetics and animal models on these
common molecular pathways implicate a shared pathogenic mechanism that impinges
on CPC proliferation and ECM composition [52-54, 63, 64]. The left and right ventricle
have distinct FHF versus SHF origins. Nevertheless, mouse HLHS- relative to HRHS
ventricular transcriptomics not only reveal DEGs enriched in similar signaling pathways,
but implicated altered ECM based mechanisms. The enriched KEGG pathways include
ECM receptor interaction, Calcium signaling pathway, Focal adhesion, TGF-Beta
signaling, Dilated cardiomyopathy, Hypertrophic cardiomyopathy, and Arrhythmogenic
RV cardiomyopathy [54]. Consistent with these findings, analysis of ECM content in left
and right ventricles of HLHS post-mortem and myocardial biopsy samples revealed
reduced collagen levels compared to age-matched controls [64, 65]. Together these
results suggest altered ECM dynamics contribute to laterality of ventricular hypoplastic
heart phenotypes, but does not provide a mechanism for how asymmetric expressivity is
established.

Genes that encode ECM components are differentially expressed in both ASXL3
mouse and human models. Developmentally, the ECM functions as a substrate for cell
migration and promotes CPC proliferation, differentiation and maturation, chamber
formation, and valve development [66]. ECM composition is tailored, spatially and
temporally to promote chamber-specific signaling pathways and structural integrity to

direct these morphogenetic events. ECM coordination of cell-cell communication in
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cardiac development is well established, and exemplified by the influence of FN1,
expressed by cardiac fibroblasts, on proliferation of CPCs through g1 integrin receptor
binding to FN1 and PI3K/Akt pathway signaling. The importance of dynamic remodeling
of ECM composition for organogenesis has been acknowledged, where disrupting either
synthesis or degradation of the ECM results in CHDs attributed to disorganization of the
dynamic tissue morphogenesis [15, 16, 66, 67]. More recent studies have described the
network of transcription factors and chromatin-based regulatory mechanisms complexes
that spatially and temporally coordinate expression of ECM genes [21, 68, 69]. For
instance, conditional endocardial specific knockout of Brg7, a chromatin remodeler,
allows for increased expression of the matrix metalloproteinase ADAMTS1, which results
in premature degradation of the cardiac jelly and excessive trabeculation [12]. Our data
provides additional evidence to link chromatin biology to the regulation of ECM
components during cardiogenesis.

Expression of Asx/3 at single-cell resolution during cardiac development has not
been determined. Asx/3 expression has been documented, from single-cell
transcriptomics, in intermediate cell types along the Nkx2-5 cardiomyocyte lineage, and
in cardiac fibroblasts of fetal mouse heart [5, 70]. Cardiac fibroblasts are an important
source of diverse secreted components of the ECM [71]. In the Asx/3 model, we detect
fewer vimentin-positive fibroblasts in P0.5 Asx/3* and Asx/3™ ventricles and reduced
expression of genes that encode ECM. We hypothesize that dysregulation of ECM during
heart development contributes to E13.5 CPC reduced proliferation, that across
development preferentially impinges on right ventricular development. Our analysis does

not allow us to predict the initial source of this molecular pathology; we cannot preclude
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that loss of AsxI3 alters the differentiation of cardiac lineages that disrupts ECM
composition and/or AsxI3-dependent ECM composition changes alter production of CPCs
during development. We discovered extensive overlap between KEGG pathways
enriched in our mouse model and other HLHS mouse models that centered around ECM
composition, signaling, and cardiac defects [54]. The pathways included ECM receptor
interaction, calcium signaling pathway, focal adhesion, TGF-Beta signaling, dilated
cardiomyopathy, Hypertrophic cardiomyopathy, and Arrhythmogenic RV cardiomyopathy.
Similar disrupted pathways are also observed in the biallelic Asx/3 missense mouse [30].
Two models for SVDs have been proposed to explain this phenotype. One attributes
decreased blood flow during a critical period of ventricular development to the reduced
ventricular size [72]. The second model suggests CPC hyperplasia as the driving force
for underdeveloped ventricles [51]. The increased proliferation we observe in Asx/3
ventricles provides further evidence for the second model, but cannot rule out a role for
hemodynamics as it was not assessed.

Interestingly, molecular mechanisms implicated from the Asx/3 mouse model were
generally corroborated by in vitro human cardiac differentiation of bi-allelic ASXL3
frameshift hESC lines. In both species, phenotypic differences were attributed to changes
in the ratio of CPC subtypes and ECM mediated signaling defects, while the distinct
genetic and molecular details of each pathogenic mechanism are species-specific. In the
human in vitro model system, the ratio of cardiac fibroblast lineages, relative to NKX2-5
cardiomyocyte fated lineages were greater in ASXL3™ cultures relative to controls. This
is opposite to the trend observed in the Asx/3 mouse model where a reduction in cardiac

fibroblasts were observed. The significance of the opposing observation is difficult to
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conclude due to differences between species, in the stage of differentiation/development,
and in vitro culture relative to in vivo development. Conversely, ECM components, such
as members of the collagen super family and FN1 were prominently differentially
expressed in both models. While assessment of cell-cell interaction, using single cell
transciptomics, specifically indicated weakened cardiac fibroblast FN1 signaling
interaction via cardiomyocyte progenitor expressed avf1, asf4, and ayfs integrin, a
reduction in FN1 expression was also detected in bulk RNA sequencing results from the
mouse model (Fig. 2.4A and 2.71). Reduced FN1 expression has also been reported upon
loss of HLHS associated genes ETS1, CHD7, and KMT2D in endocardial cells and may
represent shared pathology among chromatin modifying genes [20].The influence of FN1
on the mitotic behavior of cardiomyocytes depends upon FN1/81 integrin signaling
through the PI3K/Akt pathway, a features shared by all ASXL3 models to date [14,
20].Collagen subtypes also fulfill structural and signaling cohesiveness to ECM functions
and fall into broad functional groups. Four collagen subfamilies were downregulated in
the mouse (COL1,4,5 &6), while substantially more subfamilies were differentially
expressed in the human model (COL1,4,5,6,8,9,11,12, 13, 14, 18 & 25) (Fig 2.4A and
2.4B and 2.6G). This evidence suggests that ASXL3 has a conserved role in regulating
ECM cardiac biology and highlights the importance of this cell biology for normal and
pathogenic cardiogenesis. Nevertheless, it will be important to resolve if altered
differentiation of cardiac lineages initiate a cascade of ECM composition changes and
cell-cell signaling defects, or if chromatin changes directly alter expression of ECM

components.
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Human genetic studies have described the high incidence of pathogenic de novo
variants in chromatin genes that are the genetic basis of syndromic ASD with partially
penetrant CHDs [50, 73, 74]. ASXL3 is a high confidence ASD gene [75]. De novo
monoallelic frameshift ASXL3 alleles, also the genetic basis of BRS, are also recognized
as the genetic basis of ASD. The low to high penetrance of CHDs between Asx/3* to
AsxI3™" genotypes harkens the co-occurrence of ASD and CHDs and suggests that
reduced penetrance of CHDs in ASD may reflect increased vulnerability of developing
brain relative to heart to de novo pathogenic variants in chromatin genes. Future studies
will be required to determine if this is due to organ-specific differences in dosage
sensitivity of chromatin genes and/or represents differences in organ-specific thresholds

at which altered histone modifications genome-wide impact organ development.
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METHODS

All sequencing data sets in this article are deposited in international public
repository, Gene Expression Omnibus (GEO), under accession IDs for mouse and human
cardiomyocytes bulk RNA sequencing and GSE for single cell RNA Sequencing from
human cardiomyocyte.
Animals

All experiments were performed in accordance with animal protocols approved by
the Unit for Laboratory Animal Medicine (ULAM), University of Michigan. Briefly,
CRISPR/cas9 was used to edit a region in Asx/3 exon 12. The differential Asx/3
expression was validated by qRT-PCR and western blot. Asx/3* mice were maintained
on a C57BL/6 background. Heterozygous breeding was used for experiments with E0.5
established as the day of vaginal plug.
Statistics

We analyzed data using GraphPad Prism with values being represented as
means+SEM. Student’s 2-tailed ¢ test was used to generate p-values. Chi square analysis
was used for statistical analysis of Mendelian ratios. p-values <0.05 were considered
significant. Benjamini-Hochberg multiple hypothesis corrections of the p values was used
to test significance after DAVID analysis. Wilcoxon rank-sum test was used to identify
differentially expressed genes from our scRNA-seq.
Single-guide RNA (sgRNA) design

Potential sgRNAs for the target sequence in Asx/3 gene were identified by a
previously published scoring algorithm (http://crispr.mit.edu). Selection was made on the

basis of a qualitative balance of specificity scores, distance to desired mutation/insertion

64



and manual assessment of the off-target list. A total of three sgRNAs were selected.
Bicistronic expression vector px330 expressing Cas9 and sgRNA [77] was used for
cloning the sgRNAs (Addgene) as described previously [78].
Genotyping

A product size of ~850 bp flanking the Asx/3 mutation is generated by PCR using
primer pair, forward: TCACATGGCTTAGTGGTTGT, reverse:
CTGTTCTTCGGGGTCACTCT. Sanger sequencing and ligation detection reaction are
used for genotyping of CRISPR/Cas9 edited Asx/3 alleles [79].
Off-target mutation analysis

In the off-target list assessment, we considered the preference to avoid sgRNAs
with potential hits in coding regions, sgRNAs with off-target hits on the same chromosome
as the intended target, and, when possible, any sgRNAs that had many predicted off-
targets lacking mismatches in the seed region (10-12 nucleotide proximal to the
protospacer-adjacent motif (PAM), as well as whether off-targets had NGG or NAG
PAMs. Predicted off-target sites included regions in Sdc and Gsta1. Two approaches
were used to validate the on-target and off-target CRISPR/Cas9 genome-editing. One,
Sanger sequencing of the predicted on-target and off-target regions and two, whole
genome sequencing (WGS) were performed. No predicted pathogenic single nucleotide
polymorphisms, indels or structural variants such as inversions, rearrangements,
duplications and major deletions were detected (Supplemental Fig. 2.1).
Pronuclear injection

Sexually immature female C57BL/6 mice (4 weeks old) were superovulated by

intraperitoneal injection of 5 IU Pregnant mare serum gonadotropin (PMSG) followed by
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5 IU human chorionic gonadotropin (hCG) at an interval of 48 h and mated overnight with
C57BL/6 male mice that were >12 weeks old. Fertilized eggs were collected after 20
hours of hCG injection by oviductal flashing, and pronuclei-formed zygotes were put into
the M2 medium. Microinjection was performed using a microinjector (Narishige) equipped
microscope. The injected eggs were cultivated overnight in potassium simplex
optimization medium (KSOM) at 37C 5% CO2 humidified incubator. Two-cell stage
embryos were transferred into the oviducts of 0.5 days pseudopregnant C57BL/6 X
DBA/2 F1 females. After birth, ~1 mm tail biopsy from 2—4-day-old pups was used as a
source of DNA for Asx/3 genotyping (forward: TCACATGGCTTAGTGGTTGT, reverse:
CTGTTCTTCGGGGTCACTCT).
Western blot analysis

Complete hearts from E13.5 Asx/3** and AsxI3™™ mice were homogenized in
RIPA buffer supplemented with protease inhibitor cocktail and phosphatase inhibitor
cocktail 3 obtained from Sigma-Aldrich (P8340 and P0044; St Louis, MO, USA). Protein
levels were normalized after BCA analysis (Pierce). Cell lysates were separated using
electrophoresis on 4-20% SDS-polyacrylamide gels and transferred to PVDF membrane
(Millipore, Billerica, MA, USA). For western blot, after the transfer, the PVDF membrane
was blocked with 5% milk and incubated with following antibodies overnight. Primary
antibodies used: anti-ASXL3 (Bielas Lab, 1 to 200), anti-ubiquityl-Histone H2A (Cell
Signaling Technology, 8240, 1 to 2000), anti-Histone H3 (Abcam, Ab10543, 1 to
5000). Donkey anti-rabbit HRP-conjugated (Cytiva, NA9340V, 1 to 5000) and goat anti-
mouse HRP-conjugated (Invitrogen, 32430, 1 to 10000) were used for 1h incubation at

room temperature. Antibody incubation and chemiluminescence detection were
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performed according to manufacturer’s instruction [ThermoFisher Scientific (Waltham,
MA, USA) cat no. 34095].
Skeletal preparations

For skeletal preparations, newborn animals were skinned and fixed in 95%
ethanol. Fixed skeletons were stained with Alcian Blue (76% ethanol:20% acetic acid) at
37°C for 48 h, rinsed in 95% ethanol, treated with 1% KOH for 4-5 h and stained with
Alizarin Red in 2% KOH for 1 h. Stained skeletons were cleared successively in 20%
glycerol:1% KOH, 50% glycerol:1% KOH and 100% glycerol (n = 7 for each genotype).
Forelimbs were removed and imaged on a Leica MZ125 stereomicroscope.
H&E and Masson's Trichrome staining

Newborn mice were sacrificed and the whole body was fixed for 24 h in 4%
paraformaldehyde, dehydrated, and embedded in paraffin. Paraffin blocks were serially
sectioned at 5 pm thickness and stained with Hematoxylin/Eosin and Masson’s
trichrome.
Immunohistochemistry

Hearts were dissected and removed from mice at E14 or P0.5 and then kept in 4%
PFA at 4°C overnight. Hearts were cryopreserved by submersion in 20% then 30%
sucrose solutions and embedded in OCT cryosectioning media (Tissue-Tek, Torrance,
CA). 13 um cryosections were obtained. After thawing, sections were incubated with PBS
for 15 min to wash away OCT. For antibodies that required antigen retrieval, cryosections
were heated in 10 mM sodium citrate for 20 minutes at 95°C followed by incubation at
room temperature for 20 minutes and 3 PBS washes. Sections were then incubated with

a normal donkey serum (NDS) blocking buffer [5% NDS (Jackson ImmunoResearch),
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0.1% Triton X-100, 5% BSA] for 1 hour. Subsequently, they were incubated with primary
antibodies diluted in NDS blocking buffer at 4°C overnight, washed with PBS, and stained
with secondary antibodies at room temperature for 1 hour. Slides were washed with PBS,
incubated with DAPI for 5 minutes and coverslipped with MOWIOL. The following
antibodies and dilutions were used: COL1A1 (Novus Biologicals, NB600-408, 1 to 500),
COL3A1 (Abcam, ab7778, 1 to 100), VIM (Abcam, ab195878, 1 to 500). AlexaFluor-
conjugated secondaries were: donkey anti-rabbit 647 (Invitrogen, A31573, 1 to 400), anti-
rabbit 555 (Invitrogen, A31572, 1 to 400), donkey anti-mouse 555 (Invitrogen, A31570, 1
to 400), donkey anti-mouse 647 (Invitrogen, A31571, 1 to 400).
Image analysis and quantification

Images of immunostained slides were acquired with a Nikon A1 confocal
microscope and processed with LAS X software. Positively stained cells from
anatomically-matched serial sections were quantified with Imaged software. Scaled
images were segmented using the grid function in Imaged with the area per point set to
50000 pixels”*2 for each image. Positively stained cells within a segment were counted
using the Imaged Cell Counter plugin. To measure the cross-sectional area of
cardiomyocytes we used wheat germ agglutinin Alexa Fluor™ 488 Conjugate (Abcam,
W11261, 1 to 100). Imaged software was used to calculate the cross-sectional area of
the cardiomyocyte.
EdU birth-dating analysis

Females from timed-pregnant matings were injected with EAU (20 mg/kg) at
embryonic day 13.5 24 hours later, hearts were dissected and removed from EdU injected

embryos then kept in 4% PFA at 4°C overnight. EdU labeling was detected in cryosections
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by using the Click-IT EdU imaging kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. After sections were incubated with Click-IT reaction cocktail,
they were washed with normal donkey serum blocking buffer and then additional antibody
staining was performed.
E18.5 heart ventricular RNA sequencing

Total RNA from E18.5 ventricles was extracted from ASXL3*"* ASXL3"", and
ASXL3™ littermates. Transcriptome libraries were prepared using 200-1000 ng of total
RNA. PolyA + RNA isolation, cDNA synthesis, end-repair, A-base addition and ligation of
the lllumina indexed adapters were performed according to the TruSeq RNA protocol
(Mlumina). Libraries were size selected for 2560—-300 bp cDNA fragments on a 3% Nusieve
3:1 (Lonza) gel, recovered using QIAEX Il reagents (QIAGEN) and PCR amplified using
Phusion DNA polymerase (New England Biolabs). Total transcriptome libraries were
prepared as above, omitting the poly A selection step and captured using Agilent
SureSelect Human All Exon V4 reagents and protocols. Library quality was measured on
an Agilent 2100 Bioanalyzer for product size and concentration. Single-end libraries were
sequenced with the lllumina HiSeq 2500 with sequence coverage to 100-150 m reads.
Single-end sequenced reads were aligned to the mouse reference genome (mm10) using
Tophat2 (Tophat 2.0.4) with default settings. Fragment quantification was computed using
feature Counts and annotated according to RefSeq genes. DESeq2 was used to calculate
estimates of dispersion and logarithmic fold changes to perform the expression
normalization and differential expression analysis. Further genes and isoforms were
annotated with NCBI Entrez GenelDs and text descriptions. We used gene ontology

consortium (http://geneontology.org) and the DAVID database (https://david.ncifcrf.gov/)
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for the enrichment analysis of the set of DEGs to identify significantly enriched functional
categories. Benjamini-Hochberg multiple hypothesis corrections of the p-values was
used, and p-values less than 0.05 were called to be significant changes.
hESC CRISPR/Cas9 editing

Human embryonic stem cell line H9 (WiCell) was maintained in mTeSR1 media
(Stemcell Technology) on matrigel coated tissue culture dishes. Undifferentiated human
Embryonic Stem Cells (hRESCs) hESCs were passaged three times every two weeks with
daily media change. To generate the patient equivalent variants identified by our lab [29]
in hESCs, we designed the sgRNAs flanking the ASXL3 variant (c.1443dupT). Pluripotent
H9 cells were electroporated with PX330 plasmids (described above) with Amaxa
electroporator using manufacturers protocol (Lonza). After electroporation single cells
were plated in 96 wells and viable healthy colonies were then sequenced to confirm the
gene editing in ASXL3.
Cardiac differentiation of hESCs

We modified previously described small-molecule protocols to differentiate hESCs
toward a cardiac lineage [32, 80]. In brief, 1x10® hESCs were seeded per well in matrigel
coated 6-well tissue culture plates. Once the culture reached 100% confluence within 3
days the media was changed to RPMI 1640 with 1X B27 supplement minus Insulin
(RPMI/B27- media) with 6 uM CHIR99021 and the day marked as differentiation day 0.
24 hours later the media was changed back RPMI/B27- media without CHIR99021 for
another 24 hours. Afterwards CHIR99021 was added back for another 24 hours. On day
3 the old media was removed and washed once with PBS. The cells were then incubated

in RPMI/B27- with 5 uM Wnt inhibitor IWP-4 for additional 48 hours. At the conclusion of
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Whnt inhibition the media was changed back to RPMI/B27- and replaced every other day
until day 10. After day 10, the media was changed to RPMI 1640 with 1X regular B27
Supplement (RPMI/B27+ media) with media replacement every other day.
Cardiomyocytes typically start contracting between day 7 and day 12. If no contracting
cardiomyocytes were observed by day 12, the cells were discarded, otherwise the cells
were dissociated and subject to single cell RNA sequencing.
Seq-Well single-cell RNA-sequencing

Seqg-Well was performed as described [81, 82]. Briefly, functionalized Seq-Well
arrays, containing 90,000 picowells, were loaded with barcoded beads (ChemeGenes,
Wilmington, MA). 20,000 cells were loaded onto the arrays and incubated for 15 minutes.
To remove residual BSA and excess cells, arrays were washed with PBS. Functionalized
membranes were applied to the top of arrays, sealed in an Agilent clamp, and incubated
at 37° for 45 minutes. Sealed arrays were incubated in a lysis buffer (5M guanidine
thiocynate, 1 mM EDTA, 0.5% sarkosyl, 1% BME) for 20 minutes followed by a 45 minute
incubation with hybridization buffer (2M NaCl, 1X PBS, 8% PEGB8000). Beads were
removed from arrays by centrifuging at 2000xg for 5 minutes in wash buffer (2M NacCl,
3mM MgClz, 20mM Tris-HCI pH 8.0, 8% PEGB8000). To perform reverse transcription,
beads were incubated with the Maxima Reverse Transcriptase (Thermo Scientific) for 30
minutes at room temperature followed by overnight incubation at 52°C. Reactions were
treated with Exonuclease 1 (New England Biolabs) for 45 minutes at 37°C. Following we
performed a second strand synthesis reaction with the Maxima Reverse Transcriptase
(Thermo Scientific) for 1 hour at 37°C as described (Hughes et al. 2020). Whole

transcriptome amplification was performed using the 2X KAPA Hifi Hotstart Readymix
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(KAPA Biosystems). Beads were split to 1,500-2,000 per reaction and run under the
following conditions 4 Cycles (98°C, 20s; 65°C, 45s; 72°C, 3m) 12 Cycles (98°C, 20s; 67°C,
20s; 72°C, 3m) final extension (72°C, 3m, 4°C, hold). Products were purified with Ampure
SPRI beads (Beckman Coulter) at a 0.6X volumetric ratio then a 1.0X volumetric ratio.
Libraries were prepared using the Nextera XT kit (lllumina) and libraries were sequenced
on an lllumina NextSeq 75 cycle instrument.
Seq-Well data preprocessing

Sequencing reads were processed into a digital gene expression matrix using
Drop-seq software as described [83]. FASTQ files were converted into bam files before
being tagged with cell and molecular barcodes and trimmed. After converting back to
FASTQs, reads were aligned to hg19 with STAR. BAM files are then sorted, merged, and
tagged with gene exons. Bead synthesis errors were corrected as described and digital
gene expression matrices were generated. For downstream analysis Cells with fewer
than 300 detectable genes, greater than 5000 genes or greater than 10% mitochondrial
genes were removed. Genes that were detected in less than 5 cells were also excluded.
A total of 9,379 cells captured from ASXL3** and 9,198 cells captured from ASXL 3
cultures passed the quality control and were used in the final analysis.
UMAP dimensionality reduction and cluster annotation

We used the Seurat package (v3.1.2) to perform dimensionality reduction. We
used the integrated and normalized data as the input to the RunPCA function of Seurat
(v3.1.2) in order to compute the first 100 PCs. After that, we used the elbow algorithm to
find the optimal number of PCs to construct Uniform Manifold Approximation and

Projection (UMAP) plots. Visualizations in a two-dimensional space were done using
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RunUMAP function of Seurat (v3.1.2) for the integrated data using previous dimensional
reduction data and predetermined best PC number. We performed a graph-based
clustering approach using FindNeighbors and FindClusters functions of Seurat (v3.1.2). A
K-nearest neighbor graph was constructed based on the Euclidean distance in the
predetermined PCA dimension with drawn edges between cells with similar expression
levels and then refined the edge weights between any two cells. We then clustered the
cells based on modularity optimization technique: Louvain algorithm with resolution
parameter 0.5 and partitioned the graph constructed before into communities. We then
collected cluster marker genes using the Wilcoxon rank-sum test which is a
nonparametric test between the cells in a single cluster and all other cells with log fold
change threshold as 0.2. To assign identities to clusters, we cross-referenced the marker
genes with previously described cardiac subtype markers [2-4].

Single-Cell differential gene expression and pathway enrichment analysis

We used the FindMarkers function in Seurat and performed a Wilcoxon rank-sum test
(logFC.threshold=0.15) to compute differentially expressed genes between ASXL3** and
ASXL3™" cells within each cluster. A p-value cut-off < 0.05 was used to identify
differentially expressed genes. DAVID analysis (https://david.ncifcrf.gov/tools.jsp) was
performed with the up-, down-regulated, and combined genes to identify enriched KEGG

pathways.

CellPhoneDB analysis
CellPhoneDB V2 was used to predict changes between genotypes in cell-to-cell
communication. ASXL3*"* and ASXL3™" were analyzed individually using the metadata

from the integrated Seurat object as described [35]. Ligand-receptor pair expression
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means and p-values were calculated. For comparison between ASXL3** and ASXL3™"s
p-values of each ligand-receptor pair expression score in both genotypes have to be
below 0.05 to be considered. Significant ligand-receptor pair signaling communication line
changes in ASXL3™ were identified as gained if ASXL3** mean=0 and ASXL3™" mean
>0; lost if ASXL3"”* mean>0 and ASXL3™® mean =0; strengthened if (ASXL3™

mean/ASXL3** mean) >1.5; or weakened if (ASXL3"* mean/ASXL3"™" mean) >1.5.
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Fig. 2.1. Generation of AsxI3™/ mice A, Depiction of CRISPR/Cas9 genome editing
strategy for AsxI3™ mouse generation. The sgRNA targets a loci of mouse AsxI3 exon 12
that is homologous to a region of human ASXL3 exon 11 that contains clinically relevant
variants. B, Representative indel sequences from Sanger sequencing of targeted AsxI3
loci. C, RT-qPCR analysis of AsxI3 mRNA levels in Embryonic day 13.5 (E13.5) AsxI3f
edited neural progenitor cells. D, Western blot analysis shows the expression of full length
ASXL3 is lost in E13.5 AsxlI3®s hearts. E, Western blot analysis of H2AK119Ub1
(H2AUb1) and H3 acid extracted histones from AsxI3** and AsxI3®/s E13.5 hearts. F,
Quantification of H2AUDb1 relative to H3 control levels revealed a 2-fold increase in AsxI’s/s
E13.5 hearts compared to control. G, Percentage of observed AsxI3**, AsxI3*s, and
AsxI3™s mice at PO and P5. Chi square analysis showed a reduction in AsxI3fs/fs mice
based on normal mendelian distribution. H, Student's t test shows a significant reduction
in body weight of AsxI3™ PO mice relative to wild type and heterozygous mice (n=53 for
AsxI3**, n=75 for AsxI3*™ and n=39 for AsxI3™®). I, Alcian blue and Alizarin red staining
of P0O.5 embryos. Arrows indicate cervical ribs observed in AsxI3*, and AsxI3™ mice.
Penetrance of cervical ribs by genotype displayed below. Values are mean+SEM.
*P<0.05, *P<0.01, **P<0.001.
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Fig. 2.2. Representative Asxl3S-associated cardiac anomalies A, Whole mount
images of P0.5 dissected hearts displaying separated ventricles and bifid cardiac apex.
B, Table summarizing cardiac anomalies observed in AsxI3**, AsxI3*s, and AsxI3/s P0.5
mice. C, Hematoxylin and eosin staining of P0.5 hearts shows representative images of
the AsxI3'-associated septal defects and ventricular hypoplasia. Scale bars, 500 pm.
Student's t test analysis of P0.5 D, heart weights and E, heart to body weight ratio
between genotypes (n=11 for AsxI3*"*, n=18 for AsxI3*/s and n=8 for AsxI3™/®). Data are
presented as meanzSEM. F, PO0.5 heart |lllustration detailing morphometric
measurements for right wall thickness (RWT), right ventricular free wall (RVFW),
interventricular septum (IVS), left ventricular free wall (LVFW), left wall thickness (LWT).
G, Student's t test analysis of P0.5 morphometric measurements shows increased RVFW
and LVFW in AsxI3™" mice compared to AsxI3** (n=4 for AsxI3**, n=5 for AsxI3"/s).
*p<0.05, **p<0.01, ***p<0.001.
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Fig. 2.3. Increased proliferation during heart development Representative images of
the A, right ventricular walls and B, septums from AsxI3**, AsxI3*/® and AsxI3™’s P0.5
hearts stained with Masson trichrome. Scale bars, 500 um. No difference in Masson
trichrome staining was observed between genotypes. C, Experimental timeline showing
EdU labeling at E13.5 and collection 24 hours later. D, Schematic depicting
representative regions of images used for quantifications in transverse heart section E,
Student's t test analysis of EdU-positive proliferative cells in E14.5 hearts between
genotypes (n=4 for AsxI3**, n=10 for AsxI3*Sand n=5 for AsxI3™/). Representative
images of E14.5 F, right and G, left ventricles from AsxI3**, AsxI3** and AsxI3™/s hearts
after EJU incorporation. Scale bars, 100 um. Values are mean+SEM. *p<0.05, **p<0.01,
***n<0.001.
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Fig. 2.4. Loss of AsxI3 leads to altered expression of extracellular matrix
components Volcano plots exhibiting gene expression changes in A, Asx/3"% vs.
AsxI3** and B, AsxI3® vs. AsxI3** E18.5 hearts. Genes with a p-value > 0.05 and log
fold change > 0.4 are highlighted. GSEA enrichment plots for GO:Extracellular Matrix
Assembly and GO:Collagen Fibril Organization from C, Asx/3* vs. Asx/3** and D,
AsxI3*vs. AsxI3** analysis. Gene set enrichment analysis (GSEA) was performed with
the ontology gene sets in GSEA molecular signature database. E, KEGG pathway
enrichment analysis for Asx/3*" and Asx/3™" downregulated genes. The top 4 KEGG
pathways for both Asx/3*" and Asx/3™" are shown. The size of each dot represents the
gene number and the shading represents the -logio p-value. F, The Venn diagram
illustrates the overlap of unique upregulated (left) or downregulated (right) genes
contributing to common KEGG pathways.
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Fig 2.5. Reduction in vimentin-positive cardiac fibroblasts Immunostaining of P0.5
A, left ventricular free wall and B, right ventricular free wall with vimentin to mark cardiac
fibroblasts and nuclei stained with DAPI (n=6 for AsxI3**, n=3 for AsxI3*"s and n=5 for
AsxI3'). C, Schematic of P0.5 transverse heart sections depicting representative
regions of images used for quantifications. Statistical analysis of vimentin-positive cells
detected in the D, left ventricular free wall, E, interventricular septum, and F, right
ventricular free wall of AsxI3**, AsxI3*'s and AsxI3™ P0.5 hearts. Values are mean+
SEM. RV indicates right ventricle; LV, left ventricle. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 2.6. scRNA-seq analysis of ASXL3"* and ASXI3"s cardiac directed
differentiation A, ASXL3 Frameshift mutations (blue) introduced in control H9 human
embryonic stem cells via CRISPR gene editing and representative mutations identified in
Bainbridge-Ropers syndrome patients (black). The introduced frameshift mutations
(c.1393dupT; p.C465LfsX4 and c.1390_1393del; p.E464AfsX19) are within the same
genomic region as the patients mutations B, Schematic representation of human
embryonic stem cell cardiac directed differentiation. Differentiation day 12 cells were
collected for single-cell RNA sequencing analysis. C, Uniform Manifold Approximation
and Projection (UMAP) analysis of ASXL3** (n=9,379) and ASXL3"s (n=9,198) cells
across the cardiac lineage. 11 clusters were identified. D, UMAP from C colored by
genotype. E, Heatmap of marker genes used for cell identity. F, Stacked barplot
displaying the proportion of clustered cells detected from ASXL3** and ASXL3™s cultures
within each phenotypic clusters. G, Highlights of KEGG analysis of differentially
expressed genes in each cluster in the human ASXL3®'s ESC in vitro cardiac
differentiation.
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Fig. 2.7. Loss of ASXL3 leads to disruptions in ECM and cell-cell communication in
hESC in vitro cardiac differentiation Heatmap of significant cell-cell signaling pathways
between identified clusters in ASXL3** cells A, and ASXL3™/s cells B, predicted by
CellPhoneDB. Note that the active communications occurred between the fibroblast
clusters and the progenitor populations. Heatmap of weakened C, and strengthened D,
cell-cell communication lines in ASXL3™/s cells compared to ASXL3** cells. E, Dotplots
of Fibronectin-Integrin pathways intensities between DCN+ Fibroblast 1 and the NKX2-
5+ cardiomyogenic progenitors. Fibronectin (FN1) was expressed by DCN+ Fibroblast 1
and the NKX2-5+ cardiomyogenic progenitors expressed the Integrin receptors.
CellphoneDB predicted a decrease in the ASXL™ cells. F, Dotplots of BMP pathways
intensities between cardiomyogenic progenitor cells. Both BMP ligands and BMP
receptors were expressed in cardiomyogenic progenitor populations. CellphoneDB
predicted an increase in the ASXL™/s cells. Gene expression violin plots of G, fibronectin-
integrin and I, BMP signaling genes FN1, ITGAS5, ITGAV, ITGB1, ITGB5, BMP2, BMP5,
BMPR1A, BMPR2, and ACVR2B in clusters discussed in E and F. H, Our proposed
model. From our scRNA-Seq data CellphoneDB predicted that cardiac fibroblasts
expressed fibronectin, which is an important ECM substrate that supports the
cardiomyogenic progenitors while the autocrine and paracrine BMP signaling occurred
between the cardiomyogenic progenitors. Defects in ASXL3 led to disruptions of these
cell-cell communications.
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Supplemental Fig. 2.1. Whole genome sequencing to confirm CRISPR editing of
AsxI3 IGV viewer windows of whole genome sequencing results from AsxI3™s mice.
Displayed are sgRNA target site regions for A, AsxI3, B, Gstal, and C, Sdc3.
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Supplemental Fig. 2.2. Gross anatomy of Asx/3™ mice A, Representative images
of AsxI3** and AsxI3™ P0.5 whole body transverse paraffin sections stained with H&E.
B. Gross appearance of AsxI3**, AsxI3*’, and AsxI3™ live mice.

94



A Anterior

AsxI3" &€ W)

Asxi3ss

Supplemental Fig. 2.3. Ventricular hypoplasia phenotype in Asx/3™s mice A, Serial
coronal sections of hematoxylin and eosin stained hearts from P0.5 littermates.
Compared with controls, Asx/3™" mice exhibit ventricular hypoplasia throughout the
anterior to posterior axis of the heart.
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Supplemental Fig. 2.4. Cross sectional area of cardiomyocytes A, Representative
images of AsxI3**, AsxI3*, and AsxI3™* P0.5 transverse heart sections stained with
wheat germ agglutinin (WGA). B, Quantification of cardiomyocyte cross-sectional area.
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Supplemental Fig. 2.5. Differentially expressed genes shared by Asx/3** and
AsxI3s \Jenn diagrams comparing the significantly A, downregulated and B,
upregulated genes (p-value > 0.05 and log fold change > 0.4) for Asx/3*" and Asx/3"
E18.5 hearts. C, KEGG pathway enrichment analysis for shared Asx/3*® and Asx/3
downregulated genes. The top 4 KEGG pathways are shown. The size of each dot
represents the gene number and the shading represents the -log1o p-value. D, Common
Gene Ontology terms shared between Asx/3* and Asx/3" downregulated genes. The
size of each dot represents the gene number and the shading represents the -log1o p-
value.
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Supplemental Fig. 2.6. Collagen expression in the developing heart Representative
images of Asx/3** and Asx/3* P0.5 A, left and B, right ventricles immunostained with
COL3A1. Representative images of Asx/3** and Asx/3®" P0.5C, left and D, right
ventricles immunostained with COL1A1. Representative images of Asx/3** and Asx/3™/
E15 E, left and F, right ventricles immunostained with COL3A1.
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Supplemental Fig. 2.7. Human embryonic stem cell line carrying compound
heterozygous mutation of ASXL3 A, Chromatogram from Sanger sequencing of the
ASXL3"" cell line identifying a compound heterozygous mutations (c.1393dupT;
p.C465LfsX4/c.1390_1393del; p.E464AfsX19) in the ASXL3. B, Read density plots
focusing on the last 4 exons (Exon 9 through Exon 12) of ASXL3 from the single-cell

RNA-sequencing data of the day 12 cardiac differentiation.

99



A

iff» s \w m‘{»i‘#}, P

sj@’ ‘&‘ Y
&é"s‘ S @xﬁ}&’h
S R @%éw

,,,,,,,,,,,,,, R

Exmsswn

I-. 10

s
¢« ,M§§x*ﬂfﬁy

ocﬁﬁf;»m M:i* S S

&%ﬁ%c&&w&%&w§ﬁwgmm

- I I -

f{éﬁyﬁ wf{ *\»\/m/m(;{»igfg’ £
s fs e
{‘;f a' -r <f{;f:<ﬁ fﬁ

VSR ARAN
- III.III

P IR ofws
ﬁxn&ﬁm" Sheeed

N‘w ,N, *5§ ﬁg;&ﬁﬁf‘@

vzs

o

'0

S
R S

°’ Expression
s

/ Exprsssm

1 2
17685

Control
Nl

Expressian Level

Py
«v‘&a"{@":@‘ﬁ«#
&
S

FN1
S
S q@‘f ff
o o‘y\ & z_@_\,: & G
LA

<°‘<\“'

ITGAS

i”
?ﬂ«;;
o
%Z"
*f»,
R i)

ITGAV

?1 ﬁﬁﬂﬁhhﬁﬁﬁ}i

Expressmn Level

4“
yoa‘oc“ \0\* \a c? El o”d’
S
SEE

ITGB1

bl o 8

> O
FAAALL L
S &%@@yp

S

Exprossion Lovel

o,
9%,
,

°o

o

TS

ITGBS
MHHM
‘é\@ $ o

@w

& c?&bc? d‘°

Feess

Control
Null

I

{ %fﬁ fl
«\\(\6"

e

‘«
5”’&

Expression Level
5

%

*ee

Identity

o m»f,,m_:?’
sk e"’.”’ 7 x‘&ﬁ*ﬁ“

\»\/mrwy‘»‘f‘»’ SIS

Qa8ey

%§f§$“

2 i %f‘,?ﬁ,% SR
f:‘i\wﬁ:&@;

g AR
5o
sff

q(fff‘ fﬁ
(P
..... N;.w.& @"f

SRR w

Expression

i
I
g BRI
grfr} ﬁgfb
NN

e*cé&ls
- .2
.‘

o s@sgg‘;‘:ﬁ
ﬁh, Suate
'lg}éw%ﬁif

RS S

A9

Expression
N
20
1

10
0s

\CVR2B

H BMP2
i
I e
g
& e
m«")’ v&e‘; %s’“ﬁ
ey \"\&“ "@ &S
*j@",ve «F‘A‘A\«“A“
S

BMPS

Expression Level
g9

%,
% %,
“
.
%,

s,
%,

Control
Null

BMPR2

g e

w@%ﬁ f@v ﬁﬁ@

P *°

Control
Null

% Expression Level

B e*#e

ACVR2B

?m}iﬁﬂﬁﬁﬁﬁﬁﬁ ]
«“ee f‘aﬁf«‘%‘#’@ ia :i*“f;*"d;f o@"dp
ey @&#\g}@@@@

S

Control
Null

Expmss\an Level

Identity

Supplemental Fig. 2.8. Marker gene expression analysis A, Gene expression violin
plots and heat maps of the genes shown in Fig. 2.7G in all clusters.
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Chapter 3°
ASXL3 Controls Cortical Neuron Fate Specification Through Extrinsic Self-Renewal

Pathways

ABSTRACT
During corticogenesis, transcription plasticity is fundamental to the restriction of neural progenitor
cell (NPC) multipotency and production of cortical neuron heterogeneity. Human and mouse
genetic studies have highlighted the role of Polycomb transcriptional regulation in this process.
ASXL3, which encodes a component of the Polycomb repressive deubiquitination (PR-DUB)
complex, has been identified as a high confidence autism spectrum disorder (ASD) risk gene.
Genetic inactivation of Asx/3, in a mouse model that carries a clinically relevant ASXL3 frameshift
(AsxI3®) variant, disrupts lateral expansion of NPCs and delays cortical neuron differentiation.
Single-cell RNA sequencing analysis implicates Notch signaling, which alters the composition of
excitatory neurons and fidelity of cortical layer deposition. Our data provides a new link between
extrinsic signaling cues and intrinsic epigenetic regulation that together control the timing of cell
fate programs. Furthermore, transcriptomic analysis revealed dysregulation of other known ASD
risk genes indicating that a convergent developmental pathway is affected. Collectively our work
provides important insights about developmental mechanisms that contribute to ASD

neuropathology.

2 This chapter represents a submitted manuscript. McGrath BT, Wu P, Salvi S, Girgla N, Chen X, Zhu J,
KC R, Tsan YC, Moccia A, Srivastava A, Zhou X, Bielas SL. ASXL3 controls cortical neuron fate

specification through extrinsic self-renewal pathways. Under Review
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INTRODUCTION

The cellular complexity of the neocortex is precisely orchestrated during development by
the sequential generation of cortical neurons from a common pool of neural progenitor cells
(NPCs) [1-8]. Progressive restriction of NPC multipotency, by highly defined gene expression
patterns, determines the composition of excitatory cortical neurons distributed across the six-
layers of the cerebral cortex. Chromatin organization and dynamic epigenomic regulation of
histone modifications are required for the transcriptional plasticity that affords progressive
restriction of NPC multipotency, while instilling mature cortical neuron fate on immature
postmitotic neurons [9]. Genes that encode components of chromatin modification complexes
comprise a prominent genetic etiology of developmental syndromes and autism spectrum
disorders (ASD), further implicating an important role for chromatin biology in corticogenesis and
neuron fate determination [10-12].

Polycomb group (PcG) complexes are a source of chromatin modifications that play an
essential role in repressing gene expression to control development [13]. Much of our
understanding of Polycomb transcriptional repression comes from characterization of Polycomb
repressive complex 1 (PRC1) and Polycomb repressive complex 2 (PRC2). PRC1
monoubiquitylates histone H2A at lysine 119 (H2AUb1), and PRC2 mono-, di-, and tri-methylates
histone H3 at lysine 27 (H3K27me1/2/3). Polycomb repressive deubiquitination complex (PR-
DUB) is responsible for H2AUb1 deubiquitination, but is less well studied than PRC1 and PRC2
[14]. PRC1 and PRC2 loss-of-function studies support a role for PcG epigenetic repression in
progressive restriction of NPC multipotency required for the full spectrum of mature cortical
neuron production during corticogenesis [15, 16]. Human neurogenetic evidence suggest an
important role for PR-DUB in brain development, with genes that encode PR-DUB complex
components identified as the genetic basis of developmental disorders [17-21].

De novo dominant pathogenic variants in the PcG protein ASXL3 (Additional sex comb-

like 3) were identified as the genetic basis of Bainbridge-Ropers syndrome and ASD [19].
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H2AUb1 dysregulation is a key feature of ASXL3 molecular pathology and re-distribution of
genome wide H2AUb1 is accompanied by altered transcriptional profiles [17]. ASXL3 expression
is highest in the brain during the first 24 weeks of gestation (Brainspan, Allen Brain Institute), a
period of cortical development characterized by rapid NPC proliferation, birth of postmitotic
neurons, and specification of cortical neuron fates [22, 23]. The impact of ASXL3-dependent
H2AUb1 deubiquitination on neural development has not been previously described.

Here we investigate the role of ASXL3 in modulating transcriptional programs that
contribute to the neuronal diversity of the cortex. We created an Asx/3 mouse model carrying a
clinically relevant frameshift allele (Asx/3*"). We detect elevated levels of H2AUb1, differential
gene expression, and a cortical neuron fate defect that opposes the cortical phenotype described
for conditional deletion of Ring1b, the catalytic component of PRC1 [15]. Characterization of
cellular composition by single-cell RNA sequencing (scRNA-seq) at three developmental stages
depicted an increase in Asx/3% neural progenitors, which was validated by
immunohistochemistry and attributed to expansion of ventricular radial glia consistent with altered
lateral expansion. Transcriptomic analysis implicates perturbations to extrinsic signaling
pathways that disrupt the balance of NPC proliferation and differentiation. Transcriptional
pathways are enriched with differentially expressed genes (DEGs) that converge on chromatin
biology and proliferation at embryonic day (E) 13.5 and E14.5, and evolved to implicate synaptic
regulation at birth. Across cortical development, ASD risk genes are represented in DEGs,

implicating a convergence of pathogenic mechanisms among chromatin etiologies of ASD.
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RESULTS
AsxI3*™ mice display multiple defects of nervous system development

To investigate the role of Asx/3 in brain development, we generated a clinically relevant
AsxI3 ¢.990_992delCA frameshift allele (fs) in mouse exon 12 using CRISPR/Cas9 genome-
editing. Asx/3 exhibits low, but persistent expression in developing mouse cortex starting as early
as E10.5 [24] (Supplemental Fig. 3.1). Asx/3® mRNA is also detected in developing cortical
tissue, but full length ASXL3 protein was not detected by western blot (Fig. 3.1A and
Supplemental Fig. 3.1). Loss of ASXL3 is accompanied by a 3-fold increase of genome-wide
H2AUb1 in the E13.5 cerebral cortex (Fig. 3.1B, C). Hetero- and homo-zygous Asx/3 frameshift
mice are born at Mendelian ratios. Asx/3"* mice are indistinguishable from Asx/3"* at birth and
breed normally. However, homozygous Asx/3*®"™ are perinatal lethal, with a majority of Asx/3™
pups dying within the first week of life [25]. Multiple organ systems, including the heart, brain and
skeleton are affected in Asx/3®® mice. Hypoplastic heart ventricles is the predicted cause of
perinatal death of Asx/3™" animals [25]. Asx/3"" mice exhibit a distinguished posture at birth with
a curved back and drooping forelimbs (Fig. 3.1D). Alizarin red and Alcian blue skeletal survey
revealed a partially penetrant cervical rib in Asx/3®® mice consistent with a homeotic
transformation attributed to ectopic Hox gene expression, but ruled out kyphosis due to axial
skeletal abnormalities [25]. Such posture has been observed in transgenic mouse models that
disrupt neuromuscular axis elements, including upper motor neurons, corticospinal tracts, lower
motor neurons and/or the neuromuscular junction [26].

Genetic disruption of individual PcG components give rise to a full spectrum of cortical
size and cytoarchitectural changes [27]. Asx/3®® cortical surface area and telencephalic
hemisphere length were evaluated relative to control littermates. At PO, Asx/3*" cortical surface
area is 87% of Asx/3™* littermates, while hemispheric length is not significantly shorter (Fig. 3.1E,
F and Supplemental Fig. 3.1). Gross structural defects in cortical anatomy or commissure

formation were not observed in a series of matched coronal and sagittal sections of Asx/3*" and
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AsxI3** P0.5 paraffin fixed brains (Fig. 3.1G and Supplemental Fig. 3.1). Sagittal sections through
the cerebellar hemispheres reveal shallower fissures and smaller lobules in Asx/3™" versus
AsxI3"* P2 littermates consistent with a delay in cerebellar development (Fig. 3.1H). Asx/3*®®
cortices lack distinct boundaries between cortical layers in cresyl violet stained sections (Fig.
3.1G). To explore this phenotype, cortical layers (L) were evaluated by immunohistochemistry
(IHC) using markers of mature neuron subtypes, including TBR1, BCL11B, and SATB2 (Fig. 3.1J
and Supplemental Fig. 3.2). A >20% reduction of BCL11B labeled L5 neurons was quantified in
the P0.5 cortex of Asx/3™" mice relative to Asx/3"* controls (Fig. 3.11). This phenotype does not
correlate to a corresponding change in the number of L6 TBR1 and/or L2-4 SATB2 cortical

neurons.

Lateral expansion generates increased NPCs in AsxI3™" cortex

During cortical development, NPCs sequentially give rise to distinct cortical neuron
subtypes. To characterize the developmental source of P0.5 cortical neuron composition
changes, scRNA-seq using Seqg-Well was performed on cortices from E13.5 and E14.5
littermates. NPCs at these developmental time points give rise to L5 neurons. In total, 17 cortices
were processed across these two timepoints (Supplemental Fig. 3.3). Following quality control
steps, data from Asx/3"* and AsxI3*" samples at E13.5 and E14.5 were integrated and analyzed
using Seurat [28]. Standard quality control features for brain based single cell transcriptomics and
Seqg-Well studies were used (Supplemental Fig. 3.3) [29-31] Clustering was not driven by
experimental batch or individual samples (Supplemental Fig. 3.4) indicating consistent
transcriptional signatures for individual cell types between animals. After performing
dimensionality reduction and unsupervised clustering with uniform manifold approximation and
projection (UMAP) we identified unique cell populations for each developmental timepoint
(Supplemental Fig. 3.4). 46,920 E13.5 and 24,963 E14.5 cortical cells were retained that span

twelve and fifteen clusters respectively (Supplemental Fig. 3.3 and Fig. 3.4). Asx/3"* and Asx/3™"
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cells were represented in all clusters (Supplemental Fig. 3.4). Cluster cell-type identities were
manually annotated based on cluster-specific molecular markers as defined by previous studies
[29, 30, 32]. We confirmed our annotation by aligning our Asx/3”* E14.5 dataset with published
E14.5 mouse brain scRNA-seq data [29]. Cluster assignments between the two datasets were
closely matched, with little representation of cell types outside our dissection perimeter
(Supplemental Fig. 3.5). This highlights the reproducibility of scRNA-seq between studies and the
robustness of our data to characterize developmental defects.

Following cell-type annotation, we compiled transcriptomic data from clusters which
contribute to excitatory lineages. Unsupervised clustering of data from this subset of cells was
performed and clusters annotated (Fig. 3.2). At E13.5, eleven clusters were identified
corresponding to known excitatory lineage cell types, including seven radial glia cell (RGC), a
differentiating radial glia cell (dRGC), an intermediate progenitor (IP), a migrating neuron, and two
L5-6 excitatory neuron (DL neuron) clusters (Fig. 3.2B). At E14.5, ten clusters were defined that
included four RGC, a dRGC, two IP, a migrating neuron, and three DL neuron populations (Fig.
3.2E). Consistent with scRNA-seq data from developing human cortex, the clustering resembled
the predicted developmental trajectory with RGCs transitioning to IPs then migrating neurons and
finally DL neurons (Fig. 3.2E) [30]. We next examined the distribution of canonical marker genes
that define cells at different stages of neurogenesis (Fig. 3.2G, H and Supplemental Fig. 3.6). The
numerous RGC populations (Clusters E13-0, 13-1, 13-2, 13-3, 13-4, 13-5, 13-6, 14-0, 14-1, 14-
2, 14-3) express a combination of cell cycle genes like MKi67, Aspm, Lig1 and RGC transcription
factors like Pax6 and Sox2. We observed that dRGC (Clusters E13-7, 14-4) co-express markers
of the other major cell types (RGC, IP, migrating neuron, DL neuron) at a reduced level. Similar
transitory cells have been described in transcriptomic studies of developing mouse and human
cortex [30, 33, 34]. IP clusters (Clusters E13-8,14-5,14-6) are marked by Eomes. Migrating
neurons express a combination of general neuronal markers Neurod2, Neurod6, and axon

guidance genes Rnd2, Cntn2, and Robo2. Among L5-6 excitatory neuron clusters, expression of
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transcription factors that demark deep and upper layer excitatory neurons was noted, such as
Sox5, Tbr1, Becl11b, Bel11a, Fezf2, Satb2, and Pou3f1.

While AsxI3*" and AsxI3"* cells are distributed across all clusters at E13.5, the density of
AsxI3*" cells are significantly enriched in the region of UMAP space that overlaps with cluster
E13-6 (Fig. 3.2C and Supplemental Fig. 3.4C). Cells in E13-6 have the transcriptional
characteristics of a transition cell type, uniformly expressing markers of RGC and other major cell
types at low levels (Fig. 3.2G). The position of cluster E13-6 in UMAP space suggest the cluster
is composed of RGC cells differentiating to IPs and/or immature postmitotic migrating neurons.
These findings are consistent with a model where progenitors exhibit a permissive transcriptional
status that supports gradual differentiation to excitatory linage fates, independent of a direct or
indirect path through IPs [35, 36]. At E14.5, all clusters were populated by Asx/3*" and Asx/3"*
cells, without genotype-dependent enrichment in one or more cell-specific clusters (Fig. 3.2E and
Supplemental Fig. 3.4B).

To assess changes in AsxI3** cortical cell composition, the overall proportions of
developmental cell classes were calculated at E13.5 and E14.5. For this analysis cortical cells
were grouped into five classes, namely RGC, dRGC, IP, Migrating neurons, and DL neurons.
When compared to AsxI3**, RGCs are significantly increased at E13.5 in Asx/3™" cortex, with a
corresponding decrease in more mature cell types (Fig. 3.21 and Supplemental Fig. 3.4F). A day
later at E14.5, the E13.5 increased RGCs has transitioned to include more dRGCs and fewer IPs
and migrating neurons in Asx/3®® cortex (Fig. 3.2J and Supplemental Fig. 3.4E). This change
implicates dysregulation of RGC proliferation or differentiation dynamics in Asx/3®" developing
cortex.

To characterize the developmental mechanism that accounts for Asx/3** cellular
composition changes, we immunostained E14.5 cortical tissue for SOX2 and EOMES, to evaluate
RGCs and IPs (Fig. 3.2K, [). Altered proliferation dynamics can alter NPC niche size by

modulating ventricular (VZ)/subventricular (SVZ) zone thickness (radial expansion) or ventricular
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zone length (lateral expansion). Both radial and lateral VZ changes were quantified. To evaluate
VZ/SVZ thickness, the number of SOX2+ RGCs and EOMES+ IPs in a single bin that spans the
cortical thickness was quantified at medial, medial/lateral and lateral regions of the neocortex
(Fig. 3.2K). A small but significant radial expansion of SOX2+ RGCs was detected in the lateral
neocortex and a decrease in EOMES+ IPs was identified in the medial and medial/lateral
neocortex (Fig. 3.2M,N and Supplemental Fig. 3.7). These changes would not entirely account
for AsxI3™ progenitor increase detected by scRNA-seq. Lateral expansion was assessed by
measuring the length of the lateral ventricular/\VZ boundary that corresponds to the apical border
of the VZ. The length of the Asx/3™" \VZ was significantly longer along all rostral to caudal sections
measured (Fig. 3.20 and Supplemental Fig. 3.7). Therefore, Asx/3"" cortical cell composition
changes detected by scRNA-seq can largely be attributed to lateral expansion of VZ
RGCs. Similar phenotypes have been observed in mouse models that disrupt signaling pathways

critical for balancing NPC maintenance and differentiation [37-39].

Deep layer cortical neuron differentiation delayed in AsxI3™" cortex

Corticogenesis relies on an exquisite balance between RGC expansion and neuronal
differentiation that generates the full complement of mature cortical neuron subtypes. The
embryonic increase in AsxI3™® progenitors suggests the balance of this stereotypic process is
disrupted. Pseudotemporal analysis was performed using Monocle 3 to reconstruct and evaluate
the differentiation process of E13.5 and E14.5 corticogenesis (Fig. 3.3A-F) [40]. At both time
points, pseudotime ordering of cell types mirrored in vivo corticogenesis. RGCs represent the
earliest pseudotime stages of differentiation followed by dRGCs, IP, Migrating neurons, and DL
excitatory neurons (Fig. 3.3A, D and Supplemental Fig. 3.8). We then constructed individual
trajectories for Asx/3"* and Asx/3*" samples to compare genotypic pseudotime differentiation
outcomes (Fig. 3.3B, E). Again, at E13.5 an Asx/3*" increase in RGCs and corresponding

decrease in more mature cell types was noted, based on a quantitative change in the amplitude,
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or cell density, of overlapping pseudotime peaks. This difference in pseudotime landscape is
consistent with RGC multipotency persistence at the expense of neurogenic divisions. A
genotypic dependent change in the position of peaks across pseudotime, consistent with a
change in the timing of differentiation was not observed at E13.5 (Fig. 3.3B-C). E14.5 analysis
revealed Asx/3™" changes in amplitude and distribution of cell type-specific peaks. An increase
in progenitors persists, but is now distributed across RGC, dRGC and IP cell types (Fig. 3.3E, F).
However, progenitor persistence now correlates with a novel Asx/3™" peak detected between
pseudotime differentiation position 20-30. The peak exhibits unique spacing relative to Asx/3"*
peaks and is composed of migrating neurons and DL excitatory neurons, consistent with delayed
differentiation of a subset of Asx/3™" deep layer cortical neurons (Fig. 3.3E, F). Collectively, the
analysis supports a model where persistence of RGC self-renewing proliferation at E13.5
manifests in delayed differentiation of a population of excitatory neurons evident at E14.5.

To assess the relationship of progenitor expansion on neuron differentiation, E13.5 or
E14.5 time-pregnant dames were administered EdU and sacrificed at P0.5. The majority of EdU
labeled cells at E13.5 were distributed across deep cortical layers, with a comparable distribution
in both genotypes. No change in the percentage of EdU labeled or EQU/BCL11B double-labeled
cells at E13.5 was quantified (Fig. 3.3G, H). At E14.5, the distribution of EdU labeled cells included
upper cortical layers in Asx/3"" littermates, with few cells labeled below BCL11B L5 neurons.
AsxI3* EdU labeled cells exhibit greater distribution across cortical layers, including deep layers
and a reduction in the percentage of EQU/BCL11B double-labeled cells was quantified in Asx/3

cortex, consistent with a delay in cortical neuron differentiation.

Altered extrinsic signaling disrupted in AsxI3™" corticogenesis
To uncover the cell and molecular biology impacted by Asx/3™® transcriptional changes
and that may account for the corticogenesis defects, Gene Ontology (GO) analysis of E13.5 and

E14.5 clusters was performed. Corresponding E13.5 and E14.5 Asx/3®" DEGs were enriched in
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GO terms implicating extrinsic signaling pathways, including Notch, Wnt, and Hippo (Fig. 3.4A).
Enriched DEGs of note include Hes1, Hes5, Notch1, Notch2, DIl1, Wnt5a, Wnt7b, Fzd1, Fzd4,
Yap1, Tead1, Tead2. Activities of these extrinsic signaling pathways have been demonstrated to
act on NPCs to direct the balance between NPC proliferation and differentiation [37, 39, 41, 42].
Mouse models of constitutive overexpression or persistent activity have demonstrated cross talk
between these signaling pathways during cortical development [37, 41].

DEGs in the Notch signaling pathway were used to investigate how coordination of
temporally defined cell-specific transcription cascades are dysregulated to contribute to Asx/3™"™
corticogenesis defects. Notch function is mediated through cell-cell interactions of neighboring
cells (Fig. 3.4B). Expression of a transmembrane ligand (delta or jagged) in one cell, binds a
Notch receptor on an opposing cell. A series of cleavage events allows the Notch intracellular
domain (NICD) to translocate into the nucleus. Intranuclear NICD initiates transcription of bHLH
transcription factors Hes1/5 that inhibit neuronal differentiation by repressing expression of
proneural bHLH Neurog2. In mice, overexpression of N1ICD, Hes? or Hes5 in the developing
cortex induces lateral expansion of NPCs [37, 38, 43]. N1ICD ChIP-seq and transcriptomic
analysis of the N1ICD overexpression mouse cortex identified direct and downstream targets of
N1ICD [37]. These targets were intersected with E13.5 and E14.5 individual cluster transcriptional
changes which revealed enrichment for direct and downstream N1ICD targets amongst the
AsxI3®"* DEGs (Fig. 3.4C, D).

Significant Hes1 and Hes5 differential overexpression in E13.5 RGC clusters and
phenocopy between AsxI3®™ and Hes1 and Hes5 overexpression mouse models implicate
disruption of Notch transcription factor coordination as a molecular driver of early Asx/3*™™ cortical
defects (Fig. 3.4C, D). Supporting this observation, Notch DEGs that regulate Hes7 and Hes5
expression were detected across E13.5 clusters, while few downstream targets of HES1/5 were
among the DEGs identified (Fig. 3.4E). In line with disruption of coordinated Notch signaling, at

E14.5 fewer regulators of Hes expression were differentially expressed in RGCs, Hes1/5
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expression was largely normalized, while an increase in downstream targets of Hes1/5 were
enriched among the DEGs (Fig. 3.4F). If we integrate the data from these two time points, it
implicates a molecular mechanism where upregulation of Hes genes at E13.5 favors retention of
multipotent RGC fate through a mechanism of lateral expansion. By E14.5 downstream targets
of HES1/5 downregulate, such as Neurog2 which participates in a negative feedback loop with
the Hes genes in Notch signaling (Fig. 3.4B). These results would support a shift in the balance
towards self-renewing progenitor proliferation and away from neurogenesis or neuronal

differentiation.

Alterations in AsxI3™" excitatory neuron composition

To characterize P0.5 cortical neuron composition by single cell transcriptomics, the P0.5
cortex was micro-dissected from brain stem, olfactory bulbs and ventral brain structures (Fig.
3.5A). scRNA-seq was performed on 23,511 cells from four Asx/3"* and 38,672 cells from five
AsxI3™® cerebral cortices. Cells clustered into 21 unique cell populations and were annotated as
described for embryonic timepoints (Supplemental Fig. 3.3). The cell populations identified were
correlated to known major cell-types present in the P0.5 cortex, including subtypes of neural
progenitors, intermediate progenitors, excitatory neurons and interneurons that are derived from
ventral brain structures and tangentially migrate into the cortex (Supplemental Fig. 3.4).
Comparable clusters were detected in both genotypes (Fig. 3.5C and Supplemental Fig. 3.4A).
AsxI3"* P0.5 data aligned with Loo et al. 2019 [29] PO cortical scRNA-seq exhibited comparable
clusters with minimal detection of cells from the striatum or ganglionic eminence, which were
removed during dissection (Supplemental Fig. 3.5). This indicates the reproducibility of scRNA-
seq between studies and the robustness of our data to characterize cortical neuron composition
changes between Asx/3"* and AsxI3" samples.

To assess the excitatory neuron composition, transcriptomic data from excitatory neuron

lineages was isolated from total cortical cell data (Fig. 3.5A). Comparable clusters were detected
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in both genotypes when clustered independently and in aggregate (Fig. 3.5C and data not shown).
Eleven distinct clusters were annotated corresponding to IPs, Migrating neurons, and cortical
pyramidal neurons from upper and deep layers, further classified as subcerebral projection
neurons (SCPN), corticothalamic projection neurons (CThPN) and callosal projection neurons
(CPN). Layer 5/6 deep layer CPNs (dCPN) were present in cluster PO-2 and PO-7. Layer 2-4
upper layer CPNs (UCPN) were in P0-0, P0-3, P0-4, P0-5, PO-8. Several marker genes for these
CPN clusters have regional-specific expression including Lhx2 (caudo-rostral), CbIn2 (rostro-
caudal), Crym (caudo-rostral), Dkk3 (visual cortex), Ephab (somatosensory cortex), Lmo4
(sensory areas), Bhlhb22 (Sensory areas) (Fig. 3.5F) [44]. Genes known to have subtype specific
expression in CThPN and ScPN were enriched in clusters P0-6 and P0-9 respectfully (Fig. 3.5F
and Supplemental Fig. 3.5).

The ratio of broad cell classes were calculated for Asx/3”* and Asx/3®® samples to
determine the cortical composition of cells from excitatory lineages. Overall, deep layer cortical
neurons classes exhibit the largest genotypic differences in cortical composition changes that
diminished in upper layer neuron subtypes. In Asx/3*"* samples a two-fold increase in CThPNs
coincides with a 30% increase in SCPNs and switches to a reduction in dCPNs (15% reduction)
and uCPNs (6% reduction) relative to control (Fig. 3.5E). This finding is consistent with an early
disruption to the timing of cortical neuron differentiation.

We evaluated the spatial distribution of Asx/3** and AsxI3*" cells for individual combined
excitatory clusters by employing Tangram (Fig. 3.5G and Supplemental Fig. 3.9) [45, 46].
Tangram maps cells identified through scRNA-seq by aligning the data with a reference spatial
dataset, in our case the STARmap spatial dataset of the mouse visual cortex [46]. Asx/3** and
AsxI3%" P0.5 scRNA-seq profiles were mapped based on 166 training genes present in both
STARmap and our data. Of note, cell type distributions of excitatory neuron classes do not exhibit
consistent layer-specific spatial patterns. CThPNs exhibit the greatest fidelity to the localized L6

spatial distribution in deep layers. Patterns of SCPNs, dCPNs and uCPNs distribution are less
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specific, with cells roughly distributed throughout upper and deep layers. These excitatory neuron
classes were distinguished based on the percentage of cells mapped in L5-6 versus L2-4 (SCPN
L6:34%. L5:56%. L2/4:9%; dCPN L6:32%, L:50%, L2/4:15%; uCPN L6:31%, L5:44%, L2/4:19%).
This distribution is consistent with growing literature implicating a greater contribution of shared
transcriptional profiles along the continuum of excitatory neuron differentiation as fate is

established [36, 47].

ASXL3 disrupts differentiation of deep layer neurons

The P0.5 pseudotime differentiation trajectory of Asx/3"* and Asx/3*™" cortical neuron
subtypes was assessed as described for embryonic timepoints. The fundamental steps of cortical
neuron differentiation are captured in this analysis, with undifferentiated |Ps preceding Migrating
neurons and terminally differentiated classes of excitatory neurons (Fig. 3.6A, B). The
developmental relationship between cortical neuron subtypes along the pseudotime axis reflects
the chronological acquisition of terminal fate. As such, early born L6 CThPN represent the most
mature, or the terminus of differentiation and successive classes of later fated cortical neuron
classes, SCPN, dCPN, uCPN, are correctly organized along the axis progressively closer to the
immature cell types (Fig. 3.6C and Supplemental Fig. 3.9). This fidelity to the developmental
process of corticogenesis allows differences in the individual genotypic trajectories to be
identified. Most prominent among them are the differential Asx/3™™ amplitude peak increase
between pseudotime position 25-35 and the corresponding reduced Asx/3™" amplitude peak
between differentiation position 15-25 (Fig. 3.6A).

Pseudotime trajectories for individual cortical neuronal subtypes were generated to
identify the contribution of individual neuron classes to genotypic differences in differential peak
dynamics of the combined data (Fig. 3.6C). The independent trajectories of terminally
differentiated neuron subtypes do not follow a discrete tip-to-tail order along the pseudotime axis

and instead exhibit overlapping distribution. The relative distribution along pseudotime is
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positively correlated to timing of terminal fate acquisition, with the uCPN L2-4 trajectory
encompassing the largest portion of pseudotime (10-50), followed by dCPN (15-50) and SCPN
(25-45), with CThPN L6 sharing the smallest portion of the pseudotime axis (30-45) (Fig. 3.6C).
Several genotypic differences in uUCPN, SCPN and dCPN classes of neurons contribute to the
AsxI3™" amplitude increase between 25-35. For Asx/3™™ uCPN within this pseudotime interval,
we find a differential increase in peak amplitude compared to control. While in the SCPN and
dCPN individual trajectories, novel asynchronous AsxI3®® peaks were detected between the
pseudotime 25-35 interval, that do not correspond to smaller Asx/3"* peaks of the same
periodicity across pseudotime (Fig. 3.6C). The unique P0.5 Asx/3** dCPN and SCPN peaks
corresponds to the shift in E14.5 peak periodicity across pseudotime differentiation, further
implicating delayed differentiation and altered mature excitatory neuron composition in Asx/3"
cortex.

To characterize the transcriptional differences underling these altered fate trajectories, the
DeCoN corticogenesis transcriptomic resource was used to compile modules of proneural genes
which inform CThPN, SCPN and CPN fate acquisition (Table S2) [48]. Differential module
expression was assessed for all clusters combined, as well as clusters that broadly comprise
deep layer neurons (CThPN; P0-6, SCPN; P0-9 & dCPN; P0-2, PO-7) and upper layer uCPN (PO-
0, P0-3, P0-4, PO-5, P0-8) clusters (Fig. 3.6D). SCPN module expression was significantly
increased in Asx/3™" samples for each cluster class evaluated (adjusted p=0.009 comprehensive
clusters; p=0.030 deep layer clusters; p=0.048 uCPN clusters, linear mixed models). Expression
of the CThPN module was increased in all clusters (adjusted p=0.002) and deep layer clusters
(adjusted p=0.028) (Fig. 3.6D), while the CPN module was not significantly differentially regulated
in any of the cluster groups.

We identified the differentially expressed genes for clusters P0-9, P0O-7 and PO0-2, to
explore the AsxI3™" transcriptomic changes that drive asynchronous SCPN (cluster P0-9) and

dCPN (cluster PO-7 & cluster P0-2) peaks in individual neuronal subtype trajectories. DEGs
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associated with asynchronous SCPN and dCPN pseudotime differentiation included Bhlhe22,
Stmn2, Fezf2, Ldb2, Tshz2, Crym, and CbIn2 for SCPN and PIxnd1, Robo2, Ptn, Runx1t1, Ssbp2,
Shisa6, Nr2f2, Nr4A2, Myt1l for dCPN (Fig. 3.6E-G). Dysregulation of these genes which drive
identity and specification of excitatory lineages, implicates that transcriptomics were impacted by

delayed timing of cortical neuron differentiation during Asx/3*" corticogenesis.

ASD genes differentially expressed in AsxI3™" cortex

Large scale human genetic studies have identified hundreds of ASD risk genes, de novo
mono-allelic frameshift variants in ASXL3 among them [10-12]. Differential expression of other
candidate ASD risk genes has repeatedly been observed in transcriptomic studies of human and
mouse ASD neuropathology [32, 49-54]. To identify ASD biology implicated by and shared with
biallelic Asx/3™" molecular pathology, we identified ASD genes differentially expressed in Asx/3™
transcriptomics. E13.5, E14.5, and PO0.5 cluster specific DEGs were intersected with the SFARI
ASD gene set, and further partitioned based on high-confidence classification (hcASD) (Fig. 3.7)
[10]. Greater than 12% of all DEGs at each time point were ASD risk genes, which were found to
be up- and down-regulated, in a developmental and cell-type defined manner (Fig. 3.7A-C). At
E13.5 AsxI3*™ DEGs are predominantly down-regulated, while at E14.5 and P0.5 differential
expression is more equally up- and down-regulated. This is consistent with ASXL3-dependent
role in ASD gene expression and provides further evidence for convergence of ASD risk genes
on a common molecular mechanism.

Genes that encode proteins involved in chromatin regulation, transcriptional regulation
and synaptic signaling have been identified as the genetic basis of ASD [12, 55]. With little
evidence of functional overlap between ASD genes, a common molecular pathway is not clear.
To investigate functional overlap between DEGs, GO analysis of ASD DEGs at individual
developmental time points was performed. Top GO terms identified at E13.5 highlight the function

of ASD chromatin and transcriptional regulator genes early in development (Fig. 3.7D). At E14.5
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GO terms reflective of synaptic function and chromatin biology are enriched (Fig. 3.7D). By PO0.5,
GO terms associated with synaptic function are significantly enriched. These results implicate
molecular synergy during development where chromatin genes are required for early stages of
corticogenesis, that ultimately determine synaptic functions at later stages (Fig. 3.7D). Future
experiments will be required to determine if chromatin genes such as Asx/3 impact synaptic
function by directly modulating synaptic genes or indirectly by initiating defects in corticogenesis
that disrupt synaptic formation and function. Understanding the convergence of ASD risk genes

could provide opportunities to develop targeted therapeutic approaches.
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DISCUSSION

Polycomb transcriptional regulation is critical for organ development and cell fate
specification. Evaluation of an Asx/3 mouse model revealed a critical role in cortical development.
The emerging pathogenic model based on analysis of multiple cell types, at sequential
developmental timepoints, implicates overactivation of Notch signaling that alters NPCs
proliferation and timing of differentiation. These early developmental defects lead to altered
composition of excitatory neurons with aberrant expression of proneural genes responsible for
layer specificity at later timepoints. Across cortical development, dysregulated genes were
enriched for high confidence ASD risk genes, implicating a convergent pathological mechanism.
Together our findings underscore the importance of ASXL3 in Polycomb transcriptional repression
during development and provide insight into developmental mechanisms altered by ASD risk

genes.

Polycomb transcriptional repression required for corticogenesis

The role of H2AUb1 in Polycomb transcriptional repression remains poorly understood
compared to other histone modifications. Pathogenic variants in genes which encode individual
components of both PRC1 and PR-DUB are the genetic basis for a growing number of
neurodevelopmental disorders, highlighting the importance for dynamic exchange of H2A
ubiquitination in neural development [18, 56, 57]. An ASXL3-dependent developmental and
transcriptomic disruption of excitatory neuron lineage differentiation and fate was identified in the
AsxI3 frameshift mouse model, with IHC revealing a 25% reduction of BCL11B L5 neurons (Fig.
3.1). This stands in contrast to a 30% increase in BCL11B cells described in the cortex after
conditional knockout of Ring1b, the enzymatic component of PRC1 [15]. The opposing lamination
defects of these two mouse models mirrors the antagonistic activity of PRC1 and PR-DUB, further

implicating a role for dynamic H2AUb1 regulation in NPC fate specification. Future studies need
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to determine targets of PR-DUB complexes that allow for dynamic transcriptional control of

proneural genes.

Extrinsic signaling pathways coordinate balance of self-renewal & differentiation

During corticogenesis NPCs undergo symmetric self-renewing and asymmetric
neurogenic mitotic events. Extrinsic signaling pathways, including Notch, Wnt, and Hippo, are
important for directing the self-renewal and differentiation behavior of NPCs. Overactivation of
Notch or Wnt signaling or inactivation of Hippo signaling during neurogenesis shift NPCs toward
self-renewal and away from neurogenic proliferation [37, 39, 41, 42]. A commonly observed
phenotype in these mouse models is lateral expansion of RGCs and increased VZ perimeter,
without a corresponding change in brain size or cortical thickness, similar to the phenotypes
observed in Asx/3*" brain development [37, 39, 41, 42]. Notably, the extent of lateral expansion
was shown to be dose-dependent implicating a critical role for ASXL3 dependent transcriptional
regulation of extrinsic signaling pathways as Asx/3*" transcriptomic changes implicated their
dysregulation at an early stage of neurogenesis [37, 41, 58].

The N1ICD directly regulates expression of WNT and Hippo signaling pathways
components, allowing Notch to facilitate pathway crosstalk in NPCs [37]. Consistent with altered
Notch signaling, Hes1 and Hes5 are up-regulated in Asx/3®" mice. These transcription factors
are at the nexus of the Notch signaling pathway during corticogenesis, required for inhibiting
neuronal differentiation and promoting maintenance of NPC multipotency [59-62] Phenocopy
between Asx/3*" and the transgenic Hes1- and Hes5-overexpression mouse models, implicates
a prominent role for Notch signaling through HES1/HES5 in AsxI3™" neuropathology [38, 43]. In
both models, Hes1 or Hes5 overexpression results in lateral expansion of VZ RGC progenitors
and altered emergence of excitatory fated cortical neurons. HES1 and HESS maintain NPCs
multipotency by repressing Ngn2, which induces neurogenesis. Using the cell-type and temporal

resolutions of AsxI3™™ transcriptomic data, the overexpression of HES1 and HES5 in Asx/3™
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RGCs at E13.5 was correlated to differential expression of proneural genes, including down-
regulation of Ngn2 in AsxI3** differentiating cell types at E14.5 [38, 43]. Ultimately, the
developmental impact on corticogenesis can be summarized into a model where NPC self-
renewal alters the length of neurogenesis through lateral inhibition which affects the fate of

excitatory neuron and cytoarchitectural cortical layer deposition [38, 43].

Single-cell transcriptomic view of cortiocogenesis

Histology based analysis of corticogenesis has identified individual proneural genes
critical for generation and differentiation of distinct cortical neuron subtypes [63-67]. Generating
the complement of mature cortical neuron subtypes from multipotent NPCs requires cell-intrinsic
and dynamic chromatin modifications that play important roles in defining transcriptional plasticity
and cell identities. Distinguishing the transcriptomic diversity of individual cells in a developing
organ requires single-cell resolution. The challenge moving forward is to correlate single-cell
transcriptomic characterization of normal and pathogenic corticogenesis with decades of
knowledge generated by investigating corticogenesis in single-gene mouse models using a
limited selection of histological markers. This correlation is less complicated at earlier embryonic
timepoints when cortical tissue is largely composed of RGCs and IPs expressing consistent
marker genes that modulate minimally during corticogenesis. At later stages of corticogenesis,
transcriptional programs of excitatory lineages diverge in the post-mitotic neurons as cortical
neurons separate into increasingly partitioned cell populations.

Due to the relatively low heterogeneity of E13.5 and E14.5 cortical tissue, we observed
high correlation between scRNA-seq data and tissue analysis with immunohistochemistry. While
the ratio of progenitors detected with scRNA-seq decreased between E13.5 and E14.5, the
progenitor marker genes were consistent between stages and were robustly distinguished from
terminal neuronal subtypes. The conformity between these two techniques allowed us to predict

the Asx/3™" developmental mechanisms based on the transcriptomics. Subsequent evaluation of
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the cell-specific transcriptomics in vivo identified important molecular mechanisms of early
AsxI3™" neuropathology.

Greater diversity of terminally differentiated neuronal subtypes at P0.5 complicates
correlating the scRNA-seq data with immunohistochemistry. Since we detect a reduction in
BCL11B L5 neurons with immunohistochemistry, we predicted that our scRNA transcriptomic
analysis would directly translate into a reduction of SCPN neurons. Instead, we observe a
significant shift in the proportions of all neuronal subtypes in Asx/3®® consistent with a
transcriptional shift in cell lineage profiles that transform their terminal fate. This interpretation is
supported by the divergent P0.5 Asx/3"”* and AsxI3®" pseudotime differentiation peaks. The
upregulation of CThPN and SCPN cell lineage profiles resembles transcriptional alterations
attributed to Polycomb transcriptional regulation that result in fate transformations [16, 36]. In
addition, the dCPN and SCPN DEGs we detect for individual trajectories include proneural genes
known to govern the acquisition of cell identity. These data are consistent with cortical neuron
fate changes in Asx/3™" samples that acquire a hybrid transcriptional profile, which may allow
these cells to associate with clusters across the SPCN, dCPN and uCPN classes. The broad
distribution of dCPN and uCPN classes of neurons mapped to a spatial reconstruction of the
visual cortex may reflect the current nuances in the annotation of cortical classes of cells by
transcriptional profile, as opposed to detection of protein expression with immunohistochemistry.
In summary, a reduction in BCL11B L5 neurons is detected by IHC in Asx/3™ cortex, without a
change in L5 cell density. This suggests these cells are replaced by another neuron type or an
undefined hybrid fate that may reflect overlapping expression of CThPN and SCPN proneural

genes based on transcriptomic data.

Molecular synergy of ASD neuropathology
Our data linking early defects in Asx/3™" cortical neurogenesis to altered timing of cortical

neuron subtypes is pertinent in the context of human ASD genetics and in vitro models that
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predicted pathogenic mechanisms that impinge on neurogenesis [54, 68-74]. Recently, neural
fated tissue differentiated from human pluripotent stem cells (hPSCs) carrying pathogenic variants
in hcASD genes were tested for neurogenesis competency. Consistent with the Asx/3™"
neuropathology, the cellular progeny of ASXL3 hPSC lines fell into a subclass of ASD risk genes
that are hyporesponsive to WNT and exhibit decreased neuronal output with an enrichment for
NPCs [68]. In the same phenotypic class of ASD risk genes were the chromatin associated genes
ASH1L, KDM5B, CHD2 and KMT2C that have a documented role in impacting Polycomb
transcriptional regulation and implicate novel molecular mechanisms of ASD yet to be explored
in animal models. Conversely, neurogenesis defects which result in increased neurogenesis at
the expense of SOX2 progenitors were observed in Bcl6 gain-of-function mouse model that were
in part due to dysregulation of extrinsic signaling pathways. BCL6, a transcriptional repressor that
interacts with the PRC1.1 component, BCOR, that modulates H2AUb1 [75]. Together these
findings demonstrate that dynamic Polycomb transcriptional repression is essential for balancing
progenitor expansion and differentiation of NPC.

ASD neuropathology is attributed to mid-gestation neurogenesis defects in the prefrontal cortex
and excitatory/inhibitory (E/l) imbalance of the cortical microcircuit [76-78]. Asx/3™™
neuropathology provides evidence for how pathogenic variants in chromatin genes which disrupt
development could damage synaptic function and the balance of cortical microcircuit activity.
Such imbalance could be initiated due to a change in the composition of mature cortical subtypes.
The shift in the focus of GO terms from chromatin and transcriptional regulation at E13.5 to greater
enrichment in synaptic function terms at P0.5 support this interpretation. Precluding direct
differential expression of synaptic genes by chromatin based genetic etiologies of ASD, in vivo
studies have demonstrated that even subtle developmental alterations in circuit composition can

result in disproportionally large functional effects on the mature circuit [79-81].
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METHODS
Animals

All experiments were performed in accordance with animal protocols approved by the Unit
for Laboratory Animal Medicine (ULAM), University of Michigan. The Asx/3® mice line was
generated by cloning sgRNAs that target a region in exon 12 into a pX330 vector. The vectors
were microinjected into fertilized eggs before being transferred into pseudopregnant C57BL/6 X
DBA/2 F1 females. Topo cloning and sanger sequencing were used to detect a unique frameshift
AsxI3 allele. AsxI3*" mice were maintained on a C57BL/6 background. Heterozygous breeding
was used for experiments with E0.5 established as the day of vaginal plug.
Western Blot Analysis

Whole brains from E13 Asx/3"* and AsxI3*"* mice were homogenized in RIPA buffer
supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail 3 obtained from
Sigma-Aldrich (P8340 and P0044; St Louis, MO, USA). Protein levels were normalized after BCA
analysis (Pierce). Cell lysates were separated using electrophoresis on 4-20% SDS-
polyacrylamide gels and transferred to PVDF membrane (Millipore, Billerica, MA, USA). For
western blot, after the transfer, the PVDF membrane was blocked with 5% milk and incubated
with following antibodies overnight. Primary antibodies used were: anti-ASXL3 (Bielas Lab,
1:200), anti-ubiquityl-Histone H2A (Cell Signaling Technology, 8240, 1:2000), anti-Histone H3
(Abcam, Ab10543, 1:5000). Donkey anti-rabbit HRP-conjugated (Cytiva, NA9340V, 1:5000) and
goat anti-mouse HRP-conjugated (Invitrogen, 32430, 1:10000) were used for 1h incubation at
room temperature. Antibody incubation and chemiluminescence detection were performed
according to manufacturer’s instruction [ThermoFisher Scientific, Waltham, MA, USA, cat no.
34095].
Immunohistochemistry and cell counting

Brains were dissected and removed from mice at E13.5, E14.5, or P0.5 and then kept in

4% PFA at 4°C overnight. Brains were cryopreserved by submersion in 20% then 30% sucrose
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solutions. After embedding in OCT cryosectioning media (Tissue-Tek, Torrance, CA), brains were
cryosectioned at 13 uym. Sections were incubated with PBS for 15 min to wash away OCT. For
antibodies that required antigen retrieval, cryosections were heated in 10 mM Sodium citrate for
20 minutes at 95°C followed by incubation at room temperature for 20 minutes. Incubation with a
normal donkey serum blocking buffer [5% NDS (Jackson ImmunoResearch), 0.1% Triton X-100,
5% BSA]. was performed for 1 hour. Sections were stained with primary antibodies in blocking
buffer at 4°C overnight, washed with PBS, and stained with secondary antibodies at room
temperature for 1 hour. Slides were washed with PBS, incubated with DAPI for 5 minutes and
cover-slipped with MOWIOL. Images were acquired with a Nikon A1 microscope and processed
with LAS X software. Cells were counted using ImagedJ. The following antibodies and dilutions
were used: SOX2 (Neuromics, GT15098, 1:500), CTIP2 (Abcam, ab18465, 1:500), TBR1
(Abcam, ab31940, 1:200), SATB2 (Abcam, ab51502, 1:100), CUX1 (Santa Cruz, sc-13024,
1:150), pH3 (Abcam, ab10543, 1:250), EOMES (Abcam, ab23345, 1:400). AlexaFluor-conjugated
secondaries were: donkey anti-rabbit 647 (Invitrogen, A31573, 1:400), anti-rabbit 555 (Invitrogen,
A31572, 1:400), donkey anti-mouse 555 (Invitrogen, A31570, 1:400), donkey anti-mouse 647
(Invitrogen, A31571, 1:400), donkey anti-goat 555 (Abcam, ab150154, 1:400), donkey anti-goat
488 (Invitrogen, A-11055, 1:400).
EdU Birthdate analysis

Time pregnant dames were injected with EdU (20 mg/kg) at embryonic day 13.5 or 14.5
(E13.5 or E14.5). At P0.5, brains were dissected and removed from EdU injected pups and kept
in 4% PFA at 4°C overnight. EdU was labeled and detected in Cryosections with the Click-IT EdU
imaging kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. After sections
were incubated with Click-IT reaction cocktail, they were washed with normal donkey serum
blocking buffer. Then, additional antibody staining was performed.

Cresyl Violet
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Brains were dissected and removed from mice at P0.5 then kept in 4% PFA overnight.
Brains were dehydrated in a series of ethanol washes and embedded in paraffin with a paraffin
tissue processor. 6 um microtome sections were dewaxed in xylene, rehydrated in ethanol,
stained with 0.5% cresyl violet, dehydrated with ethanol and cleared with xylene.
Collection of cells for single-cell RNA sequencing

The cerebral cortices from E13.5, E14.5 or P0.5 brains were dissected in Earl’s balanced
salt solution (EBSS). Isolated cortices were incubated with papain (Worthington Biochemical
Corporation), 5.5mM L-cysteine-HCL, 1.1 mM EDTA, and 100 mg/ml DNase | in O2:CO-
equilibrated EBSS for 8 minutes at 37°C. Samples were titrated with flame tipped glass pipettes
and centrifuged at 800 RCF for 5 minutes. Cells were resuspended with ovomucoid protease
inhibitor (Worthington Biochemical Corporation) and 50 mg/ml DNase | in O,:CO; equilibrated
EBSS and passed through a 70 micron cell strainer. Cells were centrifuged at 200 RCF for 5
minutes over a gradient of ovomucoid protease inhibitor and cells were resuspended in N2/B27
media. Cells were counted and checked for viability using a Luna automated cell counter before
loading onto a Seq-Well platform.
Seq-Well Single Cell RNA-sequencing

Seqg-Well was performed as described [31, 82]. Briefly, functionalized Seq-Well arrays,
containing 90,000 picowells, were loaded with barcoded beads (ChemeGenes, Wilmington, MA).
20,000 cells were loaded onto the arrays and incubated for 15 minutes. To remove residual BSA
and excess cells, arrays were washed with PBS. Functionalized membranes were applied to the
top of arrays, sealed in an Agilent clamp, and incubated at 37 for 45 minutes. Sealed arrays were
incubated in a lysis buffer (5M guanidine thiocynate, 1mM EDTA, 0.5% sarkosyl, 1% BME) for 20
minutes followed by a 45 minute incubation with hybridization buffer (2M NaCl, 1X PBS, 8%
PEGB8000). Beads were removed from arrays by centrifuging at 2000xg for 5 minutes in wash
buffer (2M NaCl, 3mM MgCl,, 20mM Tris-HCI pH 8.0, 8% PEG8000). To perform reverse

transcription beads were incubated with the Maxima Reverse Transcriptase (Thermo Scientific)
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for 30 minutes at room temperature followed by overnight incubation at 52°C. Reactions were
treated with Exonuclease 1 (New England Biolabs, M0293S) for 45 minutes at 37°C. Whole
transcriptome amplification was performed using the 2X KAPA Hifi Hotstart Readymix (KAPA
Biosystems, KK-2602). Beads were split to 1,500-2,000 per reaction and run under the following
conditions 4 Cycles (98°C, 20s; 65°C, 45s; 72°C, 3m) 12 Cycles (98°C, 20s; 67°C, 20s; 72°C, 3m)
final extension (72°C, 3m, 4°C, hold). Products were purified with Ampure SPRI beads (Beckman
Coulter, A63881) at a 0.6X volumetric ratio then a 1.0X volumetric ratio. Libraries were prepared
using the Nextera XT kit (illumina) and libraries were sequenced on an lllumina NextSeq 75 cycle
instrument.
scRNA-seq data processing

Sequencing reads were processed into a digital gene expression matrix using Drop-seq
software as described [83]. FASTQ files were converted into bam files before being tagged with
cell and molecular barcodes and trimmed. After converting back to FASTQs, reads were aligned
to mm10 with STAR. BAM files are then sorted, merged, and tagged with gene exons. Bead
synthesis errors were corrected as described and digital gene expression matrices were
generated. We excluded the poor-quality cells in the gene-cell data matrix using the Seurat
package (v3.1.2) for the samples (E13.5: n=8, E14.5: n=9 and PO0.5: n=9). For downstream
analysis cells with fewer than 300 detectable genes, greater than 5,000 genes or greater than
10% mitochondrial genes were removed. Genes that were detected in less than 5 cells were
removed. To remove blood cells from our data we visualized the raw count of hemoglobin genes
(Hbb-bh1, Hba-a2, Alas2, Hbb-y, Hbb-bs, Fam46¢c, Hbb-bt, Hba-a1, Hmbs, Fech, Slc25a37) using
violin plots to set a threshold for filtering blood cells. We excluded the cells that expressed more
than these predetermined thresholds for further analysis. We normalized the data in each sample
for each cell by dividing the total counts for that cell and multiplied by 10,000. This is then natural-
log transformed using log10(p). After this normalization step, we selected genes showing a

dispersion (variance/mean expression) larger than two standard deviations away from the
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expected dispersion as variable genes using the Seurat (v3.1.2) function “FindVariableGenes” for
each sample. In this way, there are 2000 significant genes which were identified using variance
stabilizing transformation for each sample in different stages. We then used these most
informative genes for sample alignment for each stage. We integrated all the samples in each
stage by using the FindIntegrationAnchors and IntegrateData functions of Seurat (v3.1.2). We
performed this alignment as described and implemented in Seurat tutorial (v3.1.2). After we
integrated the datasets for each stage, we scaled and centered the data for each stage.
Dimensionality reduction, cisualization and clustering

We used the Seurat package (v3.1.2) to perform dimensionality reduction. We used the
integrated and normalized data as the input to the RunPCA function of Seurat (v3.1.2) in order to
compute the first 100 PCs. After that, we used the elbow algorithm to find the optimal number of
PCs to construct Uniform Manifold Approximation and Projection (UMAP) plots. Visualizations in
a two-dimensional space were done using RunUMAP and RunTSNE function of Seurat (v3.1.2)
for the integrated data using previous dimensional reduction data and predetermined best PC
number. We performed a graph-based clustering approach using FindNeighbors and
FindClusters functions of Seurat (v3.1.2). We clustered the cells based on modularity optimization
technique: Louvain algorithm with resolution parameter 0.5 and partitioned the graph constructed
before into communities. We then collected cluster marker genes using the Wilcoxon rank-sum
test between the cells in a single cluster and all other cells with log fold change threshold of 0.2.
To assign identities to clusters, we cross-referenced the marker genes with previously described
cortical cells [29, 30, 47]. The expression of cell type markers was visualized using the FeaturePlot
function in Seurat. After we determined the identity of excitatory and non-excitatory cortical cells,
we extracted the cell types that contribute to the excitatory cells and redid the clustering for this
subset.

Alignment with Loo et al. 2019
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We mapped our dataset to the Loo et al. 2019 [29] E14.5 and PO cortices using label
transferring features from Seurat (v3.1.2). We leveraged the cell type labels provided by Loo et
al. 2019 as the reference and projected our cells onto the reference using FindTransferAnchors
and TransferData function from Seurat. We obtained the classification scores which depicts the
level of cell type prediction for the query cells and assigned the reference labels to the query cells
based on the highest prediction score. For our excitatory neuron lineage analysis, we filtered out
cells that do not contribute to this lineage after we projected the reference labels on our dataset.
PO filtered cells included: Astrocytes (10-P, 13-P), Choroid Plexus (20-P), Endothelial (17-P, 21-
P), Ganglionic Eminence (9-P), Interneurons (5-P,14-P, 11-P, 6-P), Layer 1 (19-P), Microglia (22-
P), Oligodendrocytes (16-P), Striatal neurons (3-P, 7-P). E14.5 filtered cells included: Choroid
Plexus (22-E), Endothelial (18-E), Ganglionic Eminence (6-E), Interneurons (1-E, 12-E), Microglia
(20-E), Cortical Hem RGC (21-E), Striatal neurons (16-E, 9-E), Thalamic (19-E). We visualized
the query transferred labels on the UMAP plots using DimPlot function from Seurat.

Differential expression analysis and enrichment analysis

We used the Wilcoxon rank-sum test to conduct the DE analysis between Asx/3"* and
AsxI3*" samples for each stage in the alignment data. To investigate the overlap of ASD risk
genes with DEGs within individual clusters, we overlapped the combined list of DEGs at each
timepoint with genes listed in the SFARI database (https://gene.sfari.org/, 02-11-2020 release).
We combined all the significant genes from the DE analysis between Asx/3"* and Asx/3*®™
samples for each stage in the alignment data across different clusters. We used the
‘EnhancedVolcano’ R package to visualize ASD associated DEGs with a log fold change greater
than 0.05 and p-value less than 10e™. To investigate the overlap of Notch target genes, we
evaluated the enrichment of direct and indirect N1ICD targets identified by Li et al. 2012 [37] by
conducting a Fisher’'s exact test on the 2x2 enrichment table (DAVID). We utilized the cluster
specific DE gene list and compared it to the direct and indirect N1ICD gene lists to collect the 2x2

enrichment table which was then evaluated by the two-sided Fisher exact test. We used the p-
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value collected from Fisher exact test and the number of genes that are contained in the gene list
in each cluster to visualize the enrichment results on each cluster across different stages.
Functional enrichment analysis

We used lists of significant genes from differential expression analysis across genotypes
to identify enriched biological pathways using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) v6.8, an online program uses a modified Fisher’s exact test (EASE
score) to examine the significance of gene-term enrichment. Gene names were first mapped into
Entrez ID through genome wide annotation for mouse by R package ‘org.Mm.eg.db’. KEGG
pathway, UniProt keywords and Gene Ontology (GO) were chosen for three different options of
annotation categories. Terms were filtered using a threshold of Bonferroni corrected p-value
smaller than 0.05. GO terms including molecular function, cellular component and biological
process were also used for DAVID functional annotation clustering, with default classification
stringency.
Module score

To investigate the differential expression pattern of cortical neuron subtype modules, we
used the gene list from Molyneaux et al. 2015 and utilized the ‘AddModuleScore’ function using
the Seurat package (v3.1.2). For CThPN we used genes in cluster 6 and 9, for SCPN we used
genes in cluster 16, and for CPN we used genes in cluster 0, 5, and 15. For each module, the
average gene expression level was calculated and was compared to the control genes for each
cell. Moreover, we used a linear mixed-effect model to evaluate the module expression
differences between Asx/3"* and Asx/3™". Specifically, we treated the module scores as the
output for each cell, genotype as the predictor variable with the sample identity being the random
intercept to account for the batch effect. We applied the ANOVA test to calculate the p-values
which are then adjusted across modules using the Benjamini-Hochberg correction.

Spatial Distribution

128



To learn the spatial structure of PO data, we used Tangram [45] and aligned our data with
STARMap dataset [46] (1127 cells and 166 genes). We manually assigned the spatial clusters to
the cells based on the neuronal layer specific genes and used the ‘shiny’ package to label the
cells. We then extracted the common genes among our data and the STARMap data and obtained
the cell-by-coordinates structure matrix where it gives the probability for cell to be in coordinates.
The matrix was then multiplied by the one hot encoding matrix of cell types in our data, and we
visualized the mapping results using the ‘ggplot2’ package.

Pseudotime analysis

For neuronal cells identified using two levels of clustering in each stage, we used Monocle
3 to conduct single-cell pseudotime analysis [84]. First, we performed principal components
analysis on gene expression data to capture the variation and removed batch effects using mutual
nearest neighbor alignment. UMAP was then used for dimensionality reduction and visualization,
setting the number of neighbors to 50. We then created a curvilinear trajectory using the function
‘learn graph’ and ordered the cells with progenitors (in E13.5 and E14.5) or intermediate
progenitors (in PO) constrained as starting points. The 2-D visualization of trajectory was
conducted using default function ‘plot cell’ in Monocle 3 and the comparison of pseudotime

information between genotypes was shown using density plot and histogram by ggplot2.
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Fig. 3.1. Loss of Asx/3 disrupts cerebral cortex and cerebellum morphology A,
Lysates from E13.5 Asx/3** and AsxI3™ cortices immunoblotted for full length ASXL3.
B, Acid extracted histones from E13.5 Asx/3*"* and AsxI3™ E13.5 cortices
immunoblotted for H2AUb1 and histone H3. C, Quantification of H2AUb1 levels relative
to H3 in Asx/3"* (n=3) and AsxI3™" (n=3) E13.5 cortices.***p<0.001 using two-tailed
unpaired Student's t test. Values are displayed as mean £ SEM. D, Appearance of curved
back and drooping forelimbs in P0.5 Asx/3®" mice. E, Representative images and F,
quantification of P0.5 cortical surface area, marked by a black dashed line, for Asx/3**
(n=16) and AsxI3™" (n=15) mice. p=0.009 using two-tailed unpaired Student's t test.
Values are displayed as mean+SEM. G, Cresyl violet staining of Asx/3** vs AsxI3™" P0.5
cerebral cortex. Whole hemisphere (left) and magnification of the cortex (right). Scale bar,
500 um. H, Sagittal P2 cerebellar sections stained with cresyl violet. Asx/3™ cerebellums
have shallower fissures (arrowheads) and smaller lobules (asterisk). Scale bar, 500 pm.
I, Quantification of the number of neurons expressing TBR1, BCL11B, or SATB2 in
AsxI3** (n=4, n=8, n=3) and Asx3"" (n=4, n=8, n=3) cortices. p=0.76 (TBR1), p=0.004
(BCL11B), p=0.57 (SATB2) using two-tailed wunpaired Student's t test. J,
Immunohistochemistry of Asx/3** versus Asx3™" P0.5 coronal cortical sections using
layer-specific markers TBR1 (layer 6), BCL11B (layer 5), and SATB2 (layer 2-4).
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Fig. 3.2. Neural progenitor cells expansion in Asx/3 cortex A, Depiction of E13.5
cortical excitatory neurons. B, Unsupervised clustering of E13.5 excitatory neurons
collected from Asx/3** (26,780 cells; n=5) and Asx3™" (25,144 cells; n=3) mice color
coded by cell type and represented on a UMAP. C, Distribution of Asx/3** (top) and
Asx3™" (bottom) cells across populations in the E13.5 UMAP. D, Depiction of E14.5
cortical excitatory neurons. E, Unsupervised clustering of E14.5 excitatory neurons
collected from Asx/3** (8,261 cells; n=5) and Asx3™" (22,075 cells; n=7) mice color
coded by cell type and represented on a UMAP. F, Distribution of Asx/3** (top) and
Asx3™" (bottom) cells across populations in the E14.5 UMAP. The UMAPs in C and F
are colored by density with yellow indicating a high density and blue a low density.
Heatmap showing normalized expression of key marker genes expressed in G, E13.5
and H, E14.5, cortices. Comparison of the proportion of developmental cell classes
detected in the Asx/3** and Asx3™" datasets at I, E13.5, and J, E14.5. Developmental
cell classes include radial glia cells (RGC E13.5 p=6.3e7° , E14.5 p=0.02), differentiating
radial glia cells (dRGC E13.5 p=0.1, E14.5 p=1.7e""?), intermediate progenitors (IP E13.5
p=8.1e"2, E14.5 p=2.8e%%), migrating neurons (E13.5 p=4.2e'¢, E14.5 p=2.6e?°), and
deep layer excitatory neurons (E13.5 p=3.6e*¢, E14.5 p=0.82). P values were generated
using a two proportion Z test. K, Schematic illustrating quantifications collected from
immunostained coronal sections of the cortex. SOX2 and EOMES positive cells were
counted in bins (black boxes) throughout the medial, top, and lateral neocortex. Apical
length (white dashed line) was measured throughout serial sections. L,
Immunohistochemical staining of Asx/3** (left) and Asx3™ (right) E14.5 coronal cortical
sections with SOX2 (Green) and EOMES (grey, red). White boxes denote regions of
quantification. White dashed line marks the apical length. Quantification of the number of
cells expressing SOX2 or EOMES in the M, medial, or N, lateral neocortex in Asx/3**
(n=6) and Asx3™ (n=6) mice. M, p=0.3 (SOX2), p=1.3x10 (EOMES). N, p=0.02 (SOX2),
p=0.11 (EOMES) using two-tailed unpaired Student's t test. O, Quantification of the apical
length of E14.5 Asx/3** (n=8) and Asx3™ (n=8) littermate cortices. p=0.038 using two-
tailed unpaired Student's t test. In M-N values are displayed as mean £ SEM.
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Fig. 3.3. AsxI3’™" cortices show altered timing of neuronal differentiation A,
Histograms displaying number of E13.5 cells ordered along pseudotime colored by cell
type. B, E13.5 pseudotime histogram colored by genotype (Asx/3**, red; AsxI3™s, blue).
C, Individual E13.5 pseudotime histograms of RGC, dRGC, IP, Migrating neurons, and
DL excitatory neurons. D, Histograms of the number of E14.5 cells ordered along
pseudotime colored by cell type. E, E14.5 pseudotime histogram colored by genotype
(AsxI3**, red; AsxI3™, blue). F, Individual E14.5 pseudotime histograms of RGC, dRGC,
IP, Migrating neurons, and DL excitatory neurons. An asterisk indicates peaks with
changes in amplitude and arrowheads indicate peaks with a shift in pseudotime.
Birthdating analysis was performed at E13.5 and E14.5. EdU was injected at either E13.5
or E14.5 and then labeled brains were collected at P0.5. G, Representative P0.5 Asx/3**
and Asx/3™ cortical sections after EdU detection and immunostained with BCL11B. The
left panel shows sections from animals injected with EAU at E13.5 and the right shows
E14.5. H, Quantification of EQU+/BCL11B+ cells in E13.5 injected cortices (p=0.947) and
E14.5 (p=0.018) using two-tailed unpaired Student's t test. values are displayed as mean
+ SEM.
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Fig. 3.4. Extrinsic signaling pathways disrupted in Asx/3"" developing cortex A,
Gene ontology analysis showing statistically significant enrichment for dysregulated
genes in E13.5 (left) and E14.5 (right) cortices. GO terms were enriched for Notch, Wnt,
and Hippo genes. The size of each dot represents the gene number and the shading
represents the -logio p-value. B, Model of Notch signaling between neighboring RGC
during neurogenesis to promote maintenance of progenitor multipotency. Binding of
Notch ligands to the Notch receptors leads to a series of cleavage events and subsequent
translocation of the NICD into the nucleus. Within the nucleus, the Notch intracellular
domain (NICD) promotes the expression of Hes1/Hes5. In turn, HES1/HESS5 repress
Neurog?2 and other proneural genes that promote differentiation. Enrichment analysis for
C, direct NICD and D, downstream NICD targets identified by Li et al. 2012 in our E13.5
and E14.5 differentially expressed genes. The size of each dot represents the number of
genes and the shading represents the -log1o p-value. Each row represents enrichment of
targets within DEGs from a single cluster. Results are grouped and colored by cell type.
A Fisher's exact test was used to determine if the gene lists were enriched. Cell type
specific expression changes of Hes regulators, Hes genes and Hes targets based on
scRNA-seq from E, E13.5 and F, E14.5 Asx/3™s relative to Asx/3**. The size of each dot
represents the -logio p-value and the shading represents the average log fold change.
Results are grouped and colored by cell type.
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Fig. 3.5. Excitatory cortical neuron composition altered in Asx/3™" cortex A,
Experimental procedure schematic depicting dissection of P0.5 cortex, single cell
dissociation, scRNA-seq, and bioinformatic enrichment of excitatory neurons. B,
Unsupervised clustering of P0.5 excitatory neurons collected from Asx/3** (31,798 cells;
n=4) and Asx3™" (44,384 cells; n=6) mice color coded by cluster and represented on a
UMAP. Cell type annotations are located to the right. C, Distribution of Asx/3** (top) and
Asx3™ (bottom) cells across populations in the UMAP. The UMAP is colored by density
with yellow indicating a high density and blue a low density. D, Comparison of the
proportion of major cell types detected in the Asx/3** and Asx3™ datasets. IP p=3.7¢6,
Migrating p=0.01, CThPN p=5.2e37, SCPN p=8.9¢%8, dCPN p=7.7e""!, uCPN p=1.4e®
using a two proportion Z test. E, Heatmap showing normalized expression of key marker
genes expressed in P0.5 cortices. F, Major cell types and corresponding color code G,
Left: mapping of our single cell gene expression data onto STARmap spatial gene
expression data (Wang et al. 2018) using Tangram (Biancalani et al. 2020). Dots colored
by the probability of our cell type mapping to the STARmap cell type (blue high probability,
yellow low probability). Right: distribution of cells mapping to spatial gene expression data
for CThPN, SCPN, dCPN, and uCPN.
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Fig. 3.6. Timing of deep layer neuron differentiation disrupted in Asx/3/ cortical
development A, Histograms of the number of P0.5 cells ordered along pseudotime
colored by cell type (left) and colored by genotype (right: Asx/3**, red; AsxI3™, blue). B,
Major cell types and corresponding color code C, Individual P0.5 pseudotime histograms
of CThPN, SCPN, dCPN, and uCPN. An asterisk indicates peaks with changes in
amplitude and arrowheads indicate peaks with a shift in pseudotime. D, Violinplots
showing module scores for CThPN, SCPN, and CPN gene modules identified by
Molyneaux et al. 2015. Module scores were calculated for comprehensive clusters
(CThPN, SCPN, dCPN, uCPN), layer 5 neurons (SCPN, dCPN), and upper layer neurons
(uCPN). Volcanoplots showing differentially expressed genes identified for E, Cluster PO-
9 SCPN, F, Cluster PO-7 dCPN, and G, Cluster P0-2 dCPN.
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Fig. 3.7. Enrichment of ASD risk genes A, The pie chart illustrates the percentage of
SFARI ASD genes amongst our P0.5, E14.5, and E13.5 differentially expressed genes.
B, Cell type annotations and color codes used for volcano plots in C. C, Volcano plots for
differentially expressed SFARI ASD genes in E13.5, E14.5, and P0.5 excitatory cells.
Genes with a p-value < 0.05 and log fold change > 0.1 are displayed and colored by the
cell type they are dysregulated in. D, Gene ontology analysis showing statistically
significant enrichment for dysregulated ASD genes in the E13.5, E14.5, and P0.5 cortex
from C. At early timepoints GO terms were enriched for chromatin ASD genes. At later
timepoints GO terms were enriched for synaptic ASD genes. The size of each dot
represents the number of genes and the shading represents the -log1o p-value.
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Supplemental Fig. 3.1. Cortical thickness and length unaffected in AsxI3™fs A, IGV
viewer window of Asx/3 that shows the detection of Asx/3® mRNA in our P0.5 scRNA-
seq. B, Wheel plots showing scRNA-seq data using t-SNE embedding (La Manno et al.
2020) (http://mousebrain.org). Clusters are colored by major classes. C, Expression of
AsxI3 overlaid on the t-SNE plot in B. E, Representative images and F, quantification of
P0.5 cortical length, marked by a black dashed line, for Asx/3** (n=16) and Asx/3/
(n=15) mice. p=0.053 using two-tailed unpaired Student's f test. G, Serial coronal sections
of P0.5 brains stained with cresyl violet. Comparable Asx/3** (top) and Asx/3™ (bottom)
sections from rostral to caudal regions were compared. H, Quantification of cortical
thickness in equivalent areas of control and homozygous frameshift cortices (1: p=0.24,
2: p=0.29, 3: p=0.09, 4: p=0.17, 5: p=0.59 using two-tailed unpaired Student's f test). All
values are displayed as mean+SEM.

149



AsxI3** Asx|3Fs W Asx/3" BAsxI35

TBR1

Medial Medial Lateral

Lateral

ek
ek

Medial Medial Lateral
Lateral

SATB1

0+
Medial Medial Lateral
Lateral

Supplemental Fig. 3.2. Excitatory neuron cortical composition in Asx/3/
mouse model Large scale images displaying immunostaining of Asx/3** versus Asx3™
P0.5 coronal cortical sections with layer-specific markers A, TBR1 (layer 6), B, BCL11B
(layer 5), and C, SATB2 (layer 2-4). Quantification of the number of neurons expressing
D, TBR1, E, BCL11B, or F, SATB2 in AsxI3*"* (n=4, n=8, n=3) and Asx3™" (n=4, n=8,
n=3) cortices. Equal-sized bins were used to quantify cells across medial, medial/lateral,
and lateral regions. TBR1 (m: p=0.49, m/I: p=0.76, |: p=0.35) BCL11B (m: p=7.7x103, m/I:
p=4.3x103, I: p=5.3x10#), SATB2 (m: p=0.26, m/l: p=0.57, |: p=0.45) using two-tailed
unpaired Student's t test. Scale bars, 100 um. **p<0.01, ***p<0.005, ****p<0.001. All
values are displayed as mean+SEM.
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Supplemental Fig. 3.3. Workflow and QC for scRNA-seq of cortical tissue
lllustration of the A, P0.5 and B, E13.5/14.5 cortical dissections. Single cell dissociations
were loaded onto the SEQ-Well platform and prepped for RNA sequencing. After cell
annotation, excitatory neurons were bioinformatically enriched for analysis. Violin plots
showing the distribution of per cell C, gene and D, reads detection at E13.5, E14.5 and
PO0.5 for Asx/3** and AsxI3™ samples. E, Schematic overview of our scRNA-seq analysis
pipeline. Cells with fewer than 300 or more than 5,000 genes detected were removed. As
were cells expressing blood cell genes. After unsupervised clustering with Seurat,
excitatory neurons were selected for further analysis. F, Table listing the sample, cell
number, number of filtered cells and number of reads for E13.5, E14.5 and P0.5 sets.
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Supplemental Fig. 3.4. Cortical cell types profiled with Seq-Well A, Unsupervised
clustering of P0.5 cells collected from Asx/3** (23,511 cells; n=4) and Asx3" (44,384
cells; n=6) samples after removal of blood cells. Top UMAP color coded by cell type and
bottom UMAP colored by genotype with Asx/3** colored red and Asx/3™ colored blue.
Cell type annotations are located to the right. B, Unsupervised clustering of E14.5 cells
collected from AsxI3** (6,669 cells; n=5) and Asx3™ (18,294 cells; n=7) samples after
removal of blood cells. Top UMAP color coded by cell type and bottom UMAP colored by
genotype with Asx/3** colored red and AsxI3™" colored blue. Cell type annotations are
located to the right. C, Unsupervised clustering of E13.5 cells collected from Asx/3**
(26,780 cells; n=5) and Asx3™ (20,140 cells; n=3) samples after removal of blood cells.
Left UMAP color coded by cell type and right UMAP colored by genotype with Asx/3**
colored red and Asx/3™" colored blue. Cell type annotations are located to the right.
Stacked barplots depicting distribution of detected excitatory cell types within each
sample at D, P0.5 (left), E, E14.5 (center), F, E13.5 (right). Barplots are organized by
genotype with Asx/3** samples on a red background and Asx/3 on a blue background.
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Supplemental Fig. 3.5. Alignment of Asx/3 datasets with E14.5 and PO Loo et. al
2019 open source data UMAP of our A, P0.5 and B, E14.5 scRNA-seq data with colors
and clustering assignment derived from Loo et al. 2019 P0.5 and E14.5 annotations. C,
P0.5 and D, E14.5 UMAP plots displaying cells that align to previously published cell
types detected in Loo et al. 2019 P0.5 and E14.5 datasets.
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Supplemental Fig. 3.6. Characterization of E13.5, E14.5, and P0.5 excitatory cell
types E13.5, E14.5, and PO0.5 feature plots showing the expression of known markers for
A, radial glia cells, B, intermediate progenitors (IP), C, excitatory neurons, D, upper layer
excitatory neurons, and E, deep layer excitatory neurons. F, E13.5, E14.5, and P0.5
feature plots showing the expression of Asx/3.
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Supplemental Fig. 3.7. Expansion of NPCs A, Schematic illustrating coronal
sections of rostral to caudal neocortical regions used for immunohistochemistry and
apical length quantification. B, Immunohistochemical staining of Asx/3** (left) and
Asx3™ (right) E14.5 coronal cortical sections with SOX2 (Green) and EOMES (grey, red)
at different regions of the rostrocaudal axis. C, Comparison of Asx/3** (red) and Asx/3™
(blue) apical lengths across the E14.5 neocortex. D, Quantification of the number of cells
expressing SOX2 or EOMES in the medial/lateral neocortex in Asx/3** (n=6) and Asx3™s
(n=6) mice. p=0.699 (SOX2), p=1.8x10"* (EOMES) using two-tailed unpaired Student's t
test. *p<0.05, **p<0.01, ***p<0.001.
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Supplemental Fig. 3.8. E13.5 and E14.5 pseudotime analysis by cluster Monocle 3
pseudotime analysis showing the pseudotime histograms for individual A, E13.5 and B,
E14.5 clusters. The top graph shows the psuedotime ordering for the entire cluster. The
bottom graph is colored by genotype (AsxI3**, red; AsxI3"s, blue). Pseudotime maps are
grouped by cell types. C, Legend depicting the cell type colors.
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Supplemental Fig. 3.9. Tangram mapping of P0.5 Asx/3™" scRNA-seq data to
STARmap spatial transcriptomic data Left: Monocle 3 pseudotime analysis showing
the pseudotime histograms for individual P0.5 clusters identified by scRNA-seq. Middle:
probabilistic mapping of our single cell gene expression data onto STARmap spatial gene
expression data (Wang et al. 2018) using Tangram (Biancalani et al. 2020). Dots colored
by the probability of our cell type mapping to the STARmap cell type (blue high probability,
yellow low probability). Right: Distribution of cells mapping to spatial gene expression
data for L6, L5, L2-4, and L1. Each analysis was performed for A, cluster PO-6 CThPN
cells B, cluster P0-9 SCPN, C, cluster P0-2 dCPN, D, cluster PO-7 dCPN, G, Cluster PO-
0 uCPN, H, Cluster P0-3 uCPN, I, Cluster P0-4 uCPN, J, Cluster P0O-5 uCPN, K, Cluster
P0-8 uCPN. Distributions are colored by genotype (Asx/3** red, AsxI3™ blue). E, Spatial
localization of cell types. F, Figure legend for corresponding plots and graphs.
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Chapter 4

Conclusion
With major advances in DNA sequencing technologies, the genetic etiology of
many diseases are being uncovered. Surprisingly, pathogenic variants in genes involved
in chromatin regulation are being described as a genetic basis for an increasing number
of diseases including cancer, neurodevelopmental disorders, congenital heart defects,
and others. A myriad of pathogenic variants in these disease genes encoding chromatin
proteins have been described, yet comparatively few have been functionally
characterized. For my dissertation, | used human genetics as a tool to generate clinically
relevant hypotheses and functionally validate pathogenic variants in ASXL3. My
investigation of the Asx/3™" mouse showed that loss of ASXL3 was responsible for
elevated levels of H2AUb1. The increase in H2AUb1 was correlated with changes in
progenitor behavior and fate specification during the development of multiple organ
systems. Investigation of cardiac and neurodevelopmental defects suggest that ASXL3-
dependent H2AUb1 is important for generating the transcriptional plasticity required for

key cell fate decisions and important developmental processes during organogenesis.

Histone H2AUb1 regulatory axis in development
During early development, multipotent cells must restrict their fate in a highly regulated
manner to ensure the production of the right mature cell types in the right locations.

Chromatin plasticity and the dynamic addition and removal of chromatin marks
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is an important aspect of this fate specification process [1]. The balance between cell
proliferation and cell fate determination is critical to forming organs with the right shape
and size and the right cell composition [2]. PcG proteins have emerged as central players
in epigenetic programming events during mammalian development [3]. Polycomb
transcriptional repression plays a critical role in pluripotent stem cells to help suppress
differentiation and maintain the potential to differentiate into specific lineages [4-9].
Dynamic chromatin modifications, like H2AUb1, play important roles in defining stem cell
identities and plasticity. They contribute to the establishment and maintenance of
chromatin states that allow for spatial and temporal regulation of transcription profiles
[10]. Although Histone H2A mono-ubiquitination was discovered more than three decades
ago, its function as a transcriptional regulator and epigenetic repressor remain poorly
understood compared to other histone modifications. In Chapter 1, we discuss the human
genetic evidence for H2AUb1 regulatory axis components which implicates an important
role for this modification during the development of multiple organ systems. Pathogenic
variants in components of Polycomb repressive complex 1 (PRC1), which catalyzes
ubiquitination of H2A, are the genetic basis of autism spectrum disorder (ASD),
intellectual disability (ID), primary microcephaly, Oculofaciocardiodental syndrome, and
Lenz microphthalmia syndrome [11-16]. Conversely, mutations in components of the
Polycomb repressive deubiquitination complex (PR-DUB), which deubiquitinates
H2AUDb1, are the genetic basis for ASD, Bohring-Opitz syndrome, and Bainbridge-Ropers
syndrome (BRS) [17-23]. These human genetics findings highlight the important role for
dynamic exchange of H2A ubiquitination in neurodevelopment and associated disorders

[24]. Our findings that H2AUb1 levels are significantly increased upon loss of ASXL3 in
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multiple systems implicates it is a key molecular pathology associated with pathogenic
variants. However, the role of histone H2A mono-ubiquitination remained undefined
during development and, specifically, in the pathophysiology of ASXL3 mutations [10, 25].

This important scientific question served as the basis of my thesis research.

The role of AsxI3 in heart development

In chapter 2, we discuss the role of ASXL3 in cardiac development by using a
biallelic frameshift Asx/3 mouse model and cardiac tissue differentiated from biallelic
frameshift ASXL3 human embryonic stem cell (hESC) lines. Our study was the first to
describe hypoplastic right ventricles in an Asx/3 mouse model. Single ventricle CHDs,
including hypoplastic right heart syndrome (HRHS) and hypoplastic left heart syndrome
(HLHS), occur in ~3.1-4.9 per 10,000 live births [26]. HLHS and HRHS are characterized
by underdeveloped or malformed structures of a single ventricle. Several potential
pathological mechanisms centered around blood flow or balance of proliferation and
differentiation programs in the SVD heart have been suggested. The increased
proliferation we observe in AsxI3™" ventricles provides further evidence for the second
model, but cannot rule out a role for hemodynamics as it was not assessed.

Our mouse and human transcriptomic studies implicate alterations in extracellular
matrix (ECM) composition as the basis of these developmental defects. A growing
number of human and mouse genetic studies of SVDs provide similar evidence
suggestive of a common disrupted molecular pathway [27-32]. The extracellular matrix
plays a central role in many processes throughout heart development including cell
migration, cardiomyocyte proliferation, differentiation and maturation, chamber formation,

and valve development. The spatial programs of cardiac organogenesis are modulated
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by a multitude of intracellular and extracellular cues transmitted via the extracellular
matrix (ECM) [33]. Given this broad role of the ECM during cardiogenesis, systematic
deletion of Asx/3 at multiple developmental time points and cell types will be necessary
to determine its precise developmental and molecular function in ECM regulation. Use of
heart-field specific CRE lines should also be used to investigate the laterality of ventricular
hypoplastic heart phenotypes and how altered ECM dynamics contribute to asymmetric
expressivity. Additional ASXL3 and H2AUb1 genome-wide profiling studies will be
important for resolving if altered differentiation of cardiac lineages initiates a cascade of
ECM composition changes and cell-cell signaling defects, or if chromatin changes directly
alter expression of ECM components.

This study highlights the importance of conducting analysis in multiple model
systems. While alterations in extracellular matrix (ECM) composition contribute to the
pathogenic mechanisms in both species, the distinct genetic and molecular details of
each pathogenic mechanism are species-specific not a direct phenocopy. These findings
highlight species similarities and differences that can be important for identifying
therapeutic targets. Our heart analysis also speaks to the dosage-sensitivity of ASXL3
during development and sheds light on the partial penetrance of congenital heart defects
associated with mono-genetic etiologies of ASD. These phenotypic outcomes provide
further evidence for the importance of chromatin biology and Polycomb transcriptional
repression in heart development.

Human genetic studies have identified chromatin genes as a growing genetic basis
of congenital heart defects (CHDs) [34-36]. In particular CHD causing damaging de novo

mutations are enriched in ASD-associated chromatin modifiers, suggesting a link
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between cardiac and neurodevelopment [34]. Notably, defects in ECM have been
observed in other models investigating the role of chromatin genes in cardiac
development. This suggests that cardiac ECM is vulnerable to genetic perturbations
and/or a common pathogenic mechanism is shared between a subset of chromatin
genes. Functional studies of these chromatin genes identified in CHD human genetic
studies should be conducted to identify shared molecular and developmental phenotypes.
This kind of work is important not only for expanding our understanding of early
development, but also for providing potential targets for therapeutics for the patients with

these disorders.

Fate specification and developmental mechanisms during neurodevelopment
During cortical development, neural progenitor cells (NPCs) produce mature
neuronal subtypes in a defined temporal order [37]. This process occurs in an inside out
fashion beginning with the production of layer 6, then layer 5, and finally layers 2-4.
Mature cortical neurons in each layer display distinct morphologies, axonal projections,
and gene expression patterns that defines their ultimate function [37]. How NPCs
generate the neuronal diversity in the cerebral cortex required for proper function has
been heavily debated. Early transplant and birth-dating studies indicate that NPCs
progenitors gradually restrict their fate over the period of neurogenesis [38-40]. An
alternative model suggests that there are distinct progenitors that produce restricted
lineages [41, 42]. Consistent with emerging single cell studies of neurogenesis [43, 44],
our scRNA profiles of NPCs at multiple developmental time points supports a progressive

linear restrictive model [45]. We find that the progenitors at E13.5 and E14.5 are clustered
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by cell cycle and express broad progenitor programs suggesting that cortical neuron
subtypes are sequentially generated through progressive lineage restriction of a common
NPC [10, 39, 40, 46-54]. Thus, it remains unclear how exactly distinct neuron types
emerge from a seemingly uniform pool of progenitor cells [55]. The mechanism of
selective fate restriction and the control of timing during this process is not fully
understood.

Prior research into the regulatory molecules that instruct mature cortical neuron
fate has focused on individual proneural transcription factors (TFs). These studies have
shown that a complex and mutually inhibitory proneural transcription factor cascade
controls the fate of NPCs [47, 51, 53, 56-59]. These layer-defining transcription factors
actively repress alternative fates while promoting the expression of transcriptional
programs [37, 56, 60]. Therefore spatiotemporal regulation of this transcription circuitry is
required by NPC for proper fate specification. These findings have shown that individual
TFs, or networks of TFs alone are insufficient to account for dynamic gene regulation that
precisely specifies the diverse fates of neurons descended from a single progenitor pool
[61]. Our work provides another data point that suggests that chromatin regulation allows
for spatial and temporal regulation of transcription profiles required for neurogenesis [10].
In the P0.5 AsxI3™ cortex, we observe a loss of BCL11B+ layer 5 neurons that suggests
altered expression of transcriptional programs that direct fate. In accordance with this,
our developmental scRNA-seq results revealed dysregulation of proneural genes,
including Fezf2 and Sox4, that participate in the L5 regulatory network. Notably, Fezf2
and Sox4 loss-of-function mouse models display a similar reduction in BCL11B+ layer 5

neurons [53, 62]. Similar to other proneural fate specification genes, deletion or ectopic
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expression of Fezf2 or Sox4 causes a fate switch of neurons to an alternative identity [44,
60, 62, 63]. In these models, the absent BCL11B+ layer 5 neurons are replaced by cells
expressing multiple genetic programs of distinct cell types [44]. In accordance with this,
we detect cells aberrantly expressing layer specific genes of other subtypes in our P0.5
scRNA-seq data. In addition, pseudotime analysis revealed an Asx/3™-specific shift in
layer 5 neurons consistent with a change in the transcriptional program being expressed.
Together these findings support the idea that misexpression of subtype-specific genes
can result in transformations of neuronal identity.

We showed that loss of ASXL3 alters the behavior of progenitors and leads to
changes in the timing of differentiation during early development. Our data provides a
new link between extrinsic signaling cues and intrinsic epigenetic regulation that together
control the timing of cell fate programs. The phenotypic and transcriptomic overlap of
AsxI3® and Notch gain-of-function mouse models implicates a role for ASXL3-
dependent Notch signaling. Recent high-throughput proteomic and biochemical analysis
found that RING1 (Ring1a) and RNF2 (Ring1b) are interacting partners with the Notch
intracellular domain (NICD) [64, 65]. This link between Notch and PRC1 is further
strengthened by extensive overlap between NICD and PRC1 binding sites and the finding
that inhibition of Notch signaling results in reduced recruitment of PRC1 components to
target sites [65, 66]. Together this data suggests an interplay between the cell-intrinsically
established Polycomb chromatin state and the cell-extrinsic Notch signal during
transcriptional regulation. Future studies will need to investigate the molecular
mechanism of this interaction during neurogenesis and how ASXL3 integrates these cues

to inform cell decisions. This emerging interplay is being described for a growing number
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of ASD chromatin genes which disrupt the timing of neurogenesis [67-69]. Additional
analysis will be important to understand how the extrinsic Notch signaling cues and
intrinsic epigenetic regulation ultimately controls the timing of cell fate programs. In
particular, how they coordinate broader neurogenic programs with the expression of fate

specification programs during discrete temporal windows.

Convergence of autism models and implications for ASD comorbidities

Autism spectrum disorder (ASD) manifests as impairments in social
communications and interactions as well as repetitive or restrictive behavior and
commonly occurs with other clinical features termed co-morbidities [70]. Since the initial
family and twin studies that demonstrated the large genetic contribution to ASD, hundreds
of ASD associated genes have been identified [71-74]. ASD may present in vastly
different ways, but it is thought that there is a common set of pathways and molecular
players whose disruption can be linked to many of these disorders [75]. These common
pathways are not yet known, and it is unclear how variants in so many genes with different
functions can lead to similar phenotypes [76]. The genetic heterogeneity has made ASD
difficult to study, and research thus far has failed to fully understand what contributes to
some of the common phenotypes. Enrichment analysis revealed that pathogenic ASD
variants commonly occur in chromatin, transcriptional, and synaptic genes [77-79]. This
highlights a role for these cellular mechanisms in ASD biology, however it is unclear which
developmental processes are controlled by these pathways and how dysregulation

contributes to ASD pathogenesis.
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Studies of post-mortem ASD tissues have uncovered cortical abnormalities with
changes to mature neuron organization, neuron morphology and cortical connections
implicating dysregulation of cortical development [80]. Co-expression of many ASD-risk
genes peaks during mid-fetal stages of human neocortical development, further
implicating a developmental basis of ASD neuropathology [81]. Assessment of ASD
mouse models reveal disturbances in fundamental neocortical developmental processes
including neurogenesis, neuronal migration, cortical lamination, neuronal morphogenesis
and synaptogenesis [82]. Determining which ASD-risk genes affect the similar
developmental processes will be critical for determining how distinct neurobiological
mechanisms can lead to parallel social deficits or comorbidities.

ASXL3 has repeatedly emerged in large scale human genetic studies as a high
confidence syndromic ASD risk gene with high effect size [78, 83]. Given its role as a
chromatin regulator, we predicted that Asx/3 might act as a hub gene and influence other
known ASD risk genes. We hoped studying Asx/3 would provide insights into how
genetics contribute to ASD pathology and the shared pathogenic mechanism that links
the functional gene groups. In humans, ASXL3 is highly expressed in the first 24
gestational weeks of the developing human brain, a spatiotemporal window of brain
development significantly enriched for ASD genes [21, 81, 84]. Consistent with a function
in neurogenesis we detect cortical expression of ASXL3 in the cortex during mouse
neurodevelopment. To investigate the function of ASXL3 in neurodevelopment, we
generated a mouse model with a two base-pair deletion in Asx/3, corresponding to

homologous nucleotides classified as pathogenic ASXL3 BRS/ASD variants.
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Through our investigation of the Asx/3® mouse, we identified multiple
developmental defects that shed light on neuropathological mechanisms underlying ASD.
The cortical lamination defects we detect in Asx/3™" mice support the altered cortical
cytoarchitecture described in ASD post-mortem tissue. By performing a series of sSCRNA-
seq experiments throughout corticogenesis, we identified abnormal NPC dynamics due
to extrinsic signaling pathways that disrupt the developmental trajectory of mature
neurons. In mice, modulation of the these signaling pathways result in altered cortical
neuron production and ASD-like social deficits [82, 85-88]. A recent study found that
altered developmental timing during neurogenesis is a shared feature of multiple human
in vitro ASD models [89]. A separate analysis exploring the impact of ASXL3™" on human
neuronal differentiation found it caused decreased neuronal output and enrichment for
NPCs [90]. This phenotype resembles the expansion of NPCs we detect in our Asx/3
mice and implicates a shared pathological mechanism between mouse and human
models. Notably, in this study the other ASD risk genes that similarly caused a reduced
neurogenic capacity were involved with Polycomb transcriptional repression [90].
Together with our data, this evidence suggests that Polycomb transcriptional repression
is needed by NPCs to regulate the timing of differentiation and that there is potentially a
unique disrupted mechanism that alters the neurogenic phase in a subset of ASD risk
genes.

In agreement with AsxI3 acting as an ASD hub, we detect dysregulation of other
known ASD risk genes at all three developmental time points profiled. This is a common
transcriptional feature of several human and mouse ASD models [67, 91-96]. At the early

developmental stages the dysregulated genes are associated with transcription and
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chromatin remodeling, while the DEGs at later stages are associated with synapse
development and function. This provide insight into how molecular dysfunction at the
chromatin level can affect developmental mechanisms which has downstream
consequences on synaptic function/circuit formation and ultimately on behavior. Future
studies, will need to determine if Asx/3™ initiates a developmental defect that is
compounding and results in synaptic dysfunction, or if it directly regulates synaptic genes.

The overlapping phenotypes in ASD mouse models we describe here provides
evidence for a shared molecular mechanism. Exploring these common mechanisms of
ASD will require systematic functional investigation of many ASD risk genes in multiple
model systems to understand the distinct neuropathological mechanisms. Comparison of
the convergent mouse data with the human phenotypes will be important to understand
the conservation of molecular mechanisms during neurodevelopment. These studies will
not only provide important insights about developmental mechanisms that contribute to

ASD neuropathology, but also highlight potential therapeutic targets.

Genetic mechanisms contributing to clinical features and therapeutic implications

Genotype-phenotype correlation studies demonstrate that the number and severity
of clinical features can vary substantially among patients with overlapping genetic etiology
[75]. Substantial variability in the severity of BRS clinical features, exhibited by individuals
with variants in ASXL3, suggests that deleterious variants may be acting by more than
one pathogenic mechanism [108]. Irrespective of pathogenic ASXL3 variant, BRS does
not exhibit a consistent genotype-phenotype correlation, complicating genetic diagnosis

and development of research models. While de novo germline truncating variants in
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ASXL3 are often reported as pathogenic variants, missense variants in ASXL3 do not
exhibit the same fidelity to being pathogenic. From a research perspective, the diffuse
ASXL3-BRS genotype-phenotype correlation warrants additional investigation into the
pathogenic mechanisms of ASXL3 variants, to account for haploinsufficiency, dominant-
negative and toxic gain-of-function mechanisms of action in affected tissue. A myriad of
pathogenic variants in these disease genes encoding chromatin proteins have been
described, yet comparatively few have been functionally characterized. Here we
investigated a single clinically relevant Asx/3™ allele during development. Comprehensive
functional validation of pathogenic variants has the potential to make important basic
science, translational, and therapeutically important discoveries. By systematically
evaluating human genetics and epigenetics, therapeutic targets and new strategies for
regeneration can be devised.

The options for therapeutic interventions, including CRISPR and ASO
technologies are rapidly expanding and evolving. Mechanisms for safe delivery of
nucleotide-based therapies are improving. Recent data suggests that some of the
transcriptional and/or behavioral changes in mice are reversed by restoring expression or
function of ASD risk genes in the adult brain [109]. Furthermore chromatin plasticity
creates a potential for therapeutic targeting to reverse disease phenotypes. Realization
of epigenetic therapies depends on a careful characterization of the genetic mechanism
and spatiotemporal molecular pathology at the single-cell level. My work demonstrates
that performing this analysis for multiple experimental conditions or developmental
timepoints in clinically relevant tissues is critical to elucidate this dynamic chromatin

biology.
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Nonoverlapping roles for Asxl1/2/3 PR-DUB complexes during development

The PR-DUB complex is composed of an individual ASXL (additonal sex combs-
like) family member (ASXL1, ASXL2 or ASXL3) and the ubiquitin C-terminal hydrolase
BAP1. The ASXL protein functions as the mutually exclusive obligate regulatory subunits
of the PR-DUB complex required to impart BAP1 histone H2A deubiquitination activity
and target BAP1 DUB activity genome-wide [110, 111]. De novo dominant ASXLT,
ASXL2, and ASXL3 variants are the genetic basis of Bohring-Opitz syndrome, Sashi-
Pena syndrome and Bainbridge-Ropers syndrome (BRS)/syndromic ASD respectively
[18, 112, 113]. Consistent with the obligate role of ASXL proteins in PR-DUB, elevated
genome-wide histone H2AK119Ub1 levels have been observed in primary tissues
evaluated from individuals with ASXL3 variants [114]. Independent of overlapping
molecular pathology, non-redundant functions are proposed for ASXL genes as ASXL-
related disorders are differentiated by a subset of unique clinical features and somatic
variants are associated with distinct tumor types. Large scale ASD genetic studies have
identified recurrent predicted pathogenic variants in ASXL3, but not ASXL1 or ASXL2
[83]. ASXL3 exhibits elevated early/mid gestation brain expression, in line with the
restricted temporal and spatial parameters ascribed to ASD, further predicting an
important role for ASXL3 in cortical development and the developmental mechanisms
predicted to be altered in ASD pathogenesis, including abnormal cortical layer

cytoarchitecture composition and neuron organization.
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FUTURE DIRECTIONS
Determine the functions of ASXL3-dependent H2AUb1 regulation in human models
Here we tested the effects of a single clinically relevant Asx/3™ allele during mouse
cortical development. Our data suggests that fate specification is altered due to deficits
in NPC differentiation. Human cortical development has a longer window of differentiation
plus additional progenitor niches. Interpreting our results within the context of human
cortical development and pathogenic mechanisms highlights the need for in vitro models
of human neurodevelopment. Until recently, investigating the neuropathology of human
genetic findings was hindered by inaccessible affected tissue. Today, we can confirm our
in vivo mouse findings, or identify novel human mechanisms of neuropathology, using
established protocols to differentiate hESCs to NPCs and cerebral organoids [115-118].
We plan to test the conservation of ASXL3 pathology and PR-DUB activity in human
cerebral organoid models of neural development. We will determine the developmental
mechanism of delayed neural differentiation of ASXL3 mutant hESCs on formation of
cortical neurons in cerebral organoids these experiments will provide insights into the
developmental origin of the clinically relevant ASXL3 phenotypes. This approach will
allow us to explore human specific and shared epigenomic mechanisms of ASXL3
pathology. By performing this analysis with NPCs from all ASXL3 genotypes, we can
connect the role of ASXL3 dosage with pathology. These findings and resources provide
an exciting opportunity to investigate the molecular mechanisms and transriptional
changes generated by reduced ASXL3 andelevated H2AUb1 in a human in vitro model

of neurodevelopment.
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Role of dynamic H2AUb1 regulation during neural development
The H2A monoubiqutination regulatory axis is starting to be well characterized in

embryonic stem cells (ESCs) [119-123]. These studies provide mechanistic details of its
varied functions in ESCs, but investigation of H2AUb1 function in different cellular
contexts and biological process remain to be resolved. My thesis sheds light on the
regulatory axis during differentiation of multiple tissues. Existing research has not reached
a consensus regarding the role of H2AUb1 in regulating gene transcription [121, 123-
125]. Experiments with Ring1B knockdown, which functions in the PRC1 complex to add
the ubiquitin mark to H2A, showed an opposing phenotype to Asx/3®, with increased
BCL11B+ L5 neurons [126]. The increase in L5 neurons in Ring1B null mice and the
decrease in L5 neurons in the Asx/3 null mice were of roughly the same magnitude. The
opposing lamination defects in Ring1B and AsxI3 null mouse models support a role for
H2AUb1 in neural differentiation and development. Some researchers claim that the
enzymatic activity of RING1B is not necessary for proper embryonic development [124].
Yet, the Ring1b enzymatic null mice exhibited increased embryonic lethality and
neurological defects, suggesting that Ring7b and proper regulation of H2A
monoubiquitination is necessary for development. To investigate the role of H2AUb1-
dependent PRC1 activity during neurogenesis, we have created a Ring1a”’;Ring1b"534
line. We will use inducible Cre lines expressed in embryonic dorsal forebrain to leave a
single catalytically inactive copy of PRC1 in the developing cortex. Using the same
techniques described in chapter 3, we can determine how H2AUb1-dependent PRC1
activity affects the developmental, transcriptomic and epigenetic landscape of
neurogenesis. Comparing the phenotypes to the AsxI3™™ mouse should provide

additional insights into disrupted developmental mechanisms and help identify targets of
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H2AUDb1 regulatory axis control. We predict this work will establish the importance of

dynamic H2AUb1 in the maintenance and differentiation of NPCs.

H2AUb1 and ASXL3 genome-wide analysis

The molecular mechanism of H2AUb1 and the processes it regulates during
normal development and disease remain largely unexplored. We discovered that H2AUb1
dysregulation is a key molecular pathology of de novo pathogenic ASXL3 variants and
that these chromatin changes are accompanied by altered transcriptional profiles in
differentiated cells [114]. Consistent with these findings, we detect excess levels of global
H2AUDb1 in multiple developing tissues of Asx/3™ mice. During neurogenesis, elevated
H2AUB1 levels underlie altered NPC behavior and timing of differentiation. Our scRNA-
seq analysis shed light on the impact of H2AUb1 accumulation on the epigenome which
results in disrupted expression of signaling pathways and transcriptional networks that
drive fate. However, the targets of H2AUb1 re-distribution across the genome and its
mechanism at these sites is unclear. We hypothesize that excess H2AUb1 in NPCs alters
the chromatin landscape and DNA accessibility required for expression of proneural
genes critical fate determination.

Currently, we are profiling H2AUb1 across the genomes of E13.5 NPCs using
CUT&RUN analysis, a low input alternative to ChiP-seq [127]. We hope to uncover the
epigenomic mechanism of ASXL3-dependent H2AUb1 chromatin remodeling within
NPCs necessary for fate determination. Determining epigenomic programs responsible for
cell-type-specific phenotypes is complicated by the cellular heterogeneity of developing

brain. CUT&RUN is a low input alternative ChIP-seq strategy with high signal to noise
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ratios, eliminating the need to pool many cortices from several pups. Differential genome-
wide distribution of excess H2AUb1 in Asx/3** and AsxI3™ NPCs will be mapped relative
to functional elements, such as promoters and correlated to differentially expressed gene.
Aberrant regulation of functionally relevant targets in distinct cell types will be molecularly
and functionally validated in cell culture and in vivo models. We will integrate the scRNA-
seq and CUT&RUN data to identify the epigenomic signature and direct targets of NPCs
that contribute to NPC behavior and fate specification. This analysis will be important for
determining if H2AUb1 directly regulates fate-specific genes or genes involved in extrinsic
signaling pathways. Evidence also suggests that developmental remodeling of Polycomb
marks at target loci regulates the timing of neurogenesis [126, 128]. Additional studies at
other developmental time points will be essential to understand H2AUb1 temporal control
and how this affects fate transitions. This work will reveal the chromatin mechanism of
H2AUb1 and continue to uncover the role of epigenomics in specification of cortical
neuron fate.

While the mammalian PR-DUB complex has been discussed as a single entity,
human genetic and biochemical evidence suggests independent functions of ASXLA1,
ASXL2, and ASXL3 containing PR-DUB complexes [18, 111-113]. Currently, no genome-
wide study for ASXL3-dependent deubiquitination activity in NPC and corticogenesis has
been reported. We have generated an Asx/3-V5 tagged mouse model to examine when
and how ASXL3 affects expression of its targets. Using CUT&RUN analysis we will map
the genomic binding-profile of ASXL3-V5 during neurogenesis. We can integrate this data
with the H2AUb1 CUT&RUN data from Asx/3™" NPCs to delineate the ASXL3-dependent

chromatin distribution of H2AUb1. The analysis can uncover the ASXL3 DNA binding-
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motif and define developmentally important gene networks regulated by ASXL3-
depentend H2AUb1 [129, 130]. Systematic evaluation of ASXL1/2/3 genomic distribution
across multiple stages of development will be critical for defining specificity and overlap
between the PR-DUB complexes. Differential distribution of ASXL family members may
provide insight into the distinct BOS, SPS, and BRS neurodevelopmental clinical

phenotypes.

Stage-specific requirements for AsxI3 during neurogenesis

The variability in phenotypic manifestation of pathogenic variants can depend on
when in development and where in the nervous system the gene is operating. Given that
our Asx/3* allele is a germline variant, it raises the question of what initially drives the
pathogenic mechanism we detect and what processes are being disrupted. Our data
strongly implicates a role for Asx/3 in cortical neurons production during neurogenesis.
However, it will be important to determine if the altered specification in Asx/3%
represents a role for ASXL3 in (1) the sequential restriction of NPC multipotency, or (2)
for establishing the mature L5 cortical neuron fate during differentiation of postmitotic
neurons. With scRNA-seq, we detect early developmental changes in extrinsic signaling
pathways and fate-specific genes that promote progenitor maintenance and alter
differentiation. By PO0.5 this leads to differential expression of axonal and synaptic genes.
It is unclear from our Asx/3™" mouse model if these transcriptional changes at P0.5 are
caused by a developmental defect that's compounding and results in synaptic
dysfunction, or if ASXL3 directly regulates synaptic genes. We have generated the Asx/3

conditional mouse Asx/3%¥flox tg systematically characterize deletions of Asx/3 in distinct
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cell types and developmental timepoints. To define the stage- and cell type-dependent
requirements for ASXL3 function, we will use tissue and cell-type specific inducible Cre
lines expressed in embryonic dorsal forebrain. These comparative studies will enable us
to elegantly dissect the cell type-dependent requirements for ASXL3 and potentially
uncover novel therapeutic targets. Furthermore, the conditional Asx/3 mouse will allow us
to circumvent perinatal lethality to investigate defects in cerebellar development and to

explore behavior phenotypes linked to Asx/3 neuropathology.

183



FINAL THOUGHTS

Overall, this work uncovers novel roles of the Histone H2A monoubiquitinaiton
regulatory axis in the development of multiple organ systems. It highlights the importance
of exploring the role of chromatin genes in clinically relevant organ systems. While AsxI3
dependent H2AUb1 influenced cell proliferation and cell fate determination in both cardiac
and neural systems, the genes and processes it regulated were quite different. Our data
provides insight into how insults to development can have downstream consequences
that lead to pathogenic phenotypes. Not only is this work applicable to BRS patients and
the search for potential therapeutics for BRS patients, but it also provides further insights
into normal developmental process and creates a foundation for studying other

developmental disorders.
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