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Abstract

Over 100 genes have been implicated in the genetic etiology of autism spectrum
disorder (ASD). Many high confidence ASD genes are involved in chromatin
remodeling, histone modifications and DNA methylation. Among these
is ASHT1L (Absent, Small, Homeotic-Like 1), which catalyzes histone H3K36 methylation
and has a role in activating transcription by counteracting Polycomb repression. Over
130 autistic individuals have heterozygous loss-of-function ASH1L variants, and
population studies confirm it is a high-risk autism gene. Several studies report autism-
like behaviors in Ash1/ deficient mice and characterized aspects of the underlying
neuropathophysiology. However, the underlying genetic aberrations caused by Ash1/
loss-of-function are poorly understood in the context of cortical development. We used
mice with a cre-inducible deletion of Ash1/ exon 4, which results in a frame shift and
premature stop codon (p.V1693Afs*2). Firstly, we assessed the impact of global Ash1/
loss-of-function on survival and craniofacial skeletal development. The proportion of
homozygous Ash1/ germline knockout embryos was normal at e18.5, however no live
Ash 1/ null pups were present at birth (€18.5: n =77, P=0.90; p0: Ash1/**n=41, P =
0.00095). Ash1l”-had shortened nasal bones at €18.5 (n = 31, P = 0.017) compared to
heterozygous and wildtype littermates. To assess Ash1/loss-of-function specifically in
the cortex, we used a tamoxifen-inducible cre strain to knockout Ash1/ early in cortical

development (Emx71cre-ER'?; €10.5). We performed immunohistochemistry with
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antibodies for SATB2, an upper layer marker, and BCL11B, a layer V marker. We found
Ash1/FKO had a greater number of SATB2 neurons and they were distributed through the
cortical plate (n = 6/genotype, P = 0.0001), whereas BCL11B neurons were similar
between genotypes. We performed birthdating of cortical neurons by injected pregnant
females with IdU at e14.5 and EdU at e15.5; no differences in neuronal birthdating were
identified (n = 4-6/genotype, P = 0.40 for e14.5 and P = 0.057 for €15.5). We utilized
single cell RNA sequencing to compare cortical cell populations and identify
differentially expressed genes between Ash71/ckO and Ash1/c e18.5 embryos. This
revealed numerous differences in gene expression that were sufficient to cluster control
and mutant upper layer neurons separately. We found that Ash1/°KC upper layer
neurons had altered pseudotime compared to controls, suggesting underlying
differences in cell differentiation trajectory. Together, this analysis reveals that ASH7TL
serves important roles during cortical development, specifically guiding cell fate via
gene regulation. Understanding these mechanisms will be fundamental in mitigating

Ash1l-associated ASD outcomes and aid in treatment development.



Chapter 1: Introduction

Absent, small, or homeotic — like (ASH1L), also known as lysine
methyltransferase 2H (KMT2H), is a protein-coding gene. The protein product, ASH1L,
is a histone methyltransferase (HMTase), which targets residue histone 3 lysine 36
(H3K36) [1]; like other HMTases, it alters chromatin accessibility and regulates gene
expression [2]. ASHTL is a member of the trithorax group (TrxG) of gene regulators,
which counteract polycomb group (PcG) gene repression and regulate expression of
many genes. The TrxG-PcG mechanism of gene regulation has been highly conserved
throughout metazoan evolution.

ASH1L is a highly conserved gene, and is an ortholog of the Drosophila gene
ash1. ASH1 and ASH1L share greater than 30% protein homology; there is conserved
sequence of the Su(var), Enhancer of zeste, Trithorax (SET) domain (66%) and plant
homeodomain (PHD) (77%) (figure 1) [3]. Ash1 was initially characterized in 1987 in fly
mutagenesis studies; the name ash1 was derived from the mutant phenotype, in which
body structures were absent, small or homeotically transformed [4]. ASH1L has come
under scrutiny in recent years as a high confidence autism spectrum disorder (ASD)
gene. More than one hundred missense, frameshift and nonsense ASH1L variants have
been found in individuals with ASD, among other neurodevelopmental disorders
(NDDs). [5,6]. Several Ash1/ mouse models have been studied, providing valuable data

on how loss of Ash1/impacts survival, organ development, gene regulation and



behavior. This chapter aims to summarize previous findings of ASH1L function, with
specific emphasis on its role in brain development and NDDs, and to highlight

outstanding questions in the field.
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Drosophila
M u melanogaster
AT Hook AT Hook Bromo BAH Ash1

1 SET: 66% PHD: 77% 2228

Homo sapiens
ASH1L

AT Hook AT Hook AT Hook AWS SET Bromo PHD BAH
1 Whole protein: 92% 2964
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AT Hook AT Hook AT Hook AWS SET Bromo PHD BAH
2958

Figure 1: Conservation between Drosophila Ash7, and human and mouse ASH1L proteins

Drosophila melanogaster Ash1 protein (top), human ASH1L protein (middle) and mouse ASH1L protein (bottom). There is greater than 30% protein homology
between Ash1 and human ASH1L. The SET domain and PHD (highlighted) have 66% and 77% homology between species, respectively. Human and mouse

ASH1L share 92% homology between species.



1.1 Trithorax and Polycomb Gene Regulation

Epigenetic modifications regulate gene expression without altering DNA
sequences. They are characterized by being stable and mitotically heritable, allowing for
maintenance of active or repressed gene states [7]. Epigenetic mechanisms of gene
regulation include DNA methylation, non-coding RNAs and modifying histone tails. To
allow for DNA to fit into the nucleus, it must be packaged in a compact manner. The
fundamental unit of this packaging is the nucleosome: 147 base pairs (bp) of DNA
wrapped around an octamer of core histone proteins, H2A, H2B, H3 and H4 (each with
two copies) [8]. These histone proteins have ‘tails’ — amino acid sequences that extend
from the nucleosome core. Histone tails undergo various post-translational
modifications, including acetylation and methylation, at specific residues. In turn, these
modifications alter DNA accessibility of a nucleosome and how nucleosomes interact
with one another [9].

The TrxG and PcG are examples of proteins that modify histone tails. The
discovery and study of TrxG and PcG has a relatively long history, and it is intertwined
with that of Hox genes. Hox genes are a conserved family of transcription factors that
specify body segmentation. The Hox genes, PcG, and TrxG were discovered first in
Drosophila melanogaster in the 1940s, when homozygous Drosophila mutants were
found to have extra sex combs. Various other mutant flies arose in subsequent years
with altered body structures. In 1978, Lewis described homozygous polycomb mutant
larvae, with additional abdominal segments, and proposed the idea of a global
repressor of bithorax complex genes, a subset of the Hox gene family [10,11]. From this

sprang the concept of PcG, and soon, TrxG; genes that regulated Hox gene expression.



It was soon found that TrxG-PcG genes had orthologs in mammals [12]. Hox genes are
not the only target for TrxG-PcG gene regulation; over one hundred genes are regulated
by the dynamic balance between TrxG-associated activation and PcG-associated
repression [7].

Active and repressive states depend on the various histone marks deposited or
removed by TrxG and PcG. These proteins can be divided into groups based on
biochemical function. Lysine methyltransferases (KMTs; also called histone
methyltransferases, HMTs) catalyze the mono-, di- and trimethylation of specific
residues along a histone tail. Depending on the residue, this can have an active or
repressive effect on gene expression; for example, H3K4me is an active mark, whereas
H3K27me3 is a repressive mark. Studies have identified genomic regions of bivalent
occupancy — silent domains with both H3K27me3 and H3K4me3. Bivalency reflects a
state poised for transcription, which is particularly crucial during neurodevelopment, as
these regions may quickly switch to an active state during the course of differentiation
[13].

Lysine demethyltransferase (KDMs) remove methyl groups from histone tails.
The mammalian gene JARID1d is part of the TrxG, which demethylates H3K4 [14].
Polycomb repressive complex 1 (PRC1) is a member of PcG and is an E3 ubiquitin
ligase. Its subunits RING1A/B catalyze monoubiquitination of H2A, mainly lysine 119,
resulting in H2AK119ub1 [15]. Ubiquitination is understood to restrict RNA polymerase Il
(RNAPII) elongation, as well as recruit polycomb repressive complex 2 (PRC2)
members. The Polycomb repressive deubiquitinase complex (PR-DUB) removes H2A

ubiquitin marks. Interestingly, both ubiquitination and deubiquitination are required for



PcG repression [16]. PR-DUB maintains the level of H2AK119ub1 deposited by PRCA1,
as excessive ubiquitination counteracts chromatin compaction [17].

Not all TrxG members modify histone tails; ATP-dependent chromatin
remodelers can slide or evict nucleosomes, altering gene expression. These complexes
can be subdivided into four distinct groups: switch/sucrose non-fermentable (SWI/SNF),
imitation switch (ISWI), chromodomain helicase DNA-binding/nucleosome remodeling
deacetylase (CHD/NuRD) and inositol auxotroph 80 (INO80/SWR) [13].

Ash1 and Ash1/ are methylating members of the gene activating TrxG. However,
there appears to be a lack of consensus regarding which histone residues they target. It
was initially believed that Drosophila Ash1 was the only methyltransferase capable of
methylating H3K4 [18]. However, further studies found other H3K4 methyltransferases
in Drosophila, such as dSet1 [19]. Using a histone lysine scanning mutation assay,
Tanaka et al. screened for targets of histone methyltransferases. Not only did they find
that mammalian ASH7L specifically methylated H3K36, they repeated their experiment
with Drosophila Ash1 and got the same result [20]. Yuan et al. also found that
recombinant human ASH7L SET domain, purified from E. coli, specifically targeted
H3K36 [21]. Interestingly, they also demonstrated that H3K36me2/3 inhibited PRC2-
mediated spread of H3K27me3, providing the field with a new model of ASH7L-
associated gene activation.

Several approaches have been taken to assess the effect of ASH1L deficiency
on histone modification. Qin et al. used short hairpin RNA (shRNA) to knockdown Ash1l/
expression in the prefrontal cortex (PFC) of young mice. They showed significant

downregulation of Ash1/ mRNA and ASH1L protein in these mice compared to controls,



which were injected with scrambled shRNA. They observed roughly 50% decrease of
H3K4me3 in PFC of Ash1/ shRNA treated mice compared to controls, whereas no
difference in H3K36me2 or H3K36me3 was observed [22]. Miyazaki et al. generated an
in-frame deletion of Ash1/’s SET domain in mouse embryonic stem cells (ESCs), which
disrupted the methyltransferase activity of Ash1/, but retained its other functional
domains. They performed chromatin immunoprecipitation (ChIP) assays and observed
significant reduction of both H3K36me2 and H3K36me3, whereas no difference in
H3K4me3 levels was observed [23]. In Ash1/*- and control mice, Yan et al. investigated
Ash1l-associated histone methylation across various regions of EphA7, which encodes
a cell surface protein important for synaptic function and neuronal plasticity. The authors
found EphA7 was downregulated in Ash1/*- compared to control mice via RNA-seq.
Further analysis with auditory fear conditioning found that Ash1/ regulates EphA7
expression in an activity-dependent manner. To determine if Ash1/ directly or indirectly
regulates EphA7, the authors used ChIP to quantify levels of H3K4, H3K36 and H3K27
methylation in Ash1/*-and control mice before and after an auditory-based learning
task. Surprisingly, they found that both the H3K4 and K3K36 methylation levels at
EphA7 were unchanged between Ash1/*-and control mice. However, there was an
increase of the PcG-mediated silencing H3K27 methylation along the promotor and
exons of EphA7 in Ash1I*- compared to controls. Pulldown with anti-EZH2, the catalytic
subunit of PRC2, revealed increased occupancy at the promotor region in
heterozygotes. The authors argue that it is likely an indirect mechanism in which Ash1/
antagonizes PRC2 silencing that allows for EphA7 expression in an activity dependent

manner [24]. Together, these data demonstrate the complexity of deciphering targets of



ASH1L-mediated methylation. These differing results may indicate that ASH7L
methylation is context dependent; perhaps it targets different residues during different
biological processes, such as development and activity-based learning. This theory
could be tested by ChIP across various points of development, adulthood, and before
and after learning activities. It is also likely that ASH1L function is influenced by
interaction with other proteins.

Many mammalian TrxG and PcG proteins function as complexes. PRC1 and
PRC2 are composed of core subunits, however there are additional proteins that may
be added to alter targets or functionality. PRC1, which catalyzes H2AK119ub1, is
composed of RING1A/B and PCGF1-PCGF6. Canonical PRC1 includes CBX proteins,
which bind to H3K27me3, whereas non-canonical PRC1 includes KDM2B, a H3K36
demethylase. Interestingly, with the addition of AUTS2, CK2 and CBP/P300, PRC1
functions as a transcriptional activator, rather than silencing gene expression [25].
PRC2 is a methyltransferase which catalyzes H3K27me3, and its core is composed of
EZH1/2, SUZ12, EED164 and RBBP4/7. However, its accessory proteins include
H3K36me3-binding PCL1-PCL3, and H2Aub-binding JARID2 [26]. The deubiquitinase
complex, PR-DUB, is comprised of BAP1, HCFC1, FOXK1/2, and OGT, as well as
ASXL1/2/3 proteins [27]. TrxG complexes include COMPASS and COMPASS-like.
COMPASS and COMPASS-like have overlapping subunits, including ASH2L, DPY30
and HCF1; however, COMPASS also includes SET1A (which methylates H3K4) and
CXXC1 (which binds to CpG). COMPASS-like, on the other hand, includes Mixed
Lineage Leukemia (MLL)3, which methylates H3K4 at hormone responsive genes, and

UTX (which demethylates H3K27) [28]. ASH1L has been shown to interact with MRG15



(MORF-related gene on chromosome 15) by several independent studies. MRG15
binds to a F-Q-L-P motif in ASH1L, and upon binding, fully activates ASH1L'’s
methyltransferase activity [29-31].

Many mammalian TrxG and PcG proteins are necessary for normal neural
proliferation and differentiation. In mouse ESCs, bivalent chromatin is found near
transcription start sites of genes essential for neuronal proliferation and differentiation
(such as Sox2 and Fgf8, respectively) [32]. PRC1 catalytic subunit RING1A/B and
PRC2 catalytic subunit EZHZ2 have been shown to regulate the fate switch of radial glia
from neuron to astrocyte via neural progenitor cells (NPC) knockout experiments [33].
Depending on the combination of accessory proteins added to PRC1, it exhibits distinct
functions. For example, Bmi1 is necessary for self-renewal of neural stem cells by
repressing p16/mk4a a cyclin-dependent kinase inhibitor [34]. PRC2 catalytic component
EZH?2 is highly expressed in neural stem cells. Conditional knockout of Ezh2 with Emx1-
cre results in a shorter neurogenic period in cortical development, resulting in premature
fate change to astrocytes [35]. Furthermore, conditional knockout of Ezh2 with Wnt1-cre
(a midbrain-specific cre) results in de-repression of Foxg1 and Pax6, which are
determinants of forebrain development. This results in a homeotic-like transformation
from midbrain to forebrain [36]. TrxG member Chd7 activates expression of Sox4 and
Sox11, which are necessary for neuronal differentiation [37].

The importance of TrxG and PcG proteins in neurodevelopment is underscored
by variants found in these genes in individuals with NDDs. Many TrxG and PcG variants
result in syndromic disorders, affecting multiple organ systems, including the brain.

Weaver syndrome was initially described in two patients [38]; it is a rare disorder



characterized by macrocephaly, intellectual disability, and craniofacial and skeletal
anomalies [39]. PRC2 loss of function is believed to be at the heart of Weaver
syndrome pathophysiology, with variants reported in subunits EZH2, SUZ12 and EED,
and loss of H3K27me3 results in attenuated gene silencing. While there are reports of
SUZ12 and EED variants linked to Weaver syndrome [40,41], EZH2 has come under
the most scrutiny. Several heterozygous variants in EZHZ2 have been linked to Weaver
syndrome [42,43]. Two EZHZ2 variants found in individuals with Weaver syndrome
(p-V626M and p.A682T) were transfected into mouse chondrocytes lacking endogenous
EZH1/2, and H3K27me3 activity was measured. Both variants resulted in decreased
H3K27me3 compared to wildtype, suggesting that EZHZ2 partial loss of function may be
implicated in Weaver syndrome [44].

Bainbridge-Ropers syndrome is a rare neurodevelopmental disorder, which has
phenotypic overlap with Bohring—Opitz syndrome. Both syndromes are associated with
microcephaly, intellectual disability and developmental delay [45,46]. PR-DUB subunits
BAP1 and ASXL1/2/3 are implicated in these syndromes, with loss of function variants
of these proteins found in patients [47]. BAP1 is the catalytic component of PR-DUB,
and loss of BAP1 function results in an unregulated increase of H2ZAK119ub1 at
intergenic regions in mouse ESCs. This in turn displaces H3K27me3 from its polycomb
target genes and causes its spread through intergenic regions, allowing de-repression
of target genes and condensation of off-target chromatin [48].

Rubinstein—Taybi syndrome is another neurodevelopmental disorder,
characterized by microcephaly, small corpus callosum, intellectual disability and distinct

facial features, with one third of patients also affected by congenital heart defects [49]. A
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non-canonical form of PRC1, that actives gene expression with subunits AUTS2, CK2
and CBP/P300, is associated with Rubinstein-Taybi syndrome; patient sequencing has
found heterozygous variants in AUTS2, CBP and P300 with the syndrome [50].
CBP/P300 are histone acetyltransferases that, as part of this non-canonical PRC1,
acetylate heat-shock factor 2 (HSF2), which stabilizes the protein [51]. HSF2 has been
shown to be essential in cortical development, in which Hsf2 null mice have reduced
radial glia fibers that in turn disrupt neural migration [52].

Variants in TrxG genes have also been associated with NDDs. MLL1 - 4 are all
associated with distinct disorders. Wiedemann-Steiner syndrome is characterized by
developmental delay, intellectual disability, and ASD. Extensive clinical and genetic
analysis has found variants in MLL1 are strongly associated with Wiedemann-Steiner
syndrome [53-55]. MLL2 variants have been found in individuals diagnosed with Kabuki
syndrome; features include developmental delay, ASD, as well as extensive craniofacial
anomalies [56].

Coffin-Siris syndrome is associated with variants found in a number of TrxG ATP-
dependent chromatin remodelers, including ARID1A/B and SMARCB1 [57]. Coffin-Siris
syndrome features include microcephaly, growth deficiency and intellectual disability
[58]. CHARGE syndrome (Coloboma, Heart defects, choanal Atresia, Retardation of
growth, Genitourinary malformation and Ear abnormalities) is linked to heterozygous
variants of CHD?7; individuals with CHARGE may be impacted by a range of clinical
phenotypes described in the name [59]. Conditional knockout of Chd7 with Atoh1-cre
(cerebellum granule cell specific) found that Chd7 regulates neuronal differentiation,

and loss of function results in cell death [60].
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Many ASH1L variants have been found in individuals with NDDs. This will be
discussed further in the section entitled Clinical reports and population studies of
ASH1L. Overall, these clinical reports stress the importance of PcG and TrxG genes in
neurodevelopment, and how variants in these genes can result in severe, multisystem
disorders.

ASH1L is a unique trithorax group member as it is the only prominent member
identified that methylates H3K36. However, H3K36 methyltransferases exist outside the
trithorax classification, and many share the same functional domains as ASH17L, mainly
the SET and associated domains. H3K36 methylation is an active mark, however
H3K36me2 and H3K36me3 mark chromatin differently: H3K36me2 is enriched at the
transcriptional start sites of active genes, which gradually decreases and is replaced by
H3K36me3 towards the 3’ end [61].

In yeast, H3K36 methylation is only carried out by SET2, whereas in mammals
there are six H3K36 methyltransferases. These include SETD2, NSD (nuclear receptor-
binding SET domain) 1, 2 and 3, and MES-4, in addition to ASH1L [62]. These proteins
likely serve distinct biological functions, as they have differing genomic targets and
methylation signatures. In a mouse fibroblast cell line, Setd2 knockdown was performed
using siRNA; global H3K36me3 was almost completely depleted, whereas H3K36me1/2
was largely unaffected [63]. Knockdown of Nsd7 in ESCs via shRNA resulted in marked
decrease in genome-wide H3K36me2, with a consequential increase in PRC2-mediated
H3K27me3 [64].

H3K36 methyltransferases have essential roles in neurodevelopment, as several

have been implicated in NDDs. Sotos syndrome is caused by variants in NSD1 [65,66].

12



The features of individuals with Sotos syndrome are childhood overgrowth, intellectual
disability, and ASD. Nsd7*-mice, with a CRISPR-mediated deletion of Nsd7 exon 3, did
not exhibit morphological differences. They did, however, exhibit social behavior
defects, in line with the ASD clinical phenotype found in Sotos syndrome individuals
[67]. Variants in NSD2 have been linked to Wolf—Hirschhorn syndrome; features include
microcephaly, developmental delay and facial anomalies [68].

Variants in the trimethyltransferase SETD2 have been found in individuals with
NDD [69-72]. Most of these individuals exhibit an overgrowth phenotype, including
macrocephaly, and behavioral anomalies including ASD and ID [69]. A clinical review
has determined individuals with SETDZ2 truncating variants exhibit Luscan-Lumish
syndrome, a Sotos syndrome-like disorder which also exhibits obesity. These loss-of-
function variants confer hypomethylation, whereas recurrent missense variants (SETD2
p.Arg1740Trp or p.Arg1740GiIn) are found to result in hypermethylation. Interestingly,
individuals with these missense variants exhibited developmental delay, feeding
difficulties and microcephaly [70,72].

ASH1L is a TrxG regulator that methylates H3K36, in turn counteracting PcG
repression. TrxG, PcG and other H3K36 methyltransferases are heavily involved in
neurodevelopment, and variants in these genes identified in individuals with an NDD
highlight their essential roles. These NDDs have distinctive clinical features, such as
macrocephaly or microcephaly, and in some cases, overlapping phenotypes, such as
ASD and ID. This further adds to the complexity of deciphering the roles of what these

epigenetic regulators perform in neurodevelopment. ASH7L variants have been found in
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individuals with a range of clinical phenotypes, however there is clear convergence of

several disorders, including ASD.

1.2 ASH1L Protein

Human ASH1L was first identified by comparing human expressed sequence
tags (EST) with Drosophila ash1 SET domain [3]. It is located on chromosome 1q22
and spans 227.5 kb. ASH1L is expressed ubiquitously in the human body, with highest
expression in the ovaries, thyroid and brain [73]. The ASH1L protein is 2964 amino
acids and contains several functional domains [74]. These include four AT hooks, the
Su(var)3-9, Enhancer-of-zeste and Trithorax (SET) domain, Associated With SET
(AWS) domain and Post-SET domain. Additional domains include a bromodomain, plant
homeodomain (PHD) and bromo-adjacent homology (BAH). A schematic of the ASH7TL
protein is shown in figure 2.

AT hooks are a highly conserved domain, comprising of a nine amino acid motif
that facilitate DNA binding [75]. AT hooks are found in various chromatin remodelers
[76]. While no functional studies have been carried out on ASH1L, Drosophila Ash1 AT
hooks have been assessed for necessity. Drosophila Ash1 contains three AT hooks,
and mutating two or all three AT hooks reduced chromatin binding by almost 70%. In
combination of mutating the three AT hooks and mutating the BAH domain in fly, the
chromatin binding of ASH7 was reduced by greater than 90%. Interestingly, this
reduction in binding was specific to metaphase, and not in interphase. Furthermore, in a
series of rescue experiments with the ash? null allele, ASH7 with mutated BAH partially

rescued lethality, and additional mutations in even one AT hook severely impacted
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survival [77]. It will be interesting to assess the necessity of AT hooks in ASH7L given
these findings in Drosophila Ash1.

The AWS, SET and post-SET domains are responsible for ASH7L'’s
methyltransferase activity, which has been shown to mono- and dimethylate H3K36
[78]. H3K36 methylation is associated with relaxing chromatin and allowing expression
of genes. ASH1L, NSD1, NSD2, NSD3 and SETDZ2 are the only human genes that
methylate H3K36, all with AWS, SET and post-SET domains [79]. There have been
several studies on the structure of ASH1L’s SET and related domains; interestingly,
they all indicate mechanisms of self-regulation. The core SET domain is the catalytic
component, but also harbors a variable SET-I subdomain within its boundaries. The
SET-I and the post-SET domains form loops that surround the SET active site; these
undergo conformational changes [80]. MRG15, a chromatin organizer protein, binds to
an F-Q-L-P motif in ASH1L [81]. In turn, this interaction increases the disorder of the
post-SET domain loop (referred to as the autoinhibitory loop, or Al loop), thus releasing
it and activating ASH1L methyltransferase activity [29,31]. Further research showed that
this activation is nucleosome dependent, and that MRG15 facilitates ASH1L
methyltransferase activity by recruiting it to nucleosomes [30]. The AWS is composed of
two a-helices and several loops, which are bound by zinc atoms and coordinated with
eight cysteines [82]. X-ray crystallography revealed that the AWS has high flexibility,
which allows for more mobility [80]. It is not known whether this also helps regulate
ASH1L methyltransferase activity.

Miyazaki et al. set out to uncover how Ash1/ establishes gene expression in the

context of its methyltransferase activity. First, the authors generated ESCs with a knock-
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in allele of Ash1/ harboring an in-frame deletion in the SET domain, rendering the
methyltransferase ability inactive (ASET ESCs). Using retinoic acid (RA) to induce Hox
gene expression, the authors found attenuated activation of Hoxb4 and Hoxd4 in ASET
ESCs. RNA-seq of RA treated ASET ESCs and WT cells identified 152 genes that had
impaired response to RA in ASET ESCs, including Hox genes. They also found these
genes were enriched for the PRC2-mediated H3K27me3, suggesting that Ash1l’s
methyltransferase activity counteracts PRC2 at these genes.

Various glutathione S-transferase (GST) fusion ASH1L proteins were generated
to determine enzymatic activity of the SET domain; these included the entire wildtype
(WT) SET domain, SET domain with an amino acid substitution (H2213K) and a
recombinant SET domain lacking the N terminal domain of the AWS region. WT SET
domain methylated H3 of nucleosomes, whereas the substitution and N terminal SET
domain deletion did not. Interestingly, the WT SET domain could methylate H3 of
nucleosomes, but not free histone octamers, or H3-H4 tetramers or H2A-H2B dimers
bound with DNA, suggesting the full nucleosome unit is needed. Furthermore, Miyazaki
et al. performed ChIP experiments to elucidate the histone residue targets of Ash1/ by
assessing regions of Hoxd4 gene before and after addition of RA. The authors found
WT, but not ASET ESCs, catalyzed di- and trimethylation of H3K36 post RA treatment,
but no difference in H3K4 methylation signatures, suggesting Ash1/ specifically
performs H3K36me.

The authors wanted to determine if transcriptional elongation at active genes is
necessary to alter histone methylation. To this end, the authors used 5,6-dichloro-1-D-

ribofuranosyl-benzimidazole (DRB). DRB inhibits the kinase activity of P-TEFb, which in
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turn phosphorylates the Ser2 of RNAPII. This phosphorylation releases RNAPII and
transcriptional elongation takes place; when inhibited, RNAPII remains in the poised
position. The authors found that addition of DRB to control ESCs still resulted in
increased levels of di- and trimethylation at H3K36 compared to ASET ESCs,
suggesting methylation occurs independently of elongation. Interestingly, H3K36me2
occurs genome-wide, whereas H3K36me3 is gene dependent. The authors sought to
determine if Ash1/-mediated methylation was excluding PcG components from
repressing gene expression, or if the transcriptional elongation itself resulted in this
exclusion. The authors conducted ChIP assays of Hoxd4 chromatin, pulling down
MEL18, RNF2 (both components of PRC1) and SUZ12 (component of PRC2). MEL18
and RNF2 were increased in ASET ESCs upon RA application, whereas SUZ12 was
decreased in both WT and ASET ESCs. This data suggests Ash1/ methyltransferase
activity promotes exclusion of PRC1 components Mel18 and Rnf2 independently of
transcriptional elongation. The fact that the PRC2 component SUZ12 was excluded
regardless of H3K36me suggests either that exclusion is Ash1/-independent or that the
methylation-independent functions of ASH1L are sufficient for exclusion [23].

ASH1L’s C-terminal region contains three chromatin-interacting domains: the
bromodomain, PHD and BAH domain. Bromodomains form helical structures that
recognize acetylated lysine [83]. They are found in several histone methyltransferases,
including TrxG members MLL, and chromatin remodeling complexes, SWI/SNF [84].
PHDs are a diverse family of histone mark readers. They are zinc binding fingers 50-80
amino acids in length and can recognize a range of marks, including H3K4me2/3,

H3K9me3 and H3K14ac [85]. BAH domains are found in chromatin-associated proteins
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and have a diverse range of functions [86]. Origin of replication complex component,
ORCH1, is critical for DNA replication, and contains a BAH domain [87]. ORC1 BAH
specifically recognizes H4K20me2, which is enriched at replication origins [88].
Disruption of BAH binding causes reduced occupancy of ORC1 at replication origins
and impairs cell-cycle progression. Furthermore, it facilitates ORC2 binding to chromatin
as during the shift from M to G1 phase [89]. Interestingly, the BAH domains of the
mammalian BAH domain-containing protein 1 (BAHD1) and BAH and Coiled-coll
Domain-containing Protein 1 (BAHCC1) recognize and bind to tPRC2-mediated
H3K27me3 [90-92]. Mutating the BAHD1 BAH domain increased histone acetylation at
polycomb target genes. A CRISPR-mediated mutation of Bahd1 that specifically
disrupts the ability to bind H3K27me3 in mouse resulted in embryonic lethality [91].
Additionally, Bahd1*-male mice have anxiety-like behaviors [93].

ASH1L has an impressive array of functional domains; however, how these
domains function in the context of one another is not well understood. It has been
shown, in both Drosophila and mouse models, that the methyltransferase SET domain
is not necessary for survival. Given the binding capabilities of the bromodomain, PHD
and BAH domains, ASH71L may have important roles in histone marker recognition or
facilitate chaperoning other proteins to chromatin. This could be assessed
experimentally, such as introducing in-frame loss-of-function mutations of the different
domains, or by using biotinylated ASH7L and mass spectrometry to determine

interacting protein partners.
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Figure 2: ASH1L gene and protein

ASH1L gene (top) and protein structure (bottom). AWS, associated with SET; SET, Su(var)3-9, Enhancer-of-zeste
and Trithorax; PHD, plant homology domain; BAH, bromo-adjacent homology.
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1.3 Population Studies and Clinical Reports of ASH7L in the Context of NDDs

NDD is the medical classification of a range of disorders that impact learning,
social and interactive behaviors which manifest during childhood. These include ASD,
ID, obsessive compulsive disorder (OCD), attention deficit/hyperactivity disorder
(ADHD) and Tourette syndrome (TS). These disorders range from mild to severe, and
two or more may be present in a single individual [94]. Substantial evidence indicates
that NDDs have an underlying genetic etiology [95,96]. Advances in exome sequencing,
both in terms of specificity and affordability, have aided clinical geneticists in identifying
underlying patient variants associated with disorders. Furthermore, collecting genetic
data from individuals with specific NDDs, such as ASD, and comparing with control
groups is proving highly informative. ASH7L has come under increased scrutiny as this
body of literature grows, as population analyses and clinical reports have highlighted it
as an NDD-risk gene.

In one of first population studies to implicate ASH7L in NDD risk, lossfov et al.
performed exome sequencing of 343 families, with one child diagnosed with ASD, at
least one unaffected sibling, and parents. They developed a novel multimodal test to
determine de novo variants, identifying single nucleotide variants (SNVs) and indels that
conferred ‘likely gene disruption’ (LGD) that perturb protein function. ASH7L was one of
these 59 LGD candidates [97]. In another study, de Ligt et al. performed exome
sequencing of 100 individuals with ID (1Q below 50) and unaffected parents. They
identified de novo candidate genes by excluding variants also found in parents, and
confirmed these genes by resequencing 765 individuals with ID. Missense variants in

ASH1L were found to be associated with ID [98].
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Subsequent population studies sought to widen the criteria for assessment by not
focusing solely on de novo variants. In an ASD study, De Rubeis et al. assessed 15,480
DNA samples from 16 sample sets, of which there were 2,270 trios (2 unaffected
parents and one affected child). The authors used transmission and de novo
association (TADA), a statistical model that integrated de novo, inherited and case-
control variation. Using TADA, they identified 33 autosomal genes, including ASH1L,
with a false discovery rate (FDR) <0.1. The authors suggest that these genes converge
on three biological processes, namely chromatin remodeling, transcription and splicing,
and synaptic function [99].

Krumm et al. sought to assess the impact of de novo and inherited variants. The
authors reanalyzed exome sequencing from 8,917 exomes of individuals with ASD and
controls, including 2,377 families collected from the Simons Simplex Collection. The
analysis included SNV and copy number variants (CNVs) identification; the independent
SNV callers in the authors’ pipeline allowed them to find de novo events in an unbiased
manner. Again, ASH7L was among the genes that had a LGD variant [100]. Sanders et
al. conducted further CNV and exome analysis of samples in the Simons Simplex
Collection, the Autism Genome Project, and the Autism Sequencing Consortium. They
found small de novo deletions and exome variants enriched in a common set of ASD
risk genes. 65 risk genes had an FDR =<0.1; ASH1L had a striking FDR =< 0.01.
Interestingly, ASH1L was among eight high-risk ASD genes that contributed to
chromatin remodeling when gene ontology (GO) analysis was performed, the only

significant term [101].
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Large studies have been instrumental in gathering genetic data of individuals
with an NDD. Wang et al. used molecular inversion probes (MIPs) to capture and
sequence 213 genes, including ASH1L, in an ASD cohort consisting of 1,045 Chinese
trios. They assessed genes that had the most recurrent de novo variants enriched in
affected individuals, and found ASH1L ranked 7™ in their list [102]. Stessman et al. used
single-molecule MIPs (smMIPs) of 208 NDD candidate genes to sequence 13,407
probands across 15 international groups. Where available, some unaffected siblings
and parents also underwent targeted sequencing. 91 genes were found to be high risk
NDD genes, including ASH1L. Two ASH1L LGD and two ASH1L missense variants (all
de novo) were identified, as well as additional ASH1L variants for which inheritance
analysis was not available. Follow-up of these individuals confirmed all had ID, with
some also exhibiting ASD and/or seizures [103].

Satterstrom et al. performed exome sequencing of 35,584 samples, 11,986 of
which had ASD, including 6,430 ASD cases, 2,179 unaffected siblings, and both
parents. The authors were able to classify protein truncating variants, in addition to
missense, as well as determine de novo events. TADA analysis was adjusted to include
‘probability of loss-of-function intolerance’ (pLI) and ‘missense badness, PolyPhen-2,
constraint’ (MPC) scores to assess the burden of variants. Using this sophisticated
mathematical model, the authors identified 102 ASD risk genes, all passing FDR =< 0.1,
and of these, 26 genes, including ASH1L, had a family-wise error rate (FWER) =< 0.05.
[104].

Fu et al. performed meta-analysis of 63,237 exomes, including 15,036 affected

probands and 28,522 parents. The authors found protein truncating and missense
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variants enriched in individuals with ASD, with 72 high-risk ASD genes with an FDR =<
0.001. ASH1L ranked 15" in their 72 gene list, with protein truncating variants being the
most frequent. They found ASH1L variants were more likely to be de novo than
inherited. Interestingly, the authors found ASH7L has an association with schizophrenia
[105].

The Deciphering Developmental Disorders Study carried out exome sequencing
of 4,293 families with a member diagnosed with an NDD. As part of a meta-analysis,
they including 3,287 previously published exomes of individuals with an NDD to identify
NDD-risk genes [106]. With this data, Faundes et al. carried out further investigation of
variants residing in lysine methyltransferases and demethyltransferases. The authors
identified two individuals with an ASH7L protein truncating variant, and five individuals
with deletions encompassing the gene. All these individuals presented with variable ID,
and in some cases, seizures and developmental delay. The authors argue that ASH7L
haploinsufficiency contributes to a predominantly NDD phenotype, while physical
anomalies may or may not be present [107].

In an investigative study to determine the diagnostic efficacy of using
chromosomal microarray analysis (CMA) and WES for ASD, Tammimies et al.
performed WES on 95 trios and identified a de novo loss of function variant of ASH7L in
an individual with ASD [108]. Aspromonte et al. developed a low-cost gene panel for ID
and ASD, among other NDDs. They sequenced 150 unrelated individuals from 17
Italian hospitals that presented with one or more NDD. The authors used a multiplex

PCR assay for 74 selected genes, including ASH1L. The data was then assessed in
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silico to determine putatively damaging variants. A de novo variant in ASH1L was
identified (p.(lle1107Val)) in an individual [109].

Epilepsy with myoclonic atonic seizures (MAE) is a rare syndrome associated
with severe neurodevelopmental impairment. Interestingly, some individuals with
ASH1L variants have reported to have seizures [5]. Tang et al. performed exome
sequencing on 85 individuals with MAE, with 62% patients also exhibiting ID. The
authors found pathogenic variants in 12 individuals, including one ASH7L variant
(p-(Arg1342*)) [110]. While a small sample size, it is an interesting finding, given the
role of activity-dependent repression of neurexin 1a, a presynaptic adhesion molecule,
and prefrontal cortical knockdown of Ash7/in mice resulting in severe seizures [22,111].

TS is a neurodevelopmental disorder, characterized by chronic motor and/or
vocal tics. Liu et al. performed exome sequencing on 100 trios (proband affected with
TS and unaffected parents) to determine de novo SNVs and indels that may contribute
to the disorder. The authors filtered for rare damaging variants, including variants with
an allele frequency of =<0.01 in the 1000 Genomes Project and with a CADD score of
greater than 15. Independently, the authors also performed analysis of inherited rare
damaging mutations burden at the individual gene level using the rare-variant
transmission disequilibrium test (RV-TDT). Two genes, ASH1L and KIF26B, proved
significant in both analyses. The authors identified one de novo ASH1L variant and four
transmitted ASH1L variants in this study. Furthermore, the authors conducted a
replication analysis by sequencing exons of both ASH7L and KIF26B in 524 individuals
with TS and 2822 individuals without psychiatric disorders. ASH7L had a significantly

high variant burden but KIF26B did not; the authors focused on ASH1L for the reminder
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of their study. In depth clinical assessment of the five individuals with ASH1L variants in
the initial trio sequencing was subsequently performed; none of the five had familial
history of TS, OCD or ADHD. All individuals had severe symptoms, including facial tics,
and three also presented with ADHD and/or OCD. The authors set out to assess the
H3K4 methyltransferase activity of two ASH7L missense variants (c.6230A>T,;
(p-Tyr2077Phe) and c.6598A>G; p.(Ser2200Gly)); both variant residues are within or
close to ASH1L's SET domain. An ASH1L SET-PHD (amino acids 2069-2636) was
cloned from full length human ASH7L complementary DNA and the variants were
generated by PCR. The constructs were expressed in E. coli BL21 (DE3) cells, and the
protein products were purified. Using an artificial H3 peptide and methyltransferase
assay kit, the authors found a significant decrease in H3K4 methyltransferase activity in
both variants compared to wildtype ASH1L SET-PHD, consistent with loss of function
[112]. In a different study, Liu et al. screened for three ASH1L single nucleotide
polymorphisms (SNPs) in 271 trios affected with TS and 337 healthy controls in the
Chinese Han population. The authors used a TagMan assay and primers flanking each
SNP: rs5005770, rs12734374, and rs35615695. The authors found significant
overtransmission of two of the three SNPs in their family-based study, whereas none of
the SNPs were significant in the case-control study regarding TS. This analysis
suggests that inherited ASH1L variants may confer risk for TS [113].

Various other studies have carried out whole genome, exome or targeted
sequencing to identify candidate genes in NDD cohorts. They have contributed to
clinical databases and add to the statistical significance that ASH7L is a high risk NDD

gene [114-120].
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There are many clinical reports of individuals with an ASH1L variant and variable
clinical features. In 2017, Okamoto et al. reported on a 4-year-old male presenting with
growth delay, microcephaly and dysmorphic facial features, including low set ears and
hypertelorism. He was nonverbal and exhibited severe ID. Brain magnetic resonance
imaging (MRI) found delayed myelination of the cerebral white matter, and a computed
tomography (CT) scan found vertebrae fusion of C2 and C3. The authors performed
exome sequencing on the proband and parents; they identified a novel, de novo ASH1L
variant (c.8356G>C; p.(Ala2786Pro)), which lies in the BAH domain [121]. Shen et al.
described a 9-year-old male with distinctive facial features, including blepharophimosis
and small ears. The individual also exhibited mild ID and ADHD. The authors performed
trio exome sequencing and found a novel, de novo ASH1L variant
(c.2422_2423delAAinsT; p.(Lys808TyrfsTer40)). This variant lies in exon 3, putatively
resulting in ASH1L loss of function [122].

Xi et al. reported a 19-year-old pregnant female that presented with severe ID
and distinct facial features, including prominent forehead and small ears. The proband’s
father had low intelligence, and the mother had normal intelligence. The authors
performed chromosome microarray analysis (CMA) on the proband, fetus, the
proband’s parents, paternal grandparents and three paternal uncles. CMA revealed a
1922 microdeletion, which includes ASH1L, that was present in the proband, the fetus
and proband’s father; other family members did not have the microdeletion. While the
microdeletion region encompassed 24 genes, only five (namely ASH1L, TRIM46, CLK2,
GONA4L and ARHGEF2) loss of function alleles are not tolerated in the general

population. The authors postulate that heterozygous loss of ASH71L may be driving the
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clinical phenotypes, given the prevalence of literature on the gene in the context of
NDDs [123].

Liu et al. reported a case of monozygotic, female twins that presented with mild
intellectual disability and seizures. Exome sequencing was carried out for the twins,
parents, and the unaffected brother. The authors found a novel, de novo variant in the
twins (c.2678dup; p.(Lys894*)), which was confirmed with Sanger sequencing. In
addition to the clinical report, the authors interrogated the literature on ASH7L patient
variants to determine if there was a genotype-phenotype correlation. Of the 14 detailed
ASH1L variant cases available at the time (including the Liu et al. study), four patients
had missense variants; three had severe developmental delay, whereas only one
patient with a truncating variant had severe developmental delay. The author argue that
ASH1L missense variants confer greater severity compared to truncating variants [124].
While intriguing, analysis will be needed to be carried out on a greater number of
detailed clinic reports of individuals with an ASH1L variant to draw conclusions
regarding genotype-phenotype correlations.

The Simons Foundation Autism Research Initiative (SFARI) Gene database has
recorded two common variants and 120 non-redundant, rare ASH1L variants collected
from the published literature, all diagnosed with ASD. The two common ASH1L variants
were found in the TS Chinese Han population study using the SNP-based approach
[113]. Both variants reside in introns; however, it is unclear if these variants represent
the SNP loci used in the study or are potentially causative variants themselves. The 120
rare variants were identified in the previously cited literature, in addition to several more

studies (figure 3) [125-129]. Of these rare variants, 66.7% are missense (n = 80), 20%
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are frameshift (n = 24), 10% are stop gained (n = 12), 2.5% affect splicing (n = 3) and
0.8% is a copy number loss (n = 1). 55.8% are of unknown inheritance (n = 67), while
27.5% are de novo (n = 33) and 16.7% are familial (n = 20). Of the 24 confirmed
inherited variants, 55% are maternal (n = 11) and 45% paternal (n = 9). The SFARI
Gene scoring system, which ranks genes based on published variants, gives ASHTL a
score of 1, meaning it is classified as a high confidence ASD gene. Additionally, SFARI
provides Evaluation of Autism Gene Link Evidence (EAGLE) scoring system. EAGLE
assesses the evidence that a gene is specifically relevant to ASD, teasing apart its
contribution to other NDDs [130]. ASH7L has an EAGLE score of 14.15; this score is
considered ‘strong’, meaning ASH7L has been shown repeatedly to have a significant
role in ASD.

Population genetics, clinical reports and meta-analyses have provided
substantial evidence that variants in ASH1L confer risk to NDDs, such as ASD, ID, and
TS. The GnomAD Browser has determined ASH7L'’s pLI| score is 1, meaning ASH1L
truncating variants are not tolerated [131]. Individuals with an ASH1L variant are
heterozygous, and while two variants have been functionally assessed to determine
loss of methyltransferase activity, the vast majority have been predicted to be loss of
function [112]. ASH1L variants are spread throughout the protein, suggesting there is
minimal correlation between domain variants and phenotype. The use of in vitro and in
vivo models has garnered great insight into the roles ASH1L plays in neurodevelopment

and NDDs.
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Figure 3: ASH1L variants in individuals with ASD

(A) ASH1L variants identified in individuals with ASD from the SFARI Gene database [6]. Missense variants are in blue, frameshift in red and premature stop
codons in black. Schematic made with lllustrator for Biological Sequences (IBS) [132]. (B) Pie chart of types of variants found. (C) Pie chart of modes of
inheritance.
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1.4 Mouse and In Vitro Models of ASH1L

Over the past ten years, several research groups have developed cell lines and
mouse models to determine the role of ASH7L in different biological systems. The
models vary from complete ablation of ASH71L, reduction of its expression, or specific
mutated domains. According to BLAST, there is 91.8% protein homology of ASH1L in
human and mouse; the functional domains of the protein are highly conserved. Mice
have similar organ systems to humans, including the brain, which have allowed
scientists to make inferences on human biology. Genetic engineering, including
genetrap alleles and tissue-specific conditional knockout models, broadens the scope of
how these models can be used. Furthermore, gene knockdown with shRNA can be
utilized to reduce Ash1/ expression in a cost-efficient and effective manner. In this
section, main conclusions drawn from ASH1L models will be discussed. Table 1

provides a brief overview.
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Table 1: Overview of Ash1/ mouse models

Mouse

Allele description

Phenotypes

References

Ash1I" (exon 2)

Heterozygous 11bp

deletion in exon 2

Tics, excessive grooming, anxiety, poor
discrimination, reduced vocalisation, repetitive
and poor social behaviours. Normal brain
structure, reduced neuronal pruning, normal

neuron density in hippocampus, higher cFos

[24,111,112]

cassette in intron 2

skeletal defects, lack Meibomian glands and
abdominal fat. Altered HOX gene expression in
male and female reproductive tract. The long
term hematopoietic stem cell compartment is
compromised and the mutants progress to bone

marrow failure.

expression.
Ash1l”(exon 2) | Homozygous 11bp Lethal between e14.5 and p7 from unknown [111]
deletion in exon 2 causes.
Ash1l” (exon 4) | Homozygous deletion of Lethal at pO, mild skeletal anomalies, Some [133]
exon 4 SATB2 neurons in deeper layer neurons.
Ash1l Nes-cKO | Homozygous, conditional Excessive grooming, anxiety, paw clasping, poor | [133—135]
deletion of exon 4 using discrimination, repetitive and poor social
neural precursor cell behaviours. Nissl stain of the cortex shows
Nestin-cre altered barrel organization, reduced myelin basic
protein at P21, higher cFos expression.
Ash1/°7CT Homozygous gene trap Early lethality (~3 weeks), smaller mice, infertile, | [136,137]
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Ash1SETASET Homozygous in-frame Posterior shift of Hoxb4, Hoxd4 expression; mild | [23]
deletion in SET domain skeletal anomalies.
Ash1]KP Short hairpin RNA Severe seizures result in death within 10 days. | [22]

knockdown in prefrontal

cortex

Neuronal hyperactivity.
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1.4.1 ASH1L is Necessary for Survival

Several mouse models have examined the consequence of total ablation or
sizable reduction of Ash1/ expression; they all converge on the same outcome: Ash1lis
an essential gene that, when reduced or absent, results in lethality. Using CRISPR-
Cas9, Zhu et al. generated an 11bp deletion in exon 2 of Ash1/
(c.1002_1013delCAATCAGGAAA) This null allele was made in effort to determine Ash1/'s
role in the regulation of neurexin-1a (discussed in section 1.4.11). To generate Ash1/
null mice (Ash1I”), heterozygous mice (Ash1/*-) were crossed; at e14.5, all genotypes
were present; however, by p7, no Ash1/”- mice were found. Ash1** and Ash1/*-mice
were present in expected numbers and Ash71/*-had no discernable phenotypes [111].

Gao et al. generated a null allele by crossing Ash1/ floxed exon 4 (Ash1/7) and
CMV-cre, a globally expressed Cre. Homozygous null mice (Ash1-) were identified at
p0 and had comparable body size and weight to their wildtype littermates. However, the
authors reported that the Ash7/”-pups died within 24 hours of birth [133]. Both these
models indicate that total loss-of-function of Ash1/ results in early lethality.

An Ash1l gene trap allele is hypomorphic, reducing Ash1/ expression >80%. The
genetrap cassette was inserted into intron 1 of Ash1/ (Ash1/*CT) and these mice were
crossed to generate Ash1/**, Ash1I*/GTand Ash1IG7/GT. Over 1000 mice were genotyped
to determine viability. E11.5-e18.5 embryos and p1-7 mouse cohorts had genotypes
present at normal Mendelian ratios, whereas in the p8-p21 cohort, Ash1/GT/GT were
significantly underrepresented [136]. This data indicates that reduced Ash1/ expression

in mice confers the risk of lethality after p7.
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Together, these studies show that mice with 50% Ash1/ expression survive into
adulthood, whereas if the expression is reduced further, it results in early death. Given
the fact that exon 4 floxed mice survive birth, and Ash7/S7/GT mice survive to p7
suggests roles of Ash1/ not limited to in utero development. The cause of death in these
knockout and genetrap mice has not been determined. An interesting experiment would
be to use various tissue-specific cre lines to conditionally knockout Ash1/in different

organ systems.

1.4.2 Loss of ASH1L Results in Reduced Body Weight and Smaller Mice

Ash1IST6T and homozygous knockout of Ash1/’s exon 4 with Nestin-cre (specific
to neural progenitor cells; Ash1/-Nes-cKO) have been examined regarding their size,
weight, and fat composition. At p1-7 Ash1/G7/GT hypomorphic mutant mice have same
body weight as their Ash1/*CTand Ash1/** littermates; however, at p14, surviving
Ash1IS76T mice weigh significantly less. At p21, Ash1/S7GTmice are visibly smaller than
control littermates. Brinkmeier et al. also found a dramatic reduction in abdominal body
fat in 2- to 3-month-old Ash1/G™GT mice. Ash1/G7/GT mice lacked meibomian glands,
which provide lubrication of the eye, and this contributed to chronic blepharitis and
ulceration. The female Ash7/G7/GT mice had a four-fold reduction in endometrial uterine
glands and were infertile. The males were sub-fertile due to defects in development of
the epididymis. Overall, Ash1/GT/GT exhibited multiple anomalies suggesting Ash1/is
necessary for growth and development of many organ systems [136].

Gao et al. assessed growth and development of Ash7/-Nes-cKO. The Ash7/-Nes-

cKO mice exhibited reduced body weight compared to controls by p6; the mutants were
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also visibly smaller. 3-month-old male and female Ash1/-Nes-cKO mice weighed
significantly less than their control counterparts [133]. Subsequently, Gao et al. reported
that 8-month-old Ash7/-Nes-cKO mice have significantly reduced body weight [135].
They found subcutaneous and visceral white adipose tissue was reduced in Ash7/-Nes-
cKO, but brown adipose tissue was comparable between genotypes. Interestingly,
histological analysis of white adipocytes found cell number was similar between
genotypes; however, cell diameter of adipocytes was greatly reduced in Ash7/-Nes-
cKO. The authors find that Ash7/-Nes-cKO mice exhibit greater levels of locomotion and
metabolic activity; to this end, they measured oxygen consumption and carbon dioxide
production, and confirmed higher respiratory exchange rate in Ash7/-Nes-cKO.
Furthermore, they found that Ash1/-Nes-cKO mice generated more heat, an indicator of
heightened metabolism. Thus, Ash1/ knockout with Nestin-cre results in smaller mice
and reduced body weight. However, expression of the Nestin-cre transgene is not
restricted to neural progenitor cells and the transgene itself suppresses growth [138].
Gao et al. argue that Ash1/ knockout in the brain results in increased active behavior,
and this over-expenditure of energy depletes triglycerides stored in adipocytes. Given
the broad expression of ASH1L in many tissues, further experiments will be needed to

address the effects of Ash7/ on metabolism and body weight.

1.4.3 ASH1L Methyltransferase Activity is Not Essential for Survival

Miyazaki et al. generated mouse ESCs with an in-frame deletion in the
methyltransferase SET domain (ASET ESCs). The authors sought to determine if they

could recapitulate their findings in vivo, so they generated mice homozygous with the
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ASET domain (Ash1/ASET/ASET) These mice were viable, fertile, and largely comparable
to WT. However, there were some differences, such as a posterior shift in the
boundaries of Hoxb4 and Hoxd4 mRNA expression in €10.5 Ash1/ASET/ASET embryos.
Additionally, a mild skeletal phenotype was observed, which is discussed below [23].
This is an interesting finding, given that homozygous knockout of Ash1/ results in
early lethality. Furthermore, assessment of the Drosophila Ash1 by Steffen et al. found
that while the AT hooks and BAH domains are necessary for fly survival, the SET
domain is not [77]. Together, this data suggests that other domains of ASH1L are
playing vital roles that are essential for life; however, at this moment, these functions
are unknown. Future experiments, such as generating in-frame mutations that attenuate

function of the other domains in mice will be important in assessing necessity.

1.4.4 ASH1L Contributes to Normal Bone Development and Skeleton Formation

Several studies have found Ash1/is necessary for bone development and
maintenance. Xia et al. generated Ash1/-silenced mice using the piggyBac (PB)
transposon inserted into intron 15 and found these mice were more susceptible to
infection and auto-immune diseases, as well as severe bone destruction at knee joints
[139].

Yin et al. found decreased Ash1l expression in osteoporotic mice. C3H10T1/2
(C3) cells can be differentiated to osteocytes, adipocytes or chondrocytes, and found
ASH1L expression increased during each of these differentiation protocols.
Interestingly, Ash1/ siRNA knockdown suppressed differentiation to osteocytes and

chondrocytes, instead promoting differentiation to adipocytes. Conversely, upregulation
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of Ash1/in C3 cells promoted differentiation to osteocytes and chondrocytes,
suppressing adipogenesis. ChlP assays determined that Ash1/-mediated H3K4me3 at
Osx, Runx2, Hoxa10, and Sox9 promoters. Expression of these genes are necessary to
guide fate to osteocytes and chondrocytes. This data suggests that Ash1/ may be
driving differentiation of mesenchymal stem cells by activating select genes, and
potentially have a protective role against osteoporosis [140].

In a broader scope, mouse models have uncovered skeletal malformations
associated with Ash1/loss of function. Gao et al., assessing homozygous knockout of
Ash1l via CMV-cre driven deletion of exon 4 (Ash1I”), found p0 Ash7/-pups had an
additional rib [133]. The skeletal abnormalities of Ash1/G7GT mice were also mild. An
additional rib was frequently attached to the ribcage and the ribs were attached in a
staggered manner to the sternum [136].

Mice homozygous for the in-frame SET domain deletion (Ash1/ASET/ASET) had
different but also mild, variable skeletal anomalies. The penetrance of skeletal
anomalies was 53% in Ash1/*/ASET and 80% in Ash71/ASET/ASET mice. The most prevalent
anomaly was a broadened neural arch (C2 to C1). Intriguingly, loss of function of group
4 Hox genes results in a similar phenotype [141]. Furthermore, homozygous mutations
of Mel18 (Mel187), a PRC1 component, result in C2-to-C3 vertebrae transformation in
mice. Crossing with Ash1/*/ASET partially rescued this phenotype, suggesting Ash1/
methyltransferase activity and Mel/18 play a role in normal skeletal formation [23].

Ash1lloss of function also causes craniofacial anomalies. Using the same Ash1/
exon 4 deletion allele described above, Gao et al. used Nestin-cre to delete Ash1/

(Ash1/-Nes-cKO). Via micro-CT scan and alizarin red/alcian blue bone staining, the
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authors found shortened nasal bones in adult Ash7/-Nes-cKO mice compared to
controls. Together, these data support the role of Ash1/in skeletal development. This is

perhaps unsurprising, given that TrxG members are implicated in such roles [142].

1.4.5 ASH1L is Required for Development and Function of Reproductive Organs

Development of the reproductive tract in males and females requires region
specific expression of HOX genes, much like the code that specifies development of the
axial skeleton [143]. Ash1/*-and Ash1/ASETASET mice can reproduce; however, male and
female Ash1/G7GT mice were sub-fertile and infertile, respectively. Female Ash1/GT/GT
mice had defects in the uterine lining; analysis of Ash1/67/GT uteri found they were
smaller in size and were twisted compared to WT, suggestive of a homeotic
transformation. The stromal layer was thinner, and the paucity of endometrial uterine
glands was consistent with failure of implantation and decidualization. Foxa2 and
Hoxa10 are important for normal uterine development, and expression of both genes
was reduced in the Ash1/GT/CT uterus.

Male Ash1/C7/GT mice were sub-fertile due to structural defects in the epididymis,
a part of the male reproductive tract that promotes sperm maturation [144]. In Ash1/6T/GT
males, the corpus of the epididymis appeared to homeotically transformed to resemble
the caput segment, and Hoxa11 gene expression was reduced. There was evidence of
sperm death in the Ash1/G7/GT epididymis. Together, this data suggest Ash1/ plays a
vital role in the formation of both male and female reproductive tracts, resulting in

impaired reproductive performance. The Ash1/ genetrap allele is the only mouse model

38



for which this is reported, given that other homozygous Ash7/ null alleles result in early

death.

1.4.6 ASH1L and Cortical Development

The cortex is a highly organized outer layer of the brain; it is composed of six
layers with different neuron subtypes and projections. It is responsible for many higher
order functions, including memory and language; anomalies in cortical development are
believed to be central to ASD and other NDDs.

Using the Allen Brain Atlas data set, Cheon et al. showed that ASHTL is
expressed in different regions of the cortex during human fetal development. ASH7L
mMRNA and protein are continuously expressed during the differentiation of human ESCs
in culture to form deeper layer excitatory neurons. ASH7L knockdown with shRNA
decreased the length and neuron branching in these differentiating cultures.
Furthermore, neuron soma size was enlarged and ectopic phalloidin-expressing
structures at neurite growing tips were present in ASH71L-shRNA neurons. The authors
treated ASH7L-shRNA neurons with EI1, an EZH?2 catalytic inhibitor, and found this
rescued the shorter length of ASH7L-shRNA neurons, but not the dysmorphology
phenotype. ASH7L-shRNA reduced expression of the neurotrophin receptor TrkB,
which is essential for neuronal arborization [145]. Thus, ASH1L is necessary for normal
development of cortical neurons in culture [146].

Gao et al. assessed how Ash1/ ablation impacted cortical development in vivo.
Nissl| stained cortices of newborn germline knockout mice (Ash7) revealed a loss of

cortical organization, specifically the minicolumnar arrangement. There was a greater
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distribution of SATB2 neurons in the deeper cortical neurons, suggesting a delay in
cortical development. While these data does indicate anomalies in cortical development,
the authors reported the Ash1/- mice die within 24 h of birth; this suggests the tissue
they analyzed may be undergoing death and confound results [133].

Yan et al. used Emx1-cre to excise exon 2 of Ash1l, resulting in a cortical specific
null allele (Ash1/Emx1-cKO) NeuN (a pan-neuronal marker) and DAPI were used to assess
neuron number or cell density in cortices; mutants were comparable to controls [24].

Collectively, this data suggests Ash1/-associated changes in cortical
development are likely to be subtle, with minimal differences observable on the macro
scale. Use of specific cortical markers on healthy tissue will be a useful analysis to

pursue to determine Ash1l’s role in cortical development.

1.4.7 Loss of ASH1L Results in Behaviors Associated with ASD, ID

It is no surprise that, given the human data that strongly indicates ASH7L is an
NDD-risk gene, several Ash1/ mouse models have been assessed regarding ASD- and
ID-like behaviors. In mice, these include alteration in preference to novel objects or
newly introduced mice, increased anxiety-like and self-grooming behaviors.

The most widely used behavioral tests include the open field test, marble burying
test, three chamber test, elevated maze test, contextual or tone dependent fear
discrimination tests, and assessment of paw clasping.

Open field test: the test mouse is placed in lidless box or cage and their range of

movement is monitored. Mice with greater anxiety will avoid moving into the center of
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the box, instead remaining along the edges or corners, whereas mice with less anxiety
are more likely to explore, including entering the open center [147,148].

Marble burying test: this tests repetitive behavior, with the test mouse placed in a
cage with twenty or so uncovered marbles or similar objects in a bed of wood shavings.
Mice prone to repetition will bury more marbles compared to non-repetitive mice [149].

Three chamber test: this test is used to assess the sociability and the preference
of a mouse to engage with a novel object. A large cage is divided into three distinct,
accessible chambers, between which the test mouse can move freely. After habituation,
a second mouse is added to a cage in one of the flanking chambers. Mice, instinctually,
are social animals and will spend more time with this second mouse, rather than the two
empty chambers. A mouse with reduced sociability will not spend more time with the
second mouse compared to time spent in the two empty chambers. A third mouse, or
novel object, is added to the opposite chamber after some time has passed. Mice
exhibiting normal behavior will tend to spend more time in that chamber compared to
the other two, as they are curious animals [150].

Elevated maze test: another test for anxiety-like behavior. It consists of two
perpendicular crossing beams in the shape of a plus sign. The entire platform is
elevated, however two opposite beams have walls, while the other beams are open.
Mice exhibiting more anxiety will prefer the closed, safe environment of the walled
platforms; normal mice do not discriminate, and move within the maze equally [151].

Contextual or tone dependent fear discrimination tests: this test is designed to
assess the learning capabilities and memory of mice. Based on contextual fear

conditioning, mice are provided a context (either a sound tone or light) and subjected to
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a mild electric foot shock in a cage. Continuous subjection of context-shock gradually
results in learning to associate the two — mice will learn that context A results in shock,
and freeze upon recalling that context. This is the conditioning portion of the
experiment, whereas on a later day, the mice will be tested on recall — if they can
discriminate between pain associated context A, or a novel, harmless context B
[152,153]. An alternative version of this test is the tone-based Go-No-go task. The
mouse’s head is fixed in front of a modified water lixit, which, at one tone frequency,
provides the animal with water upon licking, and at another tone, fires an air puff in their
face at licking. Mice with normal learning behavior will learn to avoid licking the valve at
the air puff tone [154].

Assessment of paw clasping: this test indicates anomalies in brain-motor
function. Normally, mice held by their tail and lowered will extend all four limbs outward.
However, disruption in neuronal pathways can result in mice clasping their hind limbs
[155].

Yan et al. performed a battery of behavioral tests on Ash7/mutant mice: germline
heterozygous knockout of Ash1/ with 11bp deletion in exon 2
(c.1002_1013delCAATCAGGAAA) (Ash11*) and Emx1-cre to excise exon 2 of Ash1l,
resulting in a homozygous, cortical specific null allele (Ash1/Emx1-cKO)_|n the open field
test, Ash1/*-spent less time in the center, and in the marble burying test, Ash1/*-buried
more marbles compared to controls. P7-9 Ash1/*-pups made less ultrasonic
vocalization compared to controls, another behavior indicative of ASD-like behaviors. In
the three-chamber test, Ash1/*-and controls showed comparable sociability, whereas

when a second strange mouse was added, Ash7/*-did not show preference for it.
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Similarly, Ash1/Emx1-cKO gpent less time in the center of the open field, as well as less
time on the open arms of the elevated maze, compared to controls. Furthermore,
Ash1[Emx1-cKO exhibited decreased social preference in the three-chamber test compared
to controls. Interestingly, the homozygous Ash1/Emx1-KO did not exhibit more severe
behavioral anomalies compared to the heterozygous Ash1/*-. This may be due to only
the excitatory neurons being affected in the conditional knockout.

To assess if Ash1/*-mice had anomalies in learning, the authors used
discrimination tests. During conditioning acquisition, Ash1/*- mice took slightly longer to
learn the context, and they could not discriminate between context A and context B. In
contrast, the controls froze only in the shock associated box. Tone-based discrimination
tests, including the Go-No-go task, revealed that the Ash7/*-mice had deficits in
discrimination [24].

In the three chamber test, Ash7/-Nes-cKO mice showed no preference towards
another mouse or the other chamber, whereas controls exhibited social behavior and
spent more time with the other mouse. Likewise, when another mouse was added to the
other chamber, Ash1/-Nes-cKO mice did not have a preference compared to controls,
which preferred the new mouse.

The authors observed that most Ash1/-Nes-cKO mice clasped their paws when
lifted by the tail (n= 16/20), whereas controls did not exhibit any paw clasping. In a
combined experiment, merging the open field test and novel object test, Ash1/-Nes-cKO
mice did not exhibit preference for the new object, and spent less time in the center.
These results suggest conditional knockout of Ash1/ using Nestin-cre have ASD-like

behaviors [133].
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Administration of vorinostat, a histone deacetylase inhibitor, to Ash7/-Nes-cKO
mice did not ameliorate the reduced weight of mutant mice; however, it improved the
sociability and cognitive memory when tested with the three-chamber test and novel
object test, respectively. Other behaviors, such as anxiety and discrimination tasks,
remained unchanged with vorinostat treatment [134].

Qin et al. performed knockdown of Ash1/ with injection of shRNA into the
prefrontal cortex (PFC) of 5-week-old mice. These mice had fatal seizures (discussed
below); however, treatment with diazepam (DZ) and CaMKII-driven Gi-coupled
Designer Receptors Exclusively Activated by Designer Drugs (Gi-DREADD), in turn
activated by administration of clozapine-N-oxide (CNO), prevented seizures. Thus, the
authors were able to test behaviors of Ash7/XP mice. In the three-chamber test, treated
Ash1/XD mice exhibited no preference in the social stimulus (other mouse) over the non-
social stimulus (object), whereas control animals (injected with scrambled shRNA and
treated with vehicle) spent more time with the other mouse. Furthermore, in the open
field test, Ash1/XP mice spent less time in the center compared to controls, indicating
anxiety-like behavior [22].

Together, this data strongly suggests Ash1/ plays a role in modulating behavior.
This is demonstrated consistently with three independent models of reduced Ash1/
expression; all have increased anxiety and decreased social preference, in line with

other ASD mouse models [156].
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1.4.8 Loss of ASH1L Results in Tic-Like Behavior and Increased Self-Grooming

Germline, heterozygous knockout of Ash1/ with 11bp deletion in exon 2
(c.1002_1013delCAATCAGGAAA) (Ash11*) were specifically assessed for tic-like behavior
[112]. Mice were videotaped for 10 min, and isolated head jerking or shakes lasting
0.05-0.1 s were characterized as tic-like behavior; tics were quantified as the mean
value of total number of tics in the 10 min video. One-month-old Ash7*-mice had an
increased number of tics in accordance with these parameters; additionally, they
groomed themselves significantly longer than WT littermates. Both tics and grooming
behaviors were ameliorated with treatment of haloperidol, a D2 receptor antagonist
used to treat human TS patients. One-year-old Ash7/*-mice exhibited skin lesions,
likely caused by excessive self-grooming. However, the authors point out that the
presence of skin lesions may alter self-grooming behavior in itself [112].

Other Ash1/ mouse studies found increased self-grooming behavior in mutants,
including Ash1/-Nes-cKO and Ash1/KPwith shRNA [22,133,134]. Self-grooming is a
common behavior trait of mice displaying ASD-like behaviors, which of course further
supports the argument that ASH7L is an NDD-risk gene. However, Li et al.
demonstrated that Ash7/-silenced mice (with PB transposon inserted into intron 15)
exhibited skin hyperplasia, disrupted keratinocyte differentiation and overproliferation,
and impaired wound healing [157]. The resulting inflammation may be further
exacerbated by grooming. A counterpoint to this is that the Ash1/ knockdown via shRNA
is localized to the PFC, so it is unlikely that all excessive self-grooming can be attributed

to a skin specific phenotype.
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1.4.9 Loss of ASH1L Results in Seizures

Qin et al. performed knockdown of Ash7/in mouse PFCs by stereotaxic injection
of shRNA AAV in 5-week-old mice. Controls were injected with scrambled shRNA. The
authors confirmed reduction of both Ash7/ mRNA and protein compared to controls;
ASH1L protein levels ~75% reduced. Mice infected with Ash1/ shRNA exhibited severe
seizures; hallmarks included head nodding, rearing with forelimb clonus and wild
rushing, jumping, and falling over. Of the 20 Ash71/XP mice, all died within 10 days post-
infection from apparent seizure related deaths, whereas controls did not exhibit seizures
or lethality. Electroencephalography (EEG) recordings found Ash7/XP mice displayed
epileptiform activity, a marker of epilepsy, 1-2 days before seizures. Further analysis of
brain wave activity showed Ash1/KP mice had increased delta frequency and decreased
gamma frequency, which are characteristic of epileptic seizures.

To test treatment options, mice were injected with Ash1/ shRNA (or scrambled
for controls) and Gi-DREADD, a CaMKII-driven neuronal inhibiting system which is
activated with CNO. 7-9 days post infection, mice were administered with either DZ or
CNO, or both; DZ is a GABAAR positive allosteric modulator, and CNO, a small
molecule, activates Gi-DREADD, thereby silencing pyramidal neurons. Interestingly, a
combination of both DZ and CNO rescued the mortality phenotype completely, with
significant reduction in seizure related EEG readings [22].

The Ash1/-Nes-cKO mice have increased seizure susceptibility. The Ash1/-Nes-
cKO mice and controls were injected with 40mg/kg pentylenetetrazol (PTZ), a GABAA
receptor antagonist. This dose is considered sub-convulsive, and it elicited a mild

response in wildtype mice, including face twitching. However, the Ash1/-Nes-cKO mice
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exhibited more severe epileptic behavior, including heavy myoclonic jerks and clonic-
tonic spasms. EEG traces before and after PTZ injection revealed that Ash1/-Nes-cKO
mice had spike-wave electrical discharges with higher amplitude compared to controls
[135].

These two studies describing seizure activity in Ash7/ mutant mice are intriguing.
It is curious that knockdown of Ash17/in a localized region of the cortex results in fatal
seizures, whereas conditional knockout in the whole brain only confers risk to seizure-
like behaviors after the administration of PTZ. Further analysis will be needed to confirm
seizure susceptibility in Ash7/ mutant mice, such as administering PTZ to Ash1/*-,
followed by EEG monitoring. Assessing different conditional knockout lines of Ash1/,
such as PFC specific (or use of a tamoxifen inducible cre to coincide with PFC

development), may provide further data on seizure susceptibility with regards to Ash1l.

1.4.10 ASH1L is Necessary for Balance Between Neuronal Excitation and

Inhibition

Three Ash1/ mouse models have been characterized regarding neuronal activity.
In normal brains, excitatory and inhibitory (E/l) synaptic transmission is tightly regulated.
Disruption in E/I balance has been implicated in a range of NDDs, including ASD and
TS [158].

To assess whether their Ash1/-Nes-cKO mouse model exhibited differences in
neural activity, Gao et al. performed IHC with c-Fos, a marker for neuronal activation.
The authors sectioned paraffin embedded brains of 1, 4 and 8-week-old Ash7/-Nes-cKO

mice and controls. Focusing on different brain regions, namely the amygdala,
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hypothalamus and motor cortex, c-Fos* cells were counted. While 1-week-old mice did
not have differences in c-Fos* cell number across the three brain regions between
genotypes, 4- and 8-week-old Ash1/-Nes-cKO had significantly more c-Fos™ cells in
each brain region that was studied. The authors reason that this increase in c-Fos* cells
is the result of hyperactivity in the mutant brains. They relate this finding to the increase
in locomotor activity observed in Ash7/-Nes-cKO mice [135].

To assess the neural activity of the Ash1/*-that exhibit tic-like behavior and
excessive self-grooming, S. Liu et al. also performed IHC with c-Fos on vibratome
sectioned brain tissue. The authors focused on the dorsal striatum, which is implicated
in animal models that exhibit repetitive behaviors and excessive self-grooming [159]. C-
Fos* cells were counted and normalized to total cell number. Both 1-month and 1-year-
old Ash1I*- mice exhibited an increased proportion of c-Fos* cells compared to Ash1/**
controls. Furthermore, Ash1/*- mice with skin lesions had significantly more c-Fos* cells
compared to Ash7/*- mice without skin lesions. The authors also assessed levels of
dopamine (DA) releasing events in Ash1/*~ mice, as abnormal modulation of DA has
been implicated in TS [160]. Using a fluorescent DA sensor and fiberoptic recording, it
was found that more DA-releasing events occurred in Ash1/*-mice compared to
controls. DA-releasing events were decreased to control levels upon haloperidol
administration, a D2 receptor antagonist [112].

Qin et al. assessed neural activity in PFC of Ash1/KP with shRNA and scrambled
shRNA control mice. The authors performed whole-cell patch-clamp recordings of PFC
slices, specifically on deep layer glutamatergic pyramidal neurons. These neurons were

chosen given obvious anomalies found in children with ASD [161]. Ash1XP neurons
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exhibited higher frequency of synaptic-driven, spontaneous action potentials compared
to controls. Ash1KD neurons also fired at hyperpolarized potential (-65mV), which did not
occur in any control samples. The authors found the ratio of excitatory postsynaptic
currents (EPSCs) to inhibitory postsynaptic currents (IPSCs) was significantly increased
in shRNA infected PFCs, indicating hyperactivity in these neurons. Interestingly,
spontaneous IPSCs had decreased amplitude and frequency in Ash1/XD, and
spontaneous EPSCs fired at increased frequency, indicating dysregulation of both
excitatory and inhibitory synaptic responses that could contribute to the hyperactivity.
Treatment with DZ and CNO activated Gi-DREADD restored this neuronal activity back
to normal levels [22].

Together, this data indicates roles of Ash1/in maintaining synaptic activity. With
c-Fos IHC and whole-cell patch-clamp analysis, these models show hyperactivity results
from Ash1/ loss in the brain. This hyperactivity is likely driving ASD-like, tic-like
behaviors and seizures exhibited in the mutants, suggesting that Ash1/ has roles in post
development by modulating genes required for this balance. With E/l imbalance as a
potential underlying mechanism for ASH1L affected individuals, this informs researchers

and clinicians of therapeutic targets.

1.4.11 ASH1L and Gene Expression Regulation

Ash1lis an important gene for viability and for development of skeletal structures
and organs including the brain. Ash1/ has multiple domains, including the H3K36
methyltransferase SET domain, DNA binding AT hooks and histone reading

Bromodomain and PHD. The function of these domains converge on gene regulation.
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Either through direct or indirect mechanisms, Ash1/ controls gene expression to co-
ordinate proper development and function.

As a TrxG member, its ortholog Ash1 was shown to regulate Hox gene
expression. Mammalian Ash7/ has also been found to modulate Hox genes in vitro and
in vivo. With ChIP, Gregory et al. found ASH1L occupies the entire transcribed region of
Hoxa10 in HEK-293T cells. Using shRNA, the authors reduced Ash1/ expression and
thereby reduced its occupancy at the normally active Hoxa10 and Hoxa6 loci. Reduced
expression of these genes was observed with RT-PCR [162].

Miyazaki et al. demonstrated that in-frame deletion of Ash1/’'s SET domain
modestly reduced Hoxd4 expression, and in €10.5 Ash1/ASET/ASET mice, there was
posterior shift in Hoxb4 and Hoxd4 expression patterns [23]. In Ash1/C7/GT mice,
Brinkmeier et al. observed reduced expression of Hoxa10 in uteri and reduced
expression of Hoxa11 and Hoxd10 in epididymis tissue [136]. Jones et al. also
assessed the Ash1/C7GT mice, specifically with regards to Ash7/’s role in hematopoietic
stem cells. The authors sorted and purified LSK progenitors (fetal liver and BM lineage—
SCA1*c-KIT* cells) and showed that Hox genes, a3-10, were all reduced in Ash1/GT/GT,
Expression of Meis1, a Hox related gene, was also reduced.

Wang et al. demonstrated Hoxa10, in addition to Col1, Alp and Sox9 were all
downregulated in siRNA-mediated knockdown of Ash/in C3 cells. Zhang et al.
microinjected Ash1/ overexpression (OE) vectors into e16.5 mouse ovaries; this
resulted in ~2-fold increase in ASH1L protein expression in ovaries compared to
controls. Expression of selected genes, including Dmc1, Rad51, Rec8, Spo11, Msh4

and Stag3, was increased in Ash1/ OE ovaries. These genes are involved in DNA
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damage and repair; rather than Ash1/ OE directly resulting in their increased
expression, the authors found Ash1/ OE resulted in oocyte double strand breaks [163].

Ash1l directly or indirectly regulates genes important for neurodevelopment and
learning. Gao et al. crossed their Ash1/ exon 4 floxed mice (Ash1/27%f) with a tamoxifen
inducible cre line (Rosa26-CreERT2**). NPCs from Ash 1?72 Rosa26-CreERT2** mice
were extracted from the subventricular zone (SVZ) and plated with serum-free culture.
The addition of tamoxifen resulted in excision of exon 4, resulting in an Ash1/-KO NPC
line. To assess gene expression differences between Ash7/-KO and control cells, the
authors differentiated the NPCs and collected at 0, 12 and 24 hours and performed
RNA-seq. Sequencing uncovered differentially expressed genes, including
downregulation of Emx2, Foxg1 and Pcdh10 and confirmed with RT-PCR. Gene
ontology (GO) analysis found regulation of cell migration, regulation of developmental
growth and brain development enriched in their dysregulated gene sets. [133].

Qin et al. performed RNA-seq on PFC Ash1/KP and controls. They found DEGs
that overlapped with ASD-, ID-, and epilepsy-risk genes, and gene set enrichment
analysis (GSEA) found high-risk ASD genes to be a highly affected gene module. The
authors also used GO analysis; important neuronal pathways were affected, including
neurotransmitter transport and cell adhesion. The authors were able to sort these DEGs
in accordance with their involvement in excitatory and inhibitory synapse function.
These results were confirmed with RT-PCR. Interestingly, the authors performed a ChIP
assay to quantify H3K4me3 at downregulated gene promotors and found a reduction of

H3K4me3 at four genes important for E/l balance, including Grm2 and Sic6a1. This data
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suggests that, through Ash1/-mediated H3K4me3, genes important for synaptic function
are regulated. [22].

Yan et al. performed RNA-seq on auditory cortices and dorsal striatum of 1-
month and 1-year-old Ash7/*-and Ash1/** mice. The authors compared datasets and
found EphA7, a gene important for axon guidance and topographical organization, was
consistently downregulated in Ash7/*-. In the EGR1-EGFP mouse line, active neurons
express GFP [164]; using tone-dependent fear conditioning, in which mice learn to
anticipate foot shocks upon hearing a tone, the authors used FACS to enrich for
activated neurons. They found that EphA7 was highly expressed in these activated
neurons, whereas in ASH1*;EGR1-EGFP mice, EphA7 expression was greatly
reduced.

The authors found H3K27me3 was enriched at the EphA7 gene via ChlIP in
Ash1*-, whereas neither H3K4me3 nor H3K36me2 were different between Ash71*- and
controls. The authors also observed Ash1/*- neurons had defects in synaptic pruning,
which is essential for learning, and can be rescued by activating EphA7 via ephrin-A5
application. Together, the authors concluded, the data suggests a specific pathway in
which Ash1/ activates the expression of EphA7 upon learning, which in turn modulates
synaptic pruning [24].

Ash1l has been shown to directly regulate neurexin 1a (Nrxn1a) in an activity
dependent manner. The Nrxn gene family (1, 2 and 3) encodes cell adhesion molecules
that are essential for synaptogenesis and pruning. Human variants in these genes have
been associated with ASD, as well as epilepsy and schizophrenia. Zhu et al.

demonstrated that transcription of Nrxn1a is activity dependent, by treating embryonic
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mouse cortical neuronal cell cultures with potassium or optogenetic stimulation.
Stimulation caused a prolonged reduction in Nrxn1a transcription. To identify the
protein(s) regulating Nrxn1a transcription in vivo, a synthetic zinc finger protein was
used to pull down proteins enriched at the Nrxn1a promotor in adult mouse brain, and
ASH1L was identified by mass spectrometry. This was validated with ChlP-seq of
ASH1L. Following neuronal activity, ASH1L and H3K36me2 were enriched at the
promoter region of Nrxn1a. Ash1/ was knocked down using doxycycline-inducible
shRNA, and Nrxn1a expression was no longer repressed following neuronal stimulation.

An Ash1I*- mouse model was generated; the aforementioned 11bp deletion in
exon 2 (c.1002_1013delCAATCAGGAAA) " Ash1/+- mice had normal hippocampal neuron
density. There was a reduction of H3K36me?2 at the Nrxn1a promotor in Ash1/*-
compared to controls. Other histone modifications, such as H3K4me3 remained
unchanged between genotypes. Primary neuronal cell cultures from e14.5 Ash1F-
embryos failed to reduce Nrxn1a expression in response to KCl or optogenetic
stimulation, confirming Ash1/ is required for activity-dependent repression of Nrxn1a
[111].

In summary, analysis of four different mouse models of reduced Ash1/
expression indicate it is important for regulating neurodevelopmental genes. In some
cases, genome wide analysis was carried out, and in other cases candidate genes were
analyzed. The leading model that ASH1L activates gene activation by counteracting
PRC2 repression via H3K36me2 is somewhat challenged by the findings of Zhu et al, in
which Ash1/ was found to act as an activity-dependent repression of Nrxn1a. Of course,

this does not necessarily represent conflicting data. RNA-seq in the studies outlined
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above show both up- and downregulated genes, indicating Ash1/ directly or indirectly

regulates gene expression.

This section gives a brief overview of Ash7/ mouse and in vitro models, in which
genetic manipulation has altered Ash1/ expression. From the observed results, roles of
Ash1l are inferred, particularly in relation to general mouse development,
neurodevelopment and neuronal activity. It is clear that, in mice, one functioning allele
of Ash1lis required for survival, as homozygous germline knockout models exhibit early
lethality. Comparing Ash1/*-and Ash1/S7/GT mice suggests there is a required threshold
to generate viable, fertile mice. On the other hand, heterozygous Ash1/ mice display
ASD- and tic-like behaviors, indicating that both Ash1/ allele are needed for normal
neurodevelopment. Neuronal activity studies of several Ash1/ models suggest
hyperactivity is a core phenotype of Ash1/loss of function, which will no doubt be further

tested as a therapeutic target.

1.5 Conclusions and Future Directions

Individuals with heterozygous, loss of function variants in ASH1L present with
NDDs, including ASD and ID, and some with variable structural birth defects. ASH1L is
a member of TrxG, which is part of an ancient mechanism of gene regulation that works
in tandem with PcG to specify body segmentation, among other essential processes.
The Drosophila ortholog, Ash1, was identified when mutations at its locus resulted in
absent, small or homeotically transformed body parts. Human ASH1L was later

discovered by comparing EST to Drosophila Ash1, and found to harbor the same
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functional domains, including the histone methyltransferase SET domain. ASH7L has
been shown to methylate H3K4 and H3K36; its target residue may differ depending on
tissue type or developmental timing. It is obvious from mouse studies that ASH1L plays
important functions that are required for survival and development. While the focus of
this review is on ASH7L and neurodevelopment, ASH7L has been implicated in various
biology processes and diseases, such as cancers [165,166].

ASH1L related genes, such as other TrxG and PcG genes, as well as other
H3K36 methyltransferases, have been associated with NDDs. Variants in TrxG gene
MLL1 cause Wiedemann-Steiner syndrome, characterized by developmental delay,
intellectual disability and ASD. The catalytic component of PcG PRC2, EZH2, is linked
to Weaver syndrome, individuals with Weaver syndrome exhibit macrocephaly and
intellectual disability. Individuals with Sotos syndrome, characterized with childhood
overgrowth, have been found to have variants in the H3K36 methyltransferase NSD1.
Similarly, variants in ASH7L have been found in individuals with NDDs. Genetic
analyses, such as exome sequencing, whole genome sequencing and gene-specific
targeted sequencing of NDD population and controls have found over 130 pathogenic
variants in ASH7L which are reported on the ASD-specific SFARI database.
Interestingly, clinical reports of individuals with ASH7L variants describe a range of
phenotypes and severity; it has been suggested that missense variants contribute to a
more severe diagnosis for patients. Future investigations may use patient derived ESCs
to access methyltransferase activity, interacting partners and protein stability.

Basic science investigations with the aid of several Ash1/ mouse models have

demonstrated the importance of this gene. Homozygous knockout models using
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different Ash1/ alleles have early lethality. Cause of death has yet to be determined;
however, tissue specific cre lines, such as neural crest or heart, may help pinpoint the
most severely affected organ. Ash1/G7/GT with reduced Ash1/ expression, suffer from
undergrowth and infertility, with homeotic transformations occurring in reproductive
organs. These mice also exhibit early adult lethality. While Ash1/ haploinsufficient mice
survive and are fertile, they present with a range of NDD behaviors, including
heightened anxiety, memory defects and tics. Conditional knockout of Ash1/ using
Nestin-cre and knockdown of Ash1/in the PFC present with neural hyperactivity, an
underlying marker of several NDDs. Furthermore, PFC Ash1/ knockdown mice have
severe seizures that result in death. With the severe seizure phenotype of Ash1/
knockdown adult mice, it also indicates Ash1/is essential after development. Use of a
tamoxifen inducible cre global knockout of Ash7/ may give greater insight into this.

It may be of clinical importance to compare behaviors and neural activity of
heterozygous Ash1/ mice with homozygous Ash1/ conditional knockouts and
knockdown models. Human patients with a loss of function, heterozygous ASH1TL
variant have variable expressivity, possibly due to modifying genes or other genomic
contexts. In mice, Ash1/ haploinsufficiency presents with increased anxiety and
decreased social preference, tic-like behavior and prolonged self-grooming.
Homozygous Ash1/ conditional knockouts and knockdown of Ash1/, both resulting in
less than 50% Ash 1/ expression in the brain/cortex, also exhibit these behavioral
phenotypes. However, these mice also have risk of seizures (fully penetrant in the
Ash1/KP model), suggesting that below the 50% expression threshold, Ash1/loss in mice

confers a more severe phenotype. Expression levels of ASH71L depending on the
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genomic context may drive the variable patient phenotypes and may be taken into
consideration regarding genotype-phenotype association.

ASH1L’s main function is gene regulation. Several studies have utilized RNA-
seq, RT-PCR or ISH to determine dysregulation of genes in the context of Ash1/. While
genes like the Hox family have been shown repeatedly to be downregulated in the
absence of Ash1l, studies are uncovering other genes required for normal brain
development and learning. In combination with ChIP, some studies have found
evidence of direct regulation, such as Nrxn1a and EphA7. Future studies may focus on
H3K36me2 differences in mutant mice and controls, as techniques such as CUT&RUN
are becoming more widely used. Additionally, spatial transcriptomics will likely be used
to tackle complex tissues, like the cortex, in relation to Ash1/ associated transcriptional
regulation. With the goal of improving affected individuals’ outcomes in mind, basic

science research will help direct treatment options in the future.
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Chapter 2: Ash1l Loss-of-Function Results in Structural Birth Defects
and Altered Cortical Development

2.1 Abstract

The histone methyltransferase ASH1L is a critical developmental regulator of
gene expression for many organ systems, but its role in brain development has not
been deeply investigated. Over 130 autistic individuals have heterozygous loss-of-
function ASH1L variants, and population studies confirm it is a high-risk autism gene.
Several studies report autism-like behaviors in Ash1/ deficient mice and characterized
aspects of the underlying neuropathophysiology.

We used mice with a cre-inducible deletion of Ash1/ exon 4, which results in a
frame shift and premature stop codon (p.V1693Afs*2). We assessed the impact of
Ash1l loss-of-function on survival and craniofacial skeletal development. We used a
tamoxifen-inducible cre strain to knockout Ash1/ early in cortical development
(Emx1cre-ER'2; €10.5). We used immunohistochemistry to assess cortical lamination,
and IdU and EdU incorporation to birthdate cortical neurons. We utilized single cell RNA
sequencing to compare cortical cell populations and identify differentially expressed
genes.

The proportion of homozygous Ash1/ germline knockout embryos was normal at
e18.5, however no live Ash1/ null pups were present at birth (e18.5: n =77, P = 0.90;
p0: Ash1I**n =41, P =0.00095). Ash1l”-had shortened nasal bones at €18.5 (n =31, P

= 0.017). In the cortical-specific knockout, SATB2 neurons were increased and
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distributed through the cortical plate (n = 6/genotype, P = 0.0001). There were no
differences in neuronal birthdating (n = 4-6/genotype, P = 0.40 for e14.5 and P = 0.057
for e15.5). Single cell RNA sequencing revealed numerous differences in gene
expression that were sufficient to cluster control and mutant upper layer neurons
separately. Pseudotime analysis revealed that the mutant cluster is on an altered cell

differentiation trajectory.
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2.2 Introduction

During mammalian brain development, the full complement of mature cortical
neuron subtypes are born from multipotent neural progenitor cells (NPCs) [167-170].
Transcriptional plasticity is required to generate this cellular diversity. Disruptions in the
complex process of gene regulation can impact cellular identity and function [171,172].
This is acutely evident by the large number of genes that encode transcriptional
machinery and chromatin components that are the genetic basis of neurodevelopmental
disorders (NDDs) [99]. One of these genes, ASH1L (Absent, Small, Homeotic-Like),
encodes a histone methyltransferase that dimethylates lysine 36 of histone 3
(H3K36me2), a mark associated with gene activation [62]. ASH1L is broadly expressed,
with the highest levels in the brain [146]. De novo variants in ASH1L are associated with
syndromic intellectual disability (ID) and autism spectrum disorder (ASD), further
highlighting an important role in brain development.

Postmortem tissue analysis of individuals with NDDs, particularly ASD, have
identified key hallmarks, specifically aberrant mature cortical neuron organization,
neuronal morphology, and cortical neuron connections [173]. The cortex is the
outermost layer of the cerebral hemispheres, and has been associated with language
and memory [174,175]. The generation of the cortex is a complex process that is
governed by transcriptional changes; multipotent neural stem cells undergo proliferation
and differentiation stages. This gives rise to the vast array of postmitotic neurons
arranged in the mammalian-conserved six cortical layers. The first-born cortical neurons
form the deepest cortical layer, and as cortical lamination continues, layer V through to

Il are generated in a sequential manner, each with their own neuronal cell type, axon
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projections and gene expression [176]. Transcriptional aberrations that disrupt this
process, including cell cycle exit and cellular differentiation, can have seismic effects on
corticogenesis, diverging from the normal temporal sequence to an asynchronous
phenotype. This deviation can alter cell trajectory and compromise its identity, even
resembling a different cell type. Transformation of cellular identities has been
characterized in a number of models of various NDD-related genes that govern genetic
regulation, suggesting a paradigm of altered cell identity converging on ASD-like cortical
phenotypes [177-179]. Transcriptomic profiles are directed by precise chromatin
modifications, in turn driving NPCs and immature postmitotic neurons to their correct
mature cortical neuron fate; however, how this is coordinated remains an area of open
investigation.

ASH1L is a member of the Trithorax group (TrxG) of chromatin regulators. TrxG
counteract the transcriptionally repressive Polycomb group (PcG) complexes [180]; this
evolutionary conserved relationship is essential for many aspects of metazoan
development, including the brain [13]. Their importance in neurodevelopment is
underscored by overlapping clinical phenotypes associated with TrxG and PcG variants.
Through the use of model systems, convergent mechanisms of differential expression
which underlie similar phenotypic outcomes are being identified.

Ash1l mouse models are valuable for revealing the essential functions of this
gene in development. Via various loss of function (LOF) alleles, it has been found that
global homozygous knockout (KO) of Ash1/ results in early lethality [111,133].
Furthermore, homozygous Ash1/ genetrap mice (Ash1/G7/GT) exhibit reduced size, poor

viability at weaning and infertility [136]. With regards to the brain and behavior,
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heterozygous Ash1/ mice (Ash1/*-) present with tic-like behaviors associated with
Tourette syndrome [112]. Ash1/*-and conditional knockout using Nestin-cre exhibit
autistic-like behaviors, including heightened anxiety and reduced sociability, likely due
to neural hyperactivity [105,230]. Adult mice who have been subjected to Ash1/
knockdown via short hairpin RNA (shRNA) in the prefrontal cortex have fatal seizures
[22]. Together, these studies indicate Ash1/ plays essential roles in the brain, including
modulating behavior.

The underlying developmental mechanisms of Ash1/ action during the course of
cortical development are poorly understood. We hypothesize that ASH1L-dependent
differential gene expression alters neural development and causes molecular
abnormalities in corticogenesis. To better understand the role of Ash1/in development,
we generated two Ash7/ mouse lines. The first was an Ash1/ germline knockout, Ash71F-
, which exhibited craniofacial anomalies and perinatal lethality. This recapitulated
previously reported features and confirmed phenotypes associated with Ash1/ LOF
[133]. The second Ash1/ mouse line was a tamoxifen-inducible, conditional knockout
model, Emx1-Cre-ERT?;Ash1/" (Ash1/°KO). Ablation of Ash1/in excitatory neurons of the
developing cortex at €10.5 resulted in a larger number of SATB2 neurons at €18.5, and
broader distribution of them through the cortical plate. Single cell RNA sequencing
(scRNA-seq) revealed broad gene expression differences in layer 1l-VI neurons, and
pseudotime analysis affirmed asynchronous differentiation trajectory for cortical

neurons.
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2.3 Materials and Methods

2.3.1 Mouse Generation

All procedures using mice were approved by the University of Michigan
Committee on Use and Care of Animals, and all experiments were conducted in
accordance with the principles and procedures outlined in the National Institutes of
Health Guidelines of the Care and Use of Experimental Animals.

The Ash1[tm2a(EUCOMM)Hmgu gllele was generated in C57BL/6N embryonic stem
cells as part of the Knockout Mouse Project using the knock-out first targeting vector
[181]. Ash1/tm2a mice were purchased from EUCOMM (HEPD0792_8 C04, EUCOMM).
This Ash1lallele has FRT sites flanking a lacZ and neo cassette within intron 3 of Ash1/
and loxP sites flanking exon 4. Excision of exon 4 with cre recombinase will result in a
frameshift and premature termination, ASH7L p.V1693Afs*2, a presumptive null allele.
We mated the Ash1/tm2a* mice with Flp® transgenic mice purchased from the MMRRC
[B6N(B6J)-Tg(CAG-Flpo)1Afst/Mmucd)], stock #036512-UCD to generate Ash1//* mice
[182]. Mice were crossed to C57BL/6J and genotyped as described to eliminate the Flp©
transgene and to detect the Ash1/ floxed allele (detailed below). To generate an Ash1/
germline knockout line (Ash1/), Ash1/”+ mice were crossed with (B6.FVB-Tg(Ella-
cre)C5379Lmgd/J strain #003724) [183]. Resulting Ash1/%-; EIIA-cre mice were
backcrossed with C57BL6/J and genotyped to select for Ash1/*- mating pairs without
EllA-cre. To generate breeding pairs for cortical-specific knockout of Ash1/ (Ash1/cKO),
we crossed Emx1-Cre-ER'? (B6;CBA-Tg(Emx1-cre/ERT2)1Kess/Sshid, Jackson
laboratory strain #027784, and Ash1/""mice to produce Emx1-Cre-ER'2;Ash 1/ mice

[184]. In turn, male Emx1-Cre-ER'2;Ash1/"and female Ash1/fwere paired for timed
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pregnancies. The morning a copulation plug was detected was designated as
embryonic day (e) 0.5. To induce cre expression, the pregnant females were injected
with 100 mg/kg tamoxifen (Sigma Aldrich, Darmstadt, Germany; cat: T5648-1G, source:
WXBD8755V) at e10.5 to coincide with neurogenesis of the cortex. Mice were housed
in specific pathogen-free conditions in ventilated cages with automatic watering and fed

Purina 5020 chow ad libitum.

2.3.2 Genotyping

DNA was extracted from tail tissue as previously described [185]. For Ash1/
germline knockout genotyping, a multiplex PCR was used to distinguish the presence of
exon 4 in one, both or neither Ash1/ alleles. The F1 forward primer, 5’-
GCTTCAAATGGGCAAGCCTC-3’, within intron 3, and the R1 reverse primer, 5'-
GCTCATCGTGATGTACTATCCGC-3’, within exon 4, give a PCR product of 800 bp
when exon 4 is present. The additional reverse primer R2, 5'-
TAGGCCAGTCAGGCTACGAA-3’, lies within intron 4. When exon 4 is absent, the PCR
product is 450 bp. The PCR conditions are: 95°C for 5 min, followed by 35 cycles of
95°C for 30 sec, 56°C for 30 sec and 72°C for 30 sec, with a final extension of 72°C for
5 min. PCR products were separated by electrophoresis through a 2% agarose gel. For
Ash1l cKO genotyping, PCRs were carried out to determine presence of the Ash1/5’
loxP site and 3’ loxP site, and Emx1-Cre-ER™2. 5’ loxP forward primer 5'-
GTCAGTATAGAAAGGCATGG-3 and reverse primer 5'-
ATGGAGCCAGAAGAGGGAGTC-3'. 3 loxP site forward primer 5'-
CAGCAAGCATCTTTCCTGGTGACC-3’ and reverse primer 5'-

ATGGCGAGCTCAGACCATAAC-3'. The PCR conditions for both are: 95°C 5 min,
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followed by 35 cycles of 95°C 30 sec, 58°C 30 sec and 72°C 30 sec, with a final
extension of 72°C 5 min. The presence of Emx7-Cre-ER™ was determined with forward
primer 5-AGAGACTTCAGGGTGCTGGA-3’ and reverse primer 5'-
GTGCCTGGCTAGAGATCCTG-3'. PCR conditions are: 94°C for 2 min, followed by 30
cycles of 94°C for 30 sec and 54°C for 15 sec, 72°C for 60 sec, followed by a final
extension of 68°C for 5 min. PCR products were separated by electrophoresis through a

1% agarose gel.

2.3.3 Tissue Preparation

Pregnant dams were euthanized, and the embryos were removed. Embryo
weights were recorded. Whole brains were dissected and weighed, before being fixed in
4% paraformaldehyde overnight at 4°C. Brains were washed in 1xPBS and washed with
10%, 20% and 30% sucrose in 1xPBS solution until tissue sank to bottom of tube. The
brains were then washed in a 1:1 30% sucrose, Tissue Plus O.C.T. Compound (Fisher
Healthcare, TX, USA, cat: 4585) mix and then transferred to 100% O.C.T. Brains were
orientated in O.C.T. before freezing on dry ice and subsequent storage at -80°C. Brains
were sectioned on a Leica CM 1950 cryostat at 15um thickness and mounted onto
Super Frost Plus microscope slides (Fisher Scientific, NH, USA; cat: 12-550-15). Slides

were stored at -80°C until needed.

2.3.4 Skeletal Preparations

Skeleton preparation was carried out as previously described [186]. In brief, skin,
organs and excess tissue were removed from the embryos before submerging in 95%

ethanol for three days. Embryos were then added to staining solution (0.3% alcian blue,
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acetic acid and 95% ethanol) for three days and dehydrated for a further five days in
95% ethanol. Embryos were then cleared with 1% potassium hydroxide and
counterstained (0.1% alizarin red, 1% potassium hydroxide). Skeletons were brought
through gradually increasing glycerol concentration solution and finally stored in 100%

glycerol.

2.3.5 Immunohistochemistry

Slides with cryosectioned tissue were thawed and washed three times in 1xPBS.
Slides were boiled in 10mM critic acid for 10 min. After allowing slides to cool for 1h,
they were washed three times in 1xPBS. Sections were blocked with normal donkey
serum (Jackson Immunoresearch Laboratories, PA, USA; cat: 017-000-121) or Mouse
on Mouse (M.O.M.) diluent (Vector Laboratories, CA, USA; cat: BMK-2202) for 1h at
room temperature. Primary antibody diluted in blocking solution was applied to sections
for overnight incubation at 4°C. Slides were washed three times in 1xPBS, and then
incubated with 1:100 primary host specific biotin for 1h at room temperature. Slides
were subsequently washed and incubated with 1:100 fluorescent-conjugated
streptavidin (source details below) for 1h at room temperature. Slides were washed with
1xPBS and stained with DAPI (1:200) for 5 min. Slides underwent additional 1xPBS
washes and were mounted with Prolong Gold antifade reagent (Invitrogen, OR, USA;
cat: P36930) and coverslips applied (Epredia, Ml, USA; cat: 152440). The following
primary antibodies were used (all from Abcam, MA, USA): mouse anti-SATB2 (1:100;
cat: Ab51502, lot: GR70015-13), rat anti-BCL11B (1:500; cat: Ab18465, lot: GR322373-
4). The following secondary antibodies were used (all from Jackson Immunoresearch

Laboratories, PA, USA): Biotin SP conjugated F(ab’)2 Sheep anti-Mouse IgG (cat: 515-
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065-072), Biotin SP conjugated F(ab’)2 Donkey anti-Rat 1gG (cat: 712-066-153) and
Biotin-SP (long spacer) AffiniPure F(ab'), Fragment Donkey Anti-Rabbit IgG (cat: 711-

066-152).

2.3.6 Birthdating

Pregnant females were injected with 50 mg/kg IdU (Sigma Aldrich, Darmstadt,
Germany; cat: 17125) on e14.5 and 50 mg/kg EdU (Baseclick, Munich, Germany; cat:
BCK488-1V-IM-S)) on €15.5. On e18.5, embryonic brains are dissected and undergo
tissue processing. EdU was visualized using EdU IV Imaging Kit 488 S (Baseclick,
Munich, Germany) in accordance with the manufacturer's protocol. After incubating with
the reaction cocktail, slides were washed with 1xPBS and blocked with normal donkey
serum (Jackson Immunoresearch Laboratories, PA, USA; cat: 017-000-121).
Immunohistochemistry was subsequently carried out with rat anti-BrdU (1:100; AbD

Serotec/Bio-Rad, cat: MCA2060, lot: 0109) to detect |dU.

2.3.7 Imaging and Image Analysis

For skull imaging and measurements, heads were removed from skeletons and
images of top, bottom and sides were taken on a Leica MZ 10 F microscope with a
Leica DFC310 FX camera. The following dimensions of the skull images were
measured with Imaged [187]: total length (tip of the nasal bone to the top of the occipital
bone), top width (across the widest part of the parietal bone), bottom width (across the
widest part of the basisphenoid bone), height (from the base of the mandible to the

junction between the parietal and frontal bones), interorbital distance (width of the
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frontal bone at the level of the beginning of the eye socket) and nasal bone length. Both
imaging and measurements were conducted without knowledge of genotype.

For birthdating and immunohistochemistry imaging and analysis, sections were
imaged on a Nikon X1 Yokogawa spinning disk microscope set-up with Nikon Elements
Advanced Research software. Medial and lateral portions of the cortices of both left and
right hemispheres were imaged at 400x magnification in a 2x2 multi-tile fashion. 405nm,
475nm and 640nm wavelengths were captured. Z-stack steps were set to +10um center
of tissue plane. Images were stitched and 100pum x 200um regions of interest (ROls)
were defined from the apical surface of the cortex. ROIs were cropped and rotated
upright. Element’s 3D Spot Segmentation was used to mark bright spots greater than
6.3um in diameter. Thresholds were adjusted based on signal strength and background
noise per experiment. For birthdating, brightest spots were chosen, indicating neurons
that exited the cell cycle shortly after DNA analogue injection. For distribution analysis,
positive 3D spot segmentation points were converted to binary and imported to FlJI
[188]. Images were split into ten equal bins and binary spots counted with the 3D
Simple Segmentation plug-in [189]. 8 — 12 sections were imaged and counted per

embryo.

2.3.8 Cell Collection for scRNA Sequencing

Cells were collected for scRNA sequencing as previously described [190]. In
brief, embryonic cortices were dissected in Earle’s balanced salt solution (EBSS) and
incubated with papain, 5.5 mM L-cysteine-HCL, 1.1 mM EDTA, and 100 mg/ml DNase |
(all part of Papain Dissociation System. Worthington Biochemical Corporation, NJ, USA;

cat: LK003153) in O2:CO2 equilibrated EBSS for 8 min at 37°C. Samples were titrated
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and centrifuged. Cells were resuspended with ovomucoid protease inhibitor and 50
mg/ml DNase | in O2:COz2 equilibrated EBSS and passed through a 70um cell strainer
(Becton Dickson, NJ, USA; cat: 08-771-2). Cells underwent centrifugation with an
ovomucoid protease inhibitor gradient and then resuspended in N2/B27 media (all from
Invitrogen, MA, USA. Neurobasal media cat: 21103-049; B27 supplement cat:
17504044, L-glutamine cat: 25030-081). Cells were counted before subsequent scRNA

sequencing steps.

2.3.9 Seq-Well scRNA Sequencing, Processing, and Analysis

Single cell RNA sequencing was carried out using the Seq-Well platform, as
previously described [191]. Briefly, functionalized Seqg-Well arrays were loaded with
MRNA Capture Beads (ChemeGenes, Wilmington, MA; cat: MACOSKO-2011-10). Cells
were loaded on the arrays and incubated for 15 min. Functionalized membranes
(custom ordered from Sterlitech, WA, USA) were sealed onto the arrays and incubated
at 37°C for 45 min. Sealed arrays underwent incubations in lysis and hybridization
buffers. Beads were removed from the arrays via centrifugation. Beads were incubated
with Maxima Reverse Transcriptase (Thermo Fisher Scientific, MA, USA,; cat:
EPOQ0753) overnight, then treated with Exonuclease 1 (New England Biolabs, MA, USA;
cat: M0293S). Transcriptome amplification was performed using the 2X KAPA Hifi
Hotstart Readymix (Roche, Basel, Switzerland; cat: KK-2602). Products were purified
with AMPure SPRI beads (Beckman Coulter, CA, USA; cat: A63881). Libraries were
prepared using the Nextera XT DNA Library Preparation Kit (lllumina, CA, USA; cat:
FC-131-1096) and libraries were sequenced on an lllumina NextSeq 2000 instrument

(75 cycles). Digital gene expression matrices were generated from sequencing data
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using the Drop-seq Alignment protocol, as previously described [192]. Reads were
aligned to mm10 with STAR [193]. Filtering and analysis were carried out using Seurat
R package (versions 3.1.2 - 4.3) [194,195]. Cells with transcripts from fewer than 300
genes or more than 2000 genes, and cells with greater than 10% mitochondrial gene
transcripts were removed from subsequent clustering and analysis. Data was
normalized, scaled, and underwent dimensionality reduction. Clusters representing cell
types were generated and annotated using previously described markers of cortical
cells [196,197]. Excitatory neurons were isolated and re-clustered using reciprocal PCA.
GSEA analysis was carried out using the R package Enrichr [198,199]. Pseudotime
analysis was conducted with Monocle3 [200-203]. GO term analysis figures were

generated with ShinyGO [204].

2.3.10 Statistics

GraphPad Prism software was used for statistical analysis and making graphs
(version 10.0.3). The P value for analyzing Ash1F- lethality was calculated using the chi-
square test. P values for skull dimension and brain/body weight comparisons were
calculated using the analysis of variance (ANOVA) test. Comparing Ash1/°K0 and
Ash1/C data (raw numbers, IHC percentages, scRNA-seq cell type populations) were
statistically analyzed using the unpaired t-test. Specific parameters for t-tests are

reported in figure legends.
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2.4 Results

2.4.1 Ash1l Germline Knockout Mice Exhibit Perinatal Lethality and Variable

Craniofacial Anomalies.

We showed that mice homozygous for an Ash1/ gene trap allele (Ash1/G7/GT) had
residual Ash1/ expression, reduced body weight, and poor viability at weaning [136]. To
assess how total ablation of Ash1/ expression impacts survival we generated a null
allele lacking exon 4, which produces a frame shift and premature termination, Ash1/
p.V1693Afs*2 (Fig. 4A, top panel). We used a multiplex PCR approach for genotyping
Ash1I**, Ash1l*-and Ash1l”- mice (Fig. 4A, bottom panel). Ash1/*-males and females
were crossed for timed pregnancies and embryos were collected at embryonic day (e)
18.5. At e18.5, Ash1I**, Ash1I*~and Ash1l- embryos were present in a normal
Mendelian distribution (1:2:1) (Ash1/**n = 21, Ash1I*-n = 37 and Ash1/”-n = 19; chi
square P value (two-tailed) = 0.8955). However, at postnatal day (p) 0, no live Ash1/}-
pups were identified, whereas Ash1/** and Ash1/*-pups were present and alive
(Ash1I**n =15, Ash1I*~n = 26 and Ash1l”-n = 0; chi-square P value (two-tailed) =
0.0009). We found no difference in the expected Mendelian ratio in the number of
Ash1I**and Ash1I*-mice at p21 (1:2) (Ash1I** n = 20 and Ash1I*-n = 30; chi-square P
value (two-tailed) = 0.3679) (Fig. 4B). This data shows that homozygous Ash1/ LOF
results in lethality, specifically between €18.5 and birth, demonstrating that Ash1/is
essential for survival.

Ash1lis a known regulator of Hox gene expression [23,136,162]. Hox genes are
essential for correct body segmentation and development [205]. We used the

DECIPHER clinical database to assess the prevalence of skeletal and craniofacial
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anomalies in individuals with a heterozygous ASH1L variant. Of the 42 patients with
clinical information, 50% had documented skeletal anomalies, and 47.6% had
craniofacial dysmorphology [5]. Therefore, we hypothesized that Ash7/”- mice may
exhibit skeletal and craniofacial defects. Embryos were collected at €18.5 and
examined. Some Ash1/”-embryos had visibly shorter snouts (Fig. 4C). We quantified
differences in skull dimensions following staining with alcian blue and alizarin red (Fig.
4D). The nasal bone length was significantly shorter in Ash7/-embryos compared to
Ash1I*”* and Ash1I*-embryos (Ash1/**n =6, Ash1*-n = 11 and Ash1l”-n = 14; one-way
ANOVA P value = 0.0171). The skull height, width and length were not significantly
different (Supplemental Fig. 1B-l), suggesting a specific role for Ash1/in craniofacial
development.

Differences in brain size, particularly macrocephaly, have long had an
association with ASD [206,207]. To determine whether Ash1/ LOF resulted in
differences in brain size, we weighed bodies and brains of e18.5 embryos (Fig. 4E) and
(Supplemental Fig. 2A, B). Differences in brain-to-body weight percentage between
genotypes at e18.5 (Ash1/**n =11, Ash1I*-n = 22 and Ash1l”-n = 9; one-way ANOVA
P value = 0.7927) were not statistically significant. We compared gross morphology of
Ash1I**, Ash1l*-, and Ash1l”-brains. No major anatomical differences were found. The
ventricular area of brain sections were measured and normalized to total brain area; no
significant difference was observed (Supplemental Fig. 2C-E). Together, this data
suggests that Ash1/ deficiency has little or no effect on overall brain growth during

prenatal development.
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Figure 4: Ash1l germline KO mice exhibit perinatal lethality and craniofacial anomalies.

(A) Gene structure of Ash1/. Scale bar = 11.4 kb. Exons 2-5 are enlarged and loxP sites flanking exon 4 are shown
as black arrowheads. SET domain is encoded by exons in red. In the presence of cre, exon 4 is excised and
recombination occurs, resulting in a premature stop codon in exon 5 (denoted with red *). Multiplex genotyping is
carried out with primers F1, R1 and R2, and results for each genotype are shown in the bottom panel. (B) Number of
viable mice at €18.5, p0 and p21 of each genotype Ash1/** (white), Ash1/*- (grey) and Ash1F- (black) obtained by
intercrossing Ash1/*- mice. P values were calculated for each timepoint by chi-square. E18.5, n = 77; p0, n = 41; p21,
n =50. (C) Images of €18.5 embryos, Ash1/** (left), Ash1/*- (middle) and Ash1/* (right). Scale bar = 5mm. (D)
Schematic of top and side views of €18.5 mouse skull. Nasal bone in dark grey. (E) Percentage of nasal bone length
that comprises the total skull length (total skull length = skull length + nasal bone length) compared across genotypes
at €18.5. P value calculated by one-way ANOVA. Ash1/**, n = 6; Ash1I*", n = 11; Ash1l", n = 14. (F) Percentage of
brain weight over total body weight compared across genotypes at €18.5. P value calculated by one-way ANOVA.
Ash1I**, n =11; Ash1I~, n = 22; Ash1I", n = 9. Data shown as mean + SEM.
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2.4.2 Ash1I°K0 Mice Have Increased SATB2 Cortical Neurons With Altered Layer

Distribution.

As Ash1l”-brains were generally comparable to controls, we postulated that
Ash1l LOF may impact cytoarchitecture. Leading theories on ASD etiology implicate
altered development of the cortex, the highly organized outer layer of the brain
[208,209]. Additionally, anomalies in cortical organization have been identified in
numerous mouse models of ASD [210,211]. For these reasons, we focused on the
mouse cortex, and utilized a conditional knockout (cKO) mouse model, given the peri-
lethality observed with Ash1l”-mice. We used Emx1-cre-ER2, a tamoxifen inducible cre
strain that is activated in pallial precursor cells [184]. Ash 1/ mice were crossed with
Emx1-creER™,Ash1I to generate Emx1-creER'2,Ash1/” (henceforth referred to as
Ash1[eKO) with Ash1/"; cre-negative control littermates (Ash1/Ct"). The Emx1-creERT?
alone does not affect cortical development and has been used as the control line in a
number of studies [212—-218]. To coincide with the onset of corticogenesis, pregnant
females were injected with tamoxifen at €10.5 to induce cre expression in Emx1-
expressing cells. We dissected brains at €18.5, as mouse cortical neurogenesis is
largely complete by then (Fig. 5A) [219]. To assess whether Ash1/°K0 embryos
exhibited alterations in cortical lamination, we performed immunohistochemistry (IHC)
on Ash1/°K0and Ash1/Ct cortices. We performed IHC staining with SATB2, a molecular
marker for upper layer neurons Il-IV, and BCL11B, a marker for deep layer V neurons
[220-224]. Cortical tissue was imaged, regions of interest were selected and uniformly
cropped (100um x 200um areas, from the basal surface of the cortical plate and

extending downwards) for analysis. White boxes in Fig. 5A indicate examples of
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regions sampled. We performed an assessment of cellular distribution by further
dividing these regions into ten equally sized bins (Fig. 5B). Overall cell number (DAPI)
was comparable between genotypes (Supplemental Fig. 3A). However, there were
significantly more SATB2 neurons in Ash1/°KO cortices compared to Ash 1/ (Fig. 5C,
D) (Ash1/€" n = 6 and Ash1/°KO n = 6; unpaired t-test P value = 0.0001). We normalized
the number of SATB2 cortical cells to total cells (DAPI) per bin. As expected, Ash1/ct
SATB2 neurons were more prevalent in the upper bins. Conversely, there was a stark
difference in distribution of SATB2 neurons in Ash1/°KC tissue. The increase in SATB2
labelled neurons were significantly increased in all ten bins. A significant difference in
number of BCL11B neurons was not identified (Fig. 5F, G) (Ash1/€" n = 6 and Ash1/eKO
n = 6; unpaired t-test P value = 0.1317). The number of BCL11B neurons normalized to
DAPIwas comparable between Ash1/€" and Ash1/°KO, with a slight shift in distribution
resulting in a greater number of BCL11B neurons in bin nine in Ash1/°KO (Fig. 5H).
Together, these data show that conditional knockout of Ash1/in the developing cortex
results in more SATB2 neurons that ectopically reside in deep layers of the cortex,
whereas BCL11B neurons remain comparable between Ash1/Ct"and Ash1/eKO cortices,
at e18.5. Ash1/ may be necessary to refine the cell fate of upper layer neurons during

cortical development.
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Figure 5: Ash1/°© have increased number of SATB2 cells and altered SATB2 distribution.

(A) Representative image of Ash1/°" brain section with regions of interest enclosed in white boxes (100um x 200um)
(B) (left to right) SATB2 (layer II-IV marker), BCL11B (layer V marker), DAPI, and merged image. Merged image has
ten equal sized bins (1-10) for distribution analysis. (C) Representative images of SATB2 IHC Ash1/°t and Ash1/°KO,
(D) Percentage of SATB2 cells over total number of cells. (E) Distribution of SATB2/DAPI (%) across bins. (F)
Representative images of BCL11B IHC Ash1/C" and Ash1/°K°, (G) Percentage of BCL11B cells over total number of
cells. (H) Distribution of BCL11B/DAPI (%) across bins. Statistical analysis of (D, G) was determined by two-tailed
unpaired t test. Significance shown by P values. (E, H) statistical analysis was determined by multiple unpaired t tests
(Holm-8idak method). Adjusted P values denoted (* P < 0.05, ** P < 0.01, *** P < 0.001). Data shown as mean *
SEM. White scale bars = 10um.

76



2.4.3 Ash1I°KO Cortices Do Not Exhibit Altered Birthdating.

To address the possibility that Ash1/is required to orchestrate the timing of cell-
lineage differentiation from NPCs, we performed birthdating analysis. To assess a
significant difference in SATB2 neurons, we focused on the pivotal timepoints e14.5
(coinciding with the end of deep layer neurogenesis) and e15.5 (coinciding with the start
of upper layer neurogenesis). We set up timed pregnancies and injected pregnant
females with 1dU (5-iodo-2'-deoxyuridine) on e14.5, and EdU (5-ethynyl-2'-deoxyuridine)
on e15.5 (Fig. 6A). Females were euthanized on e18.5 and embryonic cortices
processed. As previously found with the lamination analysis, cell numbers were
comparable between genotypes (Supplemental Fig. 3B). We observed no differences
in the proportion of IdU neurons or EdU neurons when comparing genotypes (Fig. 6B,
C) (IdU: Ash1/Ct n = 4 and Ash1I°KO n = 6; unpaired t-test P value = 0.3993. EdU:
Ash1/Ctn = 4 and Ash1/°KO n = 6; unpaired t-test P value = 0.0565). We performed co-
labelling IHC for SATB2 and EdU to determine if the additional SATB2 neurons in the
lower bins (8-10) of the Ash1/°KO cortices were born at e15.5 (Fig. 6D). The majority of
SATB2/EdU double-labelled neurons were found in the upper bins of Ash1/¢"and
Ash1[FKO, We observed significantly more SATB2/EdU neurons in bin one in Ash1/°KO,
while the lower nine bins were comparable between genotypes. Together, this data
suggests that the majority of the Ash1/cKkO SATB2 neurons in the lower bins were born

prior to €15.5.
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Figure 6: Ash1/°K© cortices do not exhibit altered birthdating.

(A) Developmental timeline of corticogenesis €8.5 to €18.5. Experimental times shown on bottom axis. (B)
Percentage of IdU cells over total number of cells. (C) Percentage of EdU cells over total number of cells. (D)
Distribution as percentage of SATB2, EdU cells across ten bins (Percent of SATB2, EdU cells within a bin over total
number of cells in 100um x 200pum image). Statistical analysis of (B, C) was determined by two-tailed unpaired t test.
(D) Statistical analysis was determined by multiple unpaired t tests (Holm-Sidak method). Adjusted P values denoted
(* P < 0.05). Data shown as mean + SEM.
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2.4.4 Ash1I°K0 Cortices Have an Altered Population of Layer ll-IV Neurons.

As a chromatin-based transcriptional regulator, Ash1/ may be altering the
expression of genes required for correct lineage fate specification in the developing
cortex. The cortex is highly heterogeneous, so we used scRNA-seq to perform a broad
and unbiased analysis of cell types. We collected cortices from three Ash1/C and four
Ash1/cK0 ¢18.5 embryos, and carried out scRNA-seq on the SeqWell platform for all
seven samples (Fig. 7A) [191]. Before clustering, we assessed sample quality by
comparing percentage of mitochondrial gene mapped, number of genes and number of
transcripts detected (Supplemental Fig. 4A). There was remarkable consistency in
sample quality. Ash1/ transcripts were examined using the Integrative Genomics Viewer
(IGV), and as expected, very few reads mapped to exon 4 (floxed in our allele) in
Ash1/°K0 compared to Ash1/C", indicating consistent, efficient, tamoxifen-induced gene
ablation (Supplemental Fig. 4B).

Excitatory neurons were identified based on gene expression, bioinformatically
isolated and re-clustered (Fig. 7B). Cell clustering unveiled nine specific cell types
across both genotypes. Select marker genes are shown in Fig. 7C. Eight out of the nine
identified cell types have been well characterized and expected in e18.5 wild type
mouse cortex: four layer II-IV neuron clusters, layer V subcerebral neurons, layer V-VI
hippocampus callosal projection neurons (CPN), layer VI corticothalamic neurons and
neural progenitor-like cells (Fig. 7D). Interestingly, we found an additional layer II-IV
neuron cluster (named layer 1I-1V°K0). This cell type aligned with the other layer II-IV
cluster expression profiles (Fig. 7C). In Ash1/cKC cortices, there was a significant

decrease in layer II-VI neuron clusters (1) and (2), and a significant increase in layer II-
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IVeKO (Fig. 7E, F). This finding was consistent across individual samples (Supplemental
Fig. 4C). These data suggest marked changes in gene expression in the cortex of

Ash1/cK0 embryos, specifically in upper layer neurons II-IV.
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Figure 7: Single cell RNA sequencing unveils molecular differences in Ash1/°K0,

(A) Experimental overview of scRNA-seq experiment following tamoxifen injection at e10.5. (B) Breakdown of €18.5
embryo genotypes used in scRNA-seq experiment. Developmental timeline of corticogenesis with annotated cell
types at €18.5. Experimental times shown on bottom axis. (C) Dot plot of marker genes (x axis) by cell type (y axis).
Dot size represents percentage of cells within a given cluster that express each marker, and color denotes
expression level. (D) UMAP of Ash1/° and Ash1/°C cell types identified. (E) UMAPs split by genotype; Ash1/° and
Ash1/°C_ (F) Bar chart showing percentage of Ash1/C and Ash1/°KC cells corresponding to each cell type. Statistical
analysis was determined by multiple unpaired t tests (Holm-Sidak method). Adjusted P values denoted (* P < 0.05, **
P < 0.01). Data shown as mean + SEM.
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2.4.5 ScRNA-seq Reveals Differential Expression of Altered Cell-Lineage

Differentiation.

The size of the genotype-specific layer II-1\V°KO cluster correlates with the
reciprocal reduction of clusters layer II-IV (1) and (2) in Ash1/°KO, Thus, we first sought
to identify the differential expression underlying these changes (Fig. 8A). We isolated
these three clusters and performed reclustering to assess differentially expressed genes
that may be driving the layer II-IVKO identity. Surprisingly, we found only small, but
significant, changes in gene expression (Fig. 8B). Upregulated genes in Ash7/cKO
included Ndn and P-Rex1, both of which have been associated with abnormal neuron
development and activity. Ndn overexpression has been found to induce
hyperexcitability in cortical neurons [225]. P-Rex1 overexpression alters neuronal spine
density and results in anxiety like behaviors in mice [226]. Interestingly, the most
upregulated gene was Malat1, a IncRNA that binds to polycomb repressive complex 2
(PRC2) and recruits it to target loci [227]. We found increased expression of Satb2,
which correlates with an increase in SATB2 neurons in Ash1/°KO cortices by
immunohistochemistry. Downregulated genes included synaptic associated genes
CadmZ2 and Homer2. Egr1, another downregulated gene, has been extensively studied
for its role in neural activity and memory in knockout mouse models [228,229]. Overall,
the majority of the dysregulated genes found in Ash1/°KOimpact neuron development or
activity.

We sought to determine what biological processes might be affected by
dysregulated gene expression. Gene ontology (GO) term analysis showed that

neurogenesis, neuron differentiation, and neuron development were impacted across
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up- and downregulated genes (Supplemental Fig. 5A, D, G). To home in on more
specific mechanisms, we performed gene set enrichment analysis (GSEA) on the
differentially expressed genes (Fig. 8C). The most significant term for downregulated
genes was chromatin remodeling (GO: 0006338), which was unsurprising given that
Ash1lis a histone modifier. Interestingly, positive regulation of both transcription by
RNA polymerase Il (GO: 0045944) and DNA-templated transcription (GO: 0045893)
were enriched in the Ash1/°K0 downregulated gene set, suggesting that loss of Ash1/
results in broad, genome-wide transcriptional changes.

We postulated that layer II-1V clusters (1) and (2) had undergone a different cell
fate in Ash1/°KO due to altered gene expression, resulting in a unique transcriptomic
identity found in the scRNA-seq data. We aimed to assess the cell trajectory of the layer
lI-1VKO neurons in the context of the other upper layer neurons layer II-1V clusters (1, 2,
3, 4). To this end, we bioinformatically isolated these clusters and included the neural
progenitor cluster to aid in establishing a pseudotime root. These groups underwent
reclustering (Fig. 8D). We found significant differences in cell numbers in most clusters
between genotypes (Fig. 8E). We assessed Sox2 and Vim expression to identify the
progenitor-like cluster, which was then used as the root node for further pseudotime
analysis (Fig. 8F). We utilized Monocle 3, a popular R package for cell trajectory
analysis [200-203]. We found contiguous pseudotime paths with distinct branch points
across the clusters (Fig. 8G, left). There was a clear, genotypic difference in
pseudotime values when the UMAP was split by genotype (Fig. 8G, right). We next
plotted pseudotime by density (scaled cell numbers) (Fig. 8H). Ash1/Ct formed three

distinct peaks: one at 0 (the remaining neural progenitor-like cells), and two at 12 and

83



14. These later peaks were driven by transcriptomics that represent mature layer II-IV
neurons. Ash1/FKO formed a less defined curve; like Ash1/Ct, there was a peak at 0,
however the large peak at 6 suggests a large cell population that have not reached their
final fate. The smaller peak at 10 may suggest that Ash1/cKO cells can proceed further
along this trajectory. Together, this data indicate that Ash1/ plays a role in establishing

correct cell fate in the developing cortex by coordinating gene expression.
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Figure 8: Analysis of scRNA-seq suggests altered cell trajectory due to differentially expressed genes.

(A) Upper layer neurons (1, Il and cKO) were selected. (B) Volcano plot showing differentially expressed genes found
between Ash1/C" and Ash1/°%© neurons in these clusters. Some differentially expressed genes are labeled:;
upregulated genes in Ash1/°%© on right and downregulated genes on left. X axis logz fold change cutoff at 0.25. (C)
Gene set enrichment analysis (GSEA) terms of biological processes that were negatively impacted in Ash1/°4C, (D)
Upper layer neurons II-1V (1, 2, 3, 4 and cKO) and neural progenitors were bioinformatically isolated and reclustered.
UMAP shown on right. (E) UMAPs split by genotype. (F) Sox2 (top) and Vim (bottom) mRNA expression; both are
markers for neural progenitor-like cells. Darker blue represents higher expression. (G) Pseudotime analysis
conducted with Monocle3. Gradient from navy blue to yellow represents increasing pseudotime. (Right) UMAPs split
by genotype; darker blue represents higher pseudotime. (H) Density plot comparing distribution of cells along
pseudotime axis. Ash1/°" in red and Ash1/°KC in green.
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2.5 Discussion

ASH1L has come under increased scrutiny in recent years, given the growing
body of evidence that it is a high confidence ASD gene [105,230]. A number of Ash1/
studies have investigated its role in the brain and behavior
[22,24,111,112,133,135,230]. These studies have provided valuable insight into Ash17/-
dependent neurophysiology and ASD-like behaviors. In this study, we set out to
investigate the molecular consequences of Ash1/ LOF in the developing mouse cortex.
We confirmed that ablation of Ash1/in the germline causes perinatal lethality, and we
documented specific craniofacial anomalies in €18.5 mutant embryos. There were no
significant differences in brain weight relative to body weight. In the Ash7°KO cortices,
there was a significant increase and ectopic placement of SATB2 neurons in the cortical
plate. Birthdating analysis revealed that SATB2 neurons in deep layers of Ash1/cKO
cortex were born prior to €15.5, like in the Ash1/€t. We compared cell populations in
Ash1/cKOand Ash1/C" via scRNA seq and found a layer II-IV cluster unique to mutants,
in lieu of two distinct layer II-IV clusters found in controls. Further analysis indicated that
cells in the layer II-1VKO cluster have gene dysregulation that drives its unique identity,
and these cells have an altered cell-lineage fate trajectory.

Prior to birth, Ash1/”- embryos were present at Mendelian ratios; however, no live
Ash1l”- pups persist at p0 in our germline Ash1/ null line, due to E2a-cre mediated
recombination of exon 4. Perinatal lethality is a conserved phenotype observed for a
series of germline Ash1/ LOF alleles, yet the cause of death is unknown. Highly
penetrant neonatal lethality is observed in the CRISPR-mediated deletion, Ash1/

c.1002_1013delCAATCAGGAAA111 133]. In the genetrap (GT) model, Ash1/GT/GT mice
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showed reduced growth and postnatal lethality, with the surviving animals lacking
Meibomian glands and exhibiting vertebral, reproductive organ, and fertility defects
[136]. Lethality cannot be attributed to defects in brain development, as the Emx17-cre
and Nestin-cre mediated deletion of Ash7/ exon 4 produces viable mice. This highlights
a systemic role for Ash1/ in development that has implications for multiple organ
involvement.

Human ASH1L heterozygous LOF variants are associated with a variety of
structural birth defects, including some skeletal (50%) and craniofacial abnormalities
(47.6%) and either macrocephaly (7.1%) or microcephaly (4.8%) [5]. There are also
cases with heart, genital, and/or feeding abnormalities consistent with a syndromic
developmental disorder. We did not detect any change in brain size or body weight of
wild type, heterozygote or Ash1/”- embryos at e18.5 However, €18.5 Ash1F- mice did
reveal tissues vulnerable to Ash1/ LOF during development. Ash1/”- mice exhibited
craniofacial anomalies, specifically a shorter nasal bone. The absence of craniofacial
defects in the Emx1-cre (not expressed in neural crest) and presence in the Nestin-cre
(expressed in neural crest) mice indicate that the Ash1/ contribution of craniofacial
abnormalities is through its impact on neural crest development [133]. Mice with
craniofacial anomalies may have difficulty feeding after birth and die due to starvation
[231,232]. This may explain perinatal lethality exhibited by Ash7F-animals; however,
further investigation will needed to determine cause of death.

As a genetic etiology of ASD, efforts to reveal the role of ASH7L in brain
development have intensified. Conditional Ash1/ knockout during brain development

reveals mammalian ASH1L neuropathology. We observed cortical lamination defects
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that were similar to those observed in Ash7/ mouse models [133]. We found a
significant increase in the number of SATB2 neurons in Ash1/°KO cortices at €18.5. We
determined that this genotypic difference is due to a greater number of SATB2 neurons
in deeper cortical layers of Ash1/°KO brain. Immature postmitotic neurons destined to
become upper cortical layer SATB2 neurons migrate from the ventricular zone past
deep layers to contribute to upper cortical layers. Thus, ectopic deep layer SATB2
neurons can be attributed to altered timing of differentiation or migration of neurons. To
tease apart these developmental mechanisms, IdU and EdU birthdating was performed
in Ash1/°K0 and Ash1/C" at e14.5 and e15.5, the latter of which representing the onset of
upper layer neuron development. No genotypic difference in the number or distribution
of IdU or EdU neurons were observed. E15.5 EdU labelled neurons resided in upper
cortical layers at €18.5, with a comparable number of SATB2 double positive cells
observed between genotypes. This suggests that neurons generated at this
developmental timepoint properly migrate to upper cortical layers. Importantly, SATB2
neurons that ectopically reside in deep layers were not EdU labelled, indicating that
their cortical position was not due to migration defects, and is instead the result of
premature differentiation. This finding is supported by the scRNA-seq transcriptomic
data that revealed a unique cKO cluster in the upper cortical neuron UMAP space and
asynchronous differentiation by pseudotime analysis. Cortical heterotopias and altered
lamination are cytoarchitectural defects associated with ASD neuropathology,
highlighting the relevance of these findings [208,209].

To explore asynchronous fate changes in Ash1/cKO cortical development, we

reclustered all layer II-1V clusters and neural progenitors and performed pseudotime
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analysis. Interestingly, we did not see a simple shift in the pseudotime peaks depicted
by Ash1/ct’; we saw a build-up of Ash1/FKO cells partially through the pseudotime axis.
This data further supported our argument that upper layer cortical neurons in Ash1/cK0
cortices exhibit a distinct differentiation trajectory from that of control upper layer cortical
neurons. This may represent convergent neuropathology between ASD risk genes, as
asynchronous cell differentiation has been noted in a range of studies involving neural
differentiation [233—-237]. Paulsen et al. generated organoids harboring heterozygous
LOF variants in one of three ASD risk genes, namely SUV420H1, ARID1B and CHDS.
Using scRNA-seq at different time points, the authors found all three genes shared
molecular phenotypes corresponding to asynchronous development. ARID1B*-
genotype resulted in delayed generation of deep layer projection neurons, whereas both
SUV420H1*-and ARID1B*-genotypes had premature development of GABAergic
neurons [237].

Through its chromatin associated activities, ASH1L is situated to alter
transcriptional plasticity and cell fate. We directly compared the transcriptomic profiles
of layer II-IV (1) and (2) with layer 1I-IVKO_ Surprisingly, we found small, but significant,
changes in gene expression that implicate pathogenic mechanisms of altered cortical
neuron fate with implications for ASD biology. Ndn, P-Rex1, Satb2, and Malat1
expression were upregulated in Ash1/cKO neurons. Overexpression of Ndn and P-Rex1
in mice causes neuronal hyperactivity and behavioral anomalies [225,226]. The IncRNA
Malat1 binds PRC2 and recruits it to target loci [227]. This is interesting given that
ASH1L is thought to dismiss PRC2 in order to activate target gene expression. Various

downregulated genes include Cadm2 and Homer, which are involved in synapse
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formation, and Egr1, prominently associated with neural activity and memory
[228,229,238,239]. GSEA output suggested that downregulated genes found in the
Ash1l layer 1I-IVX© played important roles in overall transcription; terms included
positive regulation of DNA-templated transcription (G0O:0045893), positive regulation of
transcription by RNA polymerase Il (GO:0045944), and chromatin remodeling
(GO:0006338). Bulk RNA seq conducted by other groups studying Ash1/ loss was
assessed using GSEA or GO term analysis. We found overlap with a range of GO
terms, including synapse organization, cell adhesion molecule binding and small
GTPase binding [24].

Previous studies of Ash7/in the brain have employed bulk RNA-seq to determine
differentially expressed genes. These models include Ash1/-KO primary neurons,
knockdown of Ash1/ via short hairpin RNA (shRNA) in the prefrontal cortex, and
heterozygous Ash7/ mice; subsequent GO term analysis implicate Ash1/ serving broad
neurogenesis roles [22,24,133]. ScCRNA-seq analysis provides greater resolution to the
cellular basis of these changes. We found most of the cell clusters overlapped in both
genotypes, including those representing deeper layer neurons. However, clear
genotypic differences were observed with the upper layer neuron clusters. The Ash1/ckO
had very few cells associated with the layer II-IV (1) and (2) clusters, whereas they
contained the unique layer 1I-1V°KO cluster. While these clusters are closely related
based on their close association on the UMAP plot (Fig. 7D), their transcriptional
profiles defined by upper cortical neuron transcripts were sufficiently different to
generate distinct clusters. It is not evident how these transcriptional changes correlate

to previously described functional changes. This finding also raises the likelihood that
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the ectopic, deep layer SATBZ2 labelled neurons may not represent functionally normal
upper layer neurons. In combination, these findings support a model where ASH1L is
required for both the timing of differentiation and mature fate of cortical neurons that
profoundly impacts upper layer cortical neuron heterogeneity. Interestingly, knockdown
of Ash1/ with shRNA was shown to alter the differentiation trajectory in vitro of
mesenchymal stem cells, promoting adipogenic differentiation while suppressing
osteogenic and chondrogenic differentiation, suggesting this may represent a broader
developmental mechanism of ASH1L [140].

The underlying molecular etiologies of ASD remain elusive, however studying
high risk genes, like ASH1L, on a gene-by-gene basis helps uncover overlapping
mechanisms. One potential mechanism is that altered trajectories of cell fate may
contribute to asynchronous differentiation. As a histone modifier, Ash7/ regulates a
broad range of genes that play roles in cell fate. This study provides evidence that Ash1/
plays a critical role in mouse cortical development. This role may underlie some of the

ASD features in individuals heterozygous for ASH1L LOF-.
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2.6 Supplemental Figures
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Supplemental figure 1: Ash1/”- have a reduction in nasal bone length, but most other skull dimensions are
normal.

(A) Schematic of top and side views of €18.5 mouse skull. Nasal bone in dark grey. Measurements denoted with
black and grey lines. Letter indicates corresponding figure part. (B) Skull height, (C) skull length, (D) skull total length,
(sum of skull length and nasal bone length) and (E) skull width. (F) Nasal bone length and (G) percentage of nasal
bone length normalized to skull length. (H) Nasal bone width and (l) percentage of nasal bone length normalized to
skull width. P values calculated by one-way ANOVA. Ash1l** n = 6; Ash1l+/-, n = 11; Ash1l”-, n = 14. Data shown as
mean + SEM.
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Supplemental figure 2: Ash1/ deficiency does not affect fetal growth.

Body (A) and brain (B) weights of Ash1/**, Ash1I*- and Ash1/”- mice collected at €18.5. Ash1/**, n = 11; Ash1I*, n =
22; Ash1l”-, n = 9. (C) Example of ventricle and whole brain section area analysis. (D) Percentage of ventricle area
over total brain area at €18.5. Ash1/**, n = 4; Ash1*/, n = 3; Ash1/”-, n = 6. P values calculated by one-way ANOVA.
Data shown as mean + SEM. (E) Coronal sections of Ash1/**and Ash1/* brains.
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Supplemental figure 3: Conditional deletion of Ash1/ does not affect cortical cell number.

DAPI (total cell number) raw counts of Ash1/°" and Ash1/°KO, (A) DAPI count average for each sample used in
lamination analysis figure 2. (B) DAPI count average for each sample used in birthdating analysis figure 3. Statistical
analysis for both was determined by two-tailed unpaired t test. Significance shown by P values. Data shown as mean

+ SEM.
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Supplemental figure 4: Single cell RNA sequencing quality control reveals consistency across samples of
the same genotype.

(A) Percentage of mitochondrial genes mapped between genotypes (left) and individual samples (right) before
filtering. Red dotted line on genotype violin plot denotes threshold cut-off. (B) Number of genes detected and (C)
number of molecules detected between genotypes (left) and individual samples (right) before filtering. Red dotted
lines on genotype violin plots denote threshold range. (D) Integrative Genomics Viewer (IGV) screenshot of Ash1/
gene and Ash 1/ and Ash1/°KC reads. Barcodes of cells postfilter were used as a reference for the original BAM files
that were generated during the Drop-seq Alignment protocol. These BAM reads were loaded into IGV and depletion
of Ash1/ exon 4 was seen in Ash1/°KC compared to controls. Zoomed in reads of exon 4 shown on the right. (E)
UMAPs of individual samples. Cell type key shown below.
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Supplemental figure 5: Conditional deletion of Ash1/ causes altered cortical gene expression.
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Chapter 3: Conclusions and Future Directions

Haploinsufficiency of the histone methyltransferase ASH1L is associated with
NDD. ASH1L regulates many genes necessary for organogenesis, including brain
development. Various Ash7/ mouse models have uncovered several central nervous
system (CNS) phenotypes, including hyperactivity and ASD-like behaviors. However,
Ash1ls role in the developing cortex has not been characterized; this represents a
sizable gap in knowledge, given the link between NDDs and the cortex.

This body of work aimed to determine the role of Ash1/in the developing mouse
cortex. Ablation of Ash1/in the germline resulted in perinatal lethality, and craniofacial
anomalies were observed, specifically a shorter nasal bone, in €18.5 Ash1/”- embryos.
There were no differences in brain weight relative to body weight, or differences in
general brain structures between genotypes. E18.5 Ash1/°KO cortices had twice as many
SATB2 neurons compared to controls. The distribution of SATB2 was also altered; there
were 18-29% more SATB2 neurons located in deeper cortical bins in Ash1/°K0 compared
to Ash1/€t", EAU was injected at e15.5 and co-stained with SATB2 at €18.5; The
analysis showed there were similar proportions of SATB2 neurons born at €15.5
between genotypes, suggesting that the surplus SATB2 neurons in the mutants had
different birth timing. Cell populations in Ash7/€" and Ash1/°KO were compared using
scRNA-seq, and Ash1/FKChad a unique layer II-IV cluster in lieu of two distinct layer II-IV

clusters found in controls. Further analysis identified gene dysregulation in the layer II-
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IVeKO that is likely driving the unique identity. Layer II-IV neurons and neural progenitors
were reclustered from both genotypes and pseudotime analysis was performed. Mutant
upper layer neurons exhibited a stalled differentiation trajectory compared to controls, in
line with delayed differentiation. These data point to an asynchronous cell fate
acquisition phenotype, encompassing both premature and delayed differentiation. This
suggests ASH1L is required for guiding cell fate during cortical development, and in its
absence results in altered neuronal identity, similar to that of homeotic transformation
caused by ASH1L deficiency in the reproductive tract and axial skeleton [136].
Homeotic-like transformations of neuronal cell identities have been documented
previously, including GATAZ conditional knockout using En1-cre transforming
GABAergic neurons into glutamatergic neurons [178,179]. While this data furthers the
field’s understanding of how ASH1L loss of function impacts cortical development, it
raises additional questions. In this section | will outline these questions and suggest

various experiments that may be used to answer them.

3.1 Where are the Unique Layer II-IVKC Cells in the Cortex?

The scRNA-seq experiment of Ash1/°K0 and Ash1/C cortices generated a large
dataset that led to the discovery of the unique layer 1I-IV°KC neurons in the mutants.
While these cells had a unique transcriptomic identity, the gene markers driving this
identity were not highly expressed. Conversely, markers expressed in control layer II-IV
clusters were not hugely downregulated in layer II-IVKO neurons. This made it
challenging to identify II-IVKO neurons in vivo; without a highly expressed marker, IHC

or ISH could not be performed for these mutant specific neurons. In lieu of targetable
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genes, spatial transcriptomics may be employed to determine where these unique
neurons are in the cortex.

Spatial transcriptomics merges scRNA-seq technology with conventional
histology techniques. It allows for sequencing of cells in a tissue section while
preserving the histological data, resembling a map of the tissue. This can be carried out
via two methods, namely imaging-based and sequencing-based spatial transcriptomics
technologies [240]. For the purposes of locating layer 1I-1VKO neurons in cortical tissue,
the sequencing-based approach is the more appropriate. Slide-seq is a commercially
available technology that is well suited for this analysis [241,242]. The microarray slide
or ‘puck’ has a grid of micro-wells, 10um in diameter; as with scRNA-seq, these wells
contain barcoded beads that have unique molecular identifiers (UMIs) for transcript
identification, positional sequences that are mapped back to the position on the array
and poly-dT tails that capture mRNA. Frozen tissue is cryosectioned and mounted onto
the puck. The wells capture a cell and sequencing is carried out. One limitation of this
technology is the resolution, as wells may capture more than one cell; however, the
technology is constantly improving to allow for true single cell resolution.

Spatial transcriptomics is becoming a widely used tool, particularly in surveying
highly heterogenous tissue like the cortex. Bhattacherjee et al. performed spatial
transcriptomic analysis on adult mouse PFCs to better understand mechanisms
underlying chronic pain. The authors used multiplexed error-robust fluorescence in situ
hybridization (MERFISH) and identified a vast population of neuronal subtypes across
the cortex. Test mice underwent spared nerve injury (SNI) to induce chronic pain and

the transcriptomes were compared to control mice. The authors discovered that layer 5
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extra-telencephalic neurons, specifically projecting into the periaqueductal gray area,
were involved in a chronic pain circuit by comparing gene expression genes between
test and control mice [243]. In another study, Bayraktar et al. performed spatial
transcriptomics with single-molecule, fluorescent in situ hybridization (smFISH) on
mouse cortices to determine if glial cells have distinctive lamination. Interestingly,
astrocytes had broad expression gradients in the cortical plate, indicative of distinctive
layers. Furthermore, the authors analyzed Emx1-cre; Satb2°KO mice and found this
lamination is disrupted, suggesting neurons help guide this astrocyte organization [244].
In the case of locating Ash1/°KC specific layer II-IVX© neurons, using spatial
transcriptomics would provide important data regarding the role of Ash1/in the
developing cortex. For example, | hypothesize that the SATB2 neurons deposited in the
deeper layers are members of the layer II-IV%© neuron population, which could be
tested with the spatial analysis. If it was observed that the layer 1I-1V°KC neurons were
located close to one another, rather than spread out, it could suggest that these cells
arise from a specific common progenitor. Furthermore, it could help establish a model

for how Ash1lloss of function impacts neuronal circuitry.

3.2 What are the Molecular Mechanisms Underlying Gene Expression Changes in

Ash1/°K0?

ASH1L regulates gene expression; however, both H3K4 and H3K36 have been
linked to its methyltransferase activity. | found gene dysregulation was driving the
identity of Ash1/cKO specific layer 1I-IVX© neurons, so understanding the underlying
mechanism would provide greater insight into its role in cortical development. |

attempted to answer this question with CUT&RUN (Cleavage Under Targets and
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Release Using Nuclease) with gPCR [245]. Pseudo-bulk RNA-seq from the scRNA-seq
experiment provided a list of DEGs, both up- and downregulated, in cortical tissue of
Ash1IFKO compared to Ash1/Ct. | selected several downregulated genes, including
Basp1, Calm1 and Jun, and reviewed H3K36me2 peaks at these loci using the
ENCODE database of p0O wildtype mouse cortices. | hypothesized that Ash1/-mediated
H3K36me2 methylation activates these genes in normal tissue. | designed primers at
H3K36me2 peaks, both at promotor and intragenic regions. Using a commercially
available CUT&RUN kit (EpiCypher), | pulled down bound DNA with a H3K36me2
antibody from cortical lysates of €18.5 Ash1/°K0and Ash1/C" embryos. Using the
primers, | performed gPCR to determine quantity of H3K36me2 bound DNA between
mutants and controls. The data was variable within genotype groups such that the
results were inconclusive.

CUT&RUN with sequencing would be a useful next step in determining Ash1/
targets in Ash1/°K0and Ash1/C cortices. The main advantage is the unbiased, broad
approach offered by the sequencing. In addition to H3K36me2, | would pull down with
H3K4me3, H3K36me3, PRC2-mediated H3K27me3 and ASH7L antibodies in mutant
and control cortices. Determining where ASH1L is bound to would provide data on
direct targets. Comparing dysregulated genes from the scRNA-seq dataset and levels of
H3K4, K36 and K27 methylation would give a better understanding to the underlying
molecular mechanics of Ash1/-associated gene regulation.

To complement this analysis, | would perform single cell assay for transposase-
accessible chromatin with sequencing (sScCATAC-seq) [246,247]. This method would

define open chromatin that is accessible for transcriptional components in individual
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cells. SCATAC-seq can be integrated with the scRNA-seq data to find correlation
between open/closed chromatin with up/downregulated genes, respectively. Comparing
this data derived from Ash1/°KC and Ash1/C would help establish how Ash1/ regulates
gene expression, and further our understanding of how Ash1/ deficiency impacts cortical
development.

It would be of clinical relevance to assess how ASH1L haploinsufficiency impacts
human neurons. Using induced pluripotent stem cells (iPSCs) from patients with various
ASH1L variants and matched controls, | would differentiate them into neurons and
perform RNA-seq, CUT&RUN and ATAC-seq. This data would provide information on

how different variants can impact gene expression and chromatin accessibility.

3.3 What Cortical Cell Lineages Does Ash1/ Loss-of-Function Impact?

The cortex is derived from a pool of common neural progenitor cells (NPCs),
which, over the course of development, differentiate into distinct lineages. Intermediate
progenitor cells (IPCs) undergo symmetric and asymmetric cell division, the latter
generating a more specialized cell type at the loss of multipotency. A number of factors
mediate this highly complex process, including cell cycle length and extracellular
signaling [248]. The scRNA-seq data of Ash1/C" and Ash1/cKC indicates that Ash7/ has a
role in guiding cell fate of a subset of upper layer neurons. However, specifically what
lineages Ash1/ loss-of-function impacts is not clear.

Post-mitotic neurons have a defined lineage that encompasses cells of varying
relatedness; more closely related neurons are likely to be more similar in terms of gene

expression and function. Cell lineage tracing is a commonly used technique to
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investigate the developmental history and fate changes of a cell over time. Fluorescent
proteins offer a way of labelling cells through a lineage. For example, a specific NPC
may have a green fluorescent protein (GFP) expressing construct; after multiple rounds
of division, all progeny will also express GFP. However, given the complexity, density
and sheer number of neurons in the cortex, it is difficult to distinguish specific lineages
using a single fluorescent protein per cell, even if there are multiple options (e.g. green
and red fluorescent proteins; GFP and RFP respectively).

Stochastic multicolor labelling is a powerful technique that uses multiple
fluorescent proteins in various combinations within a given cell, generating a spectrum
of colors. Brainbow is one such approach to multicolor labelling [249]. Briefly, three or
more genes encoding fluorescent proteins in a transgene are separated by loxP sites. In
the presence of cre, each copy of the transgene will undergo independent
recombination, either excising or inverting a random combination of fluorescent genes.
The first gene along this sequence is the expressed color. With multiple copies of the
transgene in a given cell, the combined fluorescing proteins emit a distinct color;
furthermore, the progeny of that cell will also be labelled with that color [250]. The R26-
Confetti mouse line utilizes the Brainbow2.1 sequence (loxP-STOP-loxP-GFP-PFY-
Pxol-loxP-RFP-PFC-Pxol), with a CAG promotor and floxed-STOP cassette upstream
[251]. Variations of this line include tamoxifen-inducible cre. Snippert et al. first used this
mouse line to investigate stem cell proliferation in the intestinal crypt. The authors used
a tamoxifen inducible cre specific to intestinal stem cells (Lgr5-CreER) with the R26-
Confetti mouse and found the stem cell population is regulated via neutral competition

[251]. R26-Confetti mice have been used to trace progenitor populations in the
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developing mouse brain. Pilz et al. crossed R26-Confetti mice with GLASTCERT2 g
radial glia specific cre. Using low doses of tamoxifen, the authors were able to sparsely
label radial glia and found differing proliferative behavior among them [252].

To determine what cortical lineages are guided in part by Ash1/, | would cross an
Ash1l specific, inducible cre line (Ash1/CeERT2) with R26-Confetti mice. At e15.5,
coinciding with upper layer neuron development, | would inject low doses of tamoxifen
to induce sparse labelling. At e18.5, | would collect brains for analysis. All fluorescent
neurons represent Ash1/ expression at €15.5; neurons of the same color represent
progeny of one cell. Mapping and quantifying these neurons would provide an overview
of the impact of Ash1/ driven fate of upper layer neurons. To further investigate this role,
| would compare Ash71/cKC and Ash1/Ct cortices with the R26-Confetti construct. | would
likely need to adjust the crossing parameters and use a non-inducible Ash1/ conditional
knockout (Emx1-cre), as the initial tamoxifen injection will also activate the
fluorescence. Again, | would inject at e15.5. Comparing the size and number of same-
colored neurons would provide spatial information of how Ash1/impacts neuronal
lineages. Injection of tamoxifen at different time points will also indicate when Ash1/is

important for fate guidance.

3.4 How Does Ash1l Loss of Function Impact Other Organ Systems?

The literature on Ash7/ mouse models indicates it is an important gene, as
germline knockout or genetrap alleles result in early lethality and severe phenotypes.
Brinkmeier et al. demonstrated that multiple organ systems were affected in Ash1/G7/GT

mice, which is perhaps unsurprising given the broad expression of Ash1/ across tissues
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[136]. Clinical reports of individuals with an ASH7L variant have various diagnoses,
including craniofacial and skeletal anomalies. Deciphering how ASH1L loss of function
impacts organ systems other than the brain may provide therapeutic targets that can be
addressed, improving overall quality of life of the patient.

Conditional knockout mice allow for ablation of gene expression in a tissue
specific manner. | would cross the Ash1/ floxed allele, used in this study, with various
tissue specific cre lines. Drosophila ash1 has been shown to be required for normal
heart development and function [253]. aMHC-MerCreMer mice have a cardiac myocyte
specific, tamoxifen-inducible cre which can be used to investigate the role of Ash1/in
heart development [254]. Importantly, later induction of the cre, such as the adult stage,
would provide information on maintenance roles. Ash7/C7GT females exhibited smaller
and twisted uteri, which could not support implantation of fertilized eggs because they
lacked the endometrial glands of the uterus [136]; using a uterus specific cre, such as
homozygous PgresCre, would tease apart origins of this phenotype [255]. By employing
CUT&RUN and pulling down with ASHTL, | may assess where ASH1L is binding to in
the genome and what genes are being regulated that result in the phenotypes.

Several Ash1/ mouse models exhibit various skeletal anomalies [23,133,136].
Several skeletal conditional knockout mouse lines, including Prx1-cre and Osx1-cre,
have been used to establish gene function in skeleton development [256,257].
Interestingly, the Prx1-cre is active in the developing head and limb mesenchyme,
which may be used to investigate Ash1/-associated craniofacial anomalies. A further
avenue of investigation would be the role of Ash1/in bone marrow. Ash1/ has been

shown to regulate hematopoietic stem cell (HSC) self-renewal and quiescence, and
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implicated in various blood cancers [137,258,259] . Conditional knockout of Ash1/in the
bone marrow, using lines such as Lyz-cre, would be a powerful model to assess for

cancer.

This thesis work set out to determine the role of ASH7L during cortical
development in the context of ASD and other NDDs. In summary, Ash1/°KO cortices had
more SATB2 expressing neurons that were present in upper and deeper cortical layers.
Birthdating experiments determined there was no difference in proliferation at €15.5,
and co-staining with SATB2 antibody suggested these excess SATB2 expressing
neurons were born prior to €15.5. SCRNA-seq found a unique layer II-1V cluster in lieu of
two layer II-IV neuron clusters found in controls. After reclustering all layer II-IV clusters,
pseudotime analysis revealed altered differentiation trajectory in Ash1/°KC. These new
data suggest that Ash1/ is required for timing of differentiation and mature fate of upper
layer cortical neurons. To better understand the impact of Ash1/ ablation in the cortex,
several future directions have been suggested. This includes the use of spatial
transcriptomics, that would determine where these unique layer 11-1V°KO neurons reside.
This would provide valuable data on this cell type origin and timing of differentiation.
Furthermore, using CUT&RUN to uncover ASH7L mediated histone methylation will be
essential in deciphering direct and indirect gene expression changes. Stochastic
multicolor labelling would a useful future direction to better understand affected cortical
lineages by Ash1/ loss of function. More broadly, determining phenotypes found with
various Ash1/ conditional deletion in different organ systems would provide insight into

the range of clinical reports attributed to ASH7L loss of function. By better
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understanding the underlying mechanisms and resulting phenotypes using mice and
other models, this will inform researchers on potential treatments for improving quality of

life for those affected by Ash17/ variants.
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