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ABSTRACT OF THE DISSERTATION
The role of the neurodevelopmental disorder gene My¢1/ in mammalian brain development
by
Jiayang Chen
Doctor of Philosophy in Biology and Biomedical Sciences
Molecular Cell Biology
Washington University in St. Louis, 2023

Dr. Joseph D. Dougherty, Chair

Recent human genetic studies have associated mutations in a gene called Myelin Transcription
Factor 1 Like (MYTI1L) with neurodevelopmental disorders (NDDs). Patients with MYTIL loss
of function (LoF) mutations (MYTI1L Syndrome patients) demonstrate shared symptoms such as
microcephaly, attention deficit and hyperactivity disorder (ADHD), and obesity. Despite prior
studies showing MYTI1L overexpression facilitates neuronal differentiation in vitro, its functions
in vivo, especially in the mammalian brain, and how its mutation leads to human disease pathology
remains poorly understood. Here, I established the first mouse model of MYTIL Syndrome
mimicking a patient specific LoF mutation. I found mice with Myt11 heterozygous mutation (Het)
display MYTI1L haploinsufficiency on both mRNA and protein levels and recapitulate various
patient phenotypes. Utilizing this Mytll germline knockout mouse model, I adapted Cleavage
Under Targets and Release Using Nuclease (CUT&RUN) technology to map MYTIL binding
targets in different developmental stages. Simultaneous measures on chromatin accessibility using
Assay for Transposase-Accessible Chromatin with high-throughput sequencing (ATAC-seq),

histone modifications using CUT&RUN, and gene expression using RNA-seq revealed that

xiil



MYTIL mainly functions a transcriptional repressor during mouse brain development, and its LoF
leads to an upregulation of early neuronal development programs in both embryonic cortex and
adult prefrontal cortex (PFC). Consequently, in the embryonic cortex, MYTIL loss results in
deficient cell proliferation and precocious neuronal differentiation. In juvenile Het mouse visual
cortex, neurons also show disrupted morphology and electrical properties. Furthermore, adult Het
mice display abnormal cortical neuron layer specification in histology and thinner white matter in
diffusion tensor imaging (DTI), and an immature neuronal transcriptional profile. This study
developed a novel mouse model of MYTIL Syndrome and defined molecular and cellular
functions of MYTI1L during mammalian brain development, providing a useful toolkit for future

pre-clinical studies of this human NDD.
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Chapter 1: Introduction to the dissertation

Jiayang Chen, Allen Yen, Colin P Florian, Joseph D Dougherty

Adapted From:

MYTIL in the making: emerging insights on functions of a neurodevelopmental disorder gene.

Chen, J.*, Yen, A.*, Florian, C.P.*, Dougherty, J.D. (2022). MYTIL in the making: emerging
insights on functions of a neurodevelopmental disorder gene. Translational Psychiatry,
2022;12(1):292.



1.1 Neurodevelopmental Disorders (NDDs)
1.1.1 NDD genetics

Neurodevelopmental disorders (NDDs) are complicated conditions that can affect the
normal developmental trajectory of nervous system anatomy, motor skills, emotion, cognition, and
various behaviors (Mullin et al. 2013). Some common examples of NDDs are attention-
deficit/hyperactivity disorder (ADHD), autism spectrum condition (ASC), and intellectual
disability (ID). Globally, the prevalence of NDDs ranges from 4.7 to 88.50% (Francés et al. 2022).
More specifically, NDDs impact approximately 15% of children in the US, according to a 2008
parental survey from (Boyle et al. 2011). A new study from 2022 estimates roughly 1 in 4 publicly
and 1 in 9 privately insured children have been diagnosed with a at least one NDD in the US
(Straub et al. 2022). NDDs impose significant financial and emotional burden on patients and their
families since some of these disorders can be challenging to treat. Patients often require life-long
symptom management as developmental deficits can result in multifaceted conditions that affect
individuals as adults (Xie et al. 2022). Nevertheless, the cause of NDDs remains poorly understood.

The etiology of NDDs consists of heterogenous and complex contributor with genetic
factors as an important category. With the advances of human genetics in the past decades, many
genetic mutations have been associated with NDDs. To understand the potential genotype-
phenotype correlation, two main principles have been proposed: gene vulnerability, which
represents the ability of a gene to tolerate detrimental mutations, and mutational load, which
consists of both pathogenic germline and somatic mutations (Parenti et al. 2020). Indeed, the
majority of published works have supported that the genetic etiology of NDDs is multifactorial
and polygenic (Parenti et al. 2020), making it difficult to study and to develop broadly applicable

therapies. Despite the heterogenous origins of NDDs, mutations in a single gene can also lead to
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disease pathogenesis. For example, Rett Syndrome, a NDD that results in intellectual disability
and motor deficits, is caused by mutations in a gene called Methyl-CpG Binding Protein 2
(MECP2) (Guy et al. 2001). In addition, several NDD-associated mutations are located in
chromatin regulators/transcription factors (TFs), such as FOXP1, SETDS and CHDS (Araujo et al.
2015; Sessa et al. 2019; Katayama et al. 2016). Interestingly, functional studies found that different
NDD genes can affect a consistent set of pathways (Parikshak et al. 2013; Sahin and Sur 2015;
Voineagu et al. 2011), such as protein synthesis (Borrie et al. 2017), transcriptional and epigenetic
regulation (Ronan, Wu, and Crabtree 2013), and synaptic function (Bourgeron 2015). This
indicates that studying one specific NDD-associated gene can provide insight to other NDD
syndromes, presenting an opportunity to understand any common pathogenesis and develop

general therapies.
1.1.2 Animal models of NDDs

Model organisms are frequently used to perform functional studies to determine the
consequences of disease associated genetic variants (Hedges 2002). Leveraging modern gene
editing tools, animal models with patient-derived mutations can be generated to investigate disease
pathology and test preclinical therapies (Perlman 2016; Lieschke and Currie 2007). In addition,
utilizing animal models such as drosophila, zebrafish, and mice, provides special advantages in
NDD research since they have relatively shorter developmental timelines than primates but still
exhibit fairly complex behaviors, allowing us to assess how genetic mutations affect their
developmental trajectories and cognitive functions (Bozzi and Fagiolini 2020). Therefore, animal
models of different NDDs have been established to further understand NDD etiology. For example,
drosophila and mouse models of Fragile X Syndrome, which is caused by mutations on a gene

called Fragile X Messenger Ribonucleoprotein 1 (FMR1), have been characterized and utilized to
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drastically advance therapeutic studies for this syndrome (Drozd, Bardoni, and Capovilla 2018;
Kazdoba et al. 2014). Despite the growing use of animal models to study NDDs, only one zebrafish
model of MYT1L knockout has been previously generated using morpholinos, which was briefly
characterized to have neuroendocrine deficits (Blanchet et al. 2017). However, there is no well-
characterized mammalian model for MYT1L Syndrome, which is needed to further investigate its

pathology and explore therapeutic opportunities.

1.2 Myelin Transcriptional Factor 1 Like (MYTI1L)

1.2.1 MYTIL Syndrome

Human genetic studies have recently identified the gene Myelin Transcription Factor 1
Like (MYTIL) as associated with neurodevelopmental disorders (NDDs) (de Ligt et al. 2012; De
Rubeis et al. 2014; Sanders 2015; Wang et al. 2016; Blanchet et al. 2017; Loid et al. 2018;
Satterstrom et al. 2020; Windheuser et al. 2020; Coursimault et al. 2022). Among those patients
with MYTIL heterozygous loss of function (LoF) mutations, which might result in MYTIL
haploinsufficiency, ID, ASC, ADHD, and developmental delay are the most common symptoms.
Other phenotypes include seizures, syndromic obesity, microcephaly, macrocephaly, and muscular
hypotonia. This constellation of symptoms has now been recognized as MYTIL Syndrome or
2p25.3 Deletion Syndrome (Blanchet et al. 2017; Coursimault et al. 2021; Mansfield, Constantino,
and Baldridge 2020; Windheuser et al. 2020). Much remains unknown about MYT1L Syndrome’s
etiology since it is still an emerging NDD, with few studies looking at how MYT1L mutations can
lead to human disease pathogenesis.

1.2.2 The association between MYT1L mutations and human diseases

Currently, there are over 100 described patients with 80% of them harboring potential



MYTIL LoF mutations and others harboring MYTIL partial duplications (Blanchet et al. 2017;
Coursimault et al. 2021; Mansfield, Constantino, and Baldridge 2020; Windheuser et al. 2020).
Specifically, MYTIL loss of function is associated with Intellectual Disability (ID) and Autism
Spectrum Condition (ASC), while MYTIL duplication has been observed in patients with
schizophrenia (SCZ) (Mansfield, Constantino, and Baldridge 2020). Yet, the mechanism by which
MYTIL variants contribute to disease pathology is still unknown.

MYTIL LoF mutations include deletions, frameshift, and single nucleotide variations
(SNVs), which are predicted to cause decreases in mRNA production or aberrant protein functions.
Notably, missense mutations from clinical but not general-population studies cluster in the central
zinc finger domains and the MYT1 domain (Adzhubei et al. 2010; Karczewski et al. 2020) (Fig.
S1A), the most confident structures predicted by AlphaFold (Fig. S1B), indicating these domains
might be crucial for the protein functions. In addition, most patients with MYTIL partial
duplications were reported to either have ID, ASC, or both.

Regarding human full duplications, although 33% of MYT'IL duplication patients presented
with SCZ exclusively, all but one of those duplications contain neighboring gene PXDN, indicating
MYTIL may or may not be the only contributing factor in the region for SCZ risk (Mansfield,
Constantino, and Baldridge 2020). The association of both LoF and putative duplications with
disease indicates that neurobiology is very sensitive to the levels of MYTIL activity, and
identifying the loci that are influenced by altered MYTIL levels might aid in understanding the
downstream pathophysiology. In sum, the emerging role of MYTIL in NDDs highlights the
importance of a more complete understanding of MYT1L within transcriptional networks, and
identification of its targets is essential to systematically study the downstream consequences of

MYTIL haploinsufficiency.



1.2.3 Cellular function of MYTI1L

Neuronal identity is determined by the effects of a combination of basic helix-loop-helix
(bHLH; e.g., ASCL1, NEURODI, and NEUROGT1) transcription factors (TFs) as well as other
developmentally expressed TFs such as BRN2 and MYTIL. In vitro overexpression studies have
shown that the pioneer factor ASCLI1 is sufficient for induction of neuronal traits, but
overexpression in combination with other factors such as BRN2, and especially, MYTIL are
necessary for efficient mouse embryonic fibroblast (MEF) conversion to neurons as well as
maturation of the induced neurons (iNs) (Mall et al. 2017; Tomaz 2016; Vierbuchen et al. 2010a).
Ultimately, many of these studies suggest that MYTI1L and other members of the MYT family
primarily function to preserve neuronal phenotypes as it has been shown that MYTIL is mostly
expressed during the post-specification phase when cell populations have become post-mitotic.
Furthermore, none of the MYT family members were observed to be expressed by in situ
hybridization in germinal zones containing mostly undifferentiated cells (Kameyama et al. 2011;
Matsushita et al. 2014), again arguing against an instructive role in neuronal specification in vivo.

Interrogation of specific domains of MYTIL has further defined its role in neuronal
conversion. For example, Mall et al. (2017) showed that, when fused to an activating element
(VP64), the DNA binding domains of MYTI1L displayed a dominant-negative effect on ASCLI-
mediated neuronal conversion. Additionally, just a 423-amino-acid fragment (i.e., amino acids
200-623), which contains the N-terminal domain and the middle two zinc fingers, was functionally
indistinguishable from full-length MYTIL in driving neuronal conversion. Surprisingly, this
fragment does not contain the MYT1 domain.

In contrast to the overexpression studies discussed above, knockdown of MYTI1L via short

hairpin (sh) RNAs resulted in a reduction of neuronal maturation gene programs such as neurite
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outgrowth, axonal development, synaptic transmission, and ECM composition, which hints that
MYTIL also acts as an activator (Kepa et al. 2017). It has also been reported that MYTIL was
found to be deleted (~5%) and downregulated (>80%) in glioblastomas suggesting that
gliomagenesis requires neutralization of terminal neural differentiation (Hu et al. 2013).
Furthermore, others have shown that MYTI1L and MYT1 expression can slow tumor growth in
glioblastoma cell line models via repression of pro-proliferative genes (Melhuish et al. 2018).
However, impacts on glia in vivo are likely not direct since MYTIL expression has not been
consistently observed in glia (Kim et al. 1997). Therefore, it remains to be determined when and
how MYTIL functions as a repressor and activator respectively.

Spatiotemporal expression of MYT family TFs is finely tuned across development, and
specifically across neuronal maturation. Of the MYT family, Mytl and Myt3 are expressed the
earliest at embryonic (E) day 9.5 as suggested by in situ hybridization (Matsushita et al. 2014).
Quantitative RT-PCR results showed that Myt/ and Myt1l were upregulated from E10.5 to E15.5
and then down-regulated postnatally (Fig. S2A) (Matsushita et al. 2014). Additionally, Mytil
mRNA levels increase across neurogenesis in mice, and low levels are sustained in adulthood,
which mirrors human expression patterns (Matsushita et al. 2014). The earliest time point of
detectable Myt1l expression occurs at E9.5 in the ventrolateral portion of the spinal cord, again
where newborn neurons are found. In addition, at E12.5, BrdU staining hardly overlapped with
Mpytll expression, further supporting that Mytll-positive cells were mostly post-mitotic
(Matsushita et al. 2014). Indeed, across the multiple CNS regions examined (spinal cord,
hindbrain, midbrain, cortex, and retina) Myt// RNA was upregulated when neurons began to
differentiate (Fig. S2B) and overlapped with markers of neurons. Overall, analysis of MYTIL

expression pattern and time course further supports the assumption that it is responsible for



neuronal maturation and preservation of cell fate. However, there is a lack of loss of function
evidence showing MYTIL is required for neuronal maturation and neuronal identity maintenance
in vivo, which can be more informative for understanding human disease pathology.

As mentioned in the above section, one zebrafish study has shed light on MYTIL’s
necessity for neuronal maturation. They found knocking down zebrafish MYTIL orthologs,
mytlla and mytllb, by antisense morpholinos results in almost complete loss of oxytocin (OXT)
and arginine vasopressin (AVP) in the neuroendocrine pre-optic area of the hypothalamus,
suggesting MYT1L LoF might affect neuroendocrine system development (Blanchet et al. 2017).
In addition, another group showed that MYTI1L knockdown via shRNA delivered by in utero
electroporation led to deficient neuronal migration in the developing mouse cortex, emphasizing
MYTIL’s roles in promoting neuronal differentiation (Mall et al. 2017). However, before my
thesis work, no MYTI1L germline knockout model was established to investigate MYTI1L LoF in
vivo. In addition, the longer consequences of MYTIL loss and the functions of MYTI1L in adult
central nervous system are largely unknown.

1.2.4 Molecular function of MYTI1L

Structurally, MYT family TFs have several domains that may define their functions, and
many initial studies of MYT family TFs focused on characterization of structural domains and
DNA binding (Jiang et al. 1996; J. G. Kim et al. 1997). Sequence analysis of MYTIL isolated
from rat pituitary and cerebellum cell lines showed that the protein has six zinc finger domains
(Cys-Cys, His-Cys) that are organized into clusters with one at the N-terminus, a pair upstream of
the Mytl domain, and three at the C-terminal domain (Jiang et al. 1996). Using Alphafold (Jumper
et al. 2021; Varadi et al. 2022) to model the structure of MYTI1L, these six zinc finger domains

are predicted to come together to form a DNA binding pocket (Fig. S1C). MYTIL LoF mutations
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based on patient reports can be found throughout all domains of the protein (Fig. S1D) with a
notable cluster of mutations within the central zinc finger domains (Fig. S1E). The N-terminus
contains a highly acidic region, and a Ser/Thr-rich region between the zinc finger and coil domain.

The zinc fingers are thought to be involved in DNA-binding. These authors note that the
core sequence recognized by the MYTIL zinc fingers, specifically from the two zinc fingers
upstream of the MYT1 domain, is GAAAGTT (Jiang et al. 1996). An additional GTT that resides
4bp 5’ of the core sequence element was observed in the DNA binding motif when testing the
construct with the three zinc fingers at the C-terminal end of the protein. Competitive binding
assays showed that AAGTT was the most crucial for binding (Jiang et al., 1996), which is
consistent with the motif Mall et al. (2017) report from their ChIP-seq experiments. Further, two
additional purines at the 5> end (RRAAGTT) are preferred for optimal binding. The N-terminus,
which is the least conserved domain among the MYT family of TFs, with its highly acidic region
that is enriched for Glu/Asp residues, has been implicated in transcriptional activation (Jiang et al.
1996; Manukyan et al. 2018), a function that appears dispensable for production of iNs (Mall et
al. 2017).

The N-terminus, MYT1 domain, and C-terminus of MYTIL also contain structural
components that are both unique to MYT1L as well as the MYT family. The MYT1 and C-terminal
domains are highly conserved across the MYT family, and the MYT1 domain contains a Ser/Thr-
rich region in both proteins (Jiang et al. 1996; Mall et al. 2017). The N-terminus of MYT1L, which
is the least conserved domain among the MY T family of TFs, is composed of a highly acidic region
that is enriched for Glu/Asp residues (Jiang et al. 1996; Mall et al. 2017).

As a TF, the primary function of MYTIL is supposed to bind cis-regulatory elements in

the genome and mediate gene expression. Therefore, identifying where MYTIL binds in the



genome is essential to understand how MYTIL directly controls transcriptional networks in
neurons and facilitates neuronal differentiation. While studies of gene expression are informative,
they do not distinguish directly from indirect regulation. Direct targets have been identified by
Chromatin Immunoprecipitation Sequencing (ChIP-seq) primarily in fibroblasts overexpressing
MYTIL and with limited samples from endogenous MYT1L in the developing mouse brain (Mall
et al. 2017). Within a subset of ChIP-seq peaks, the previously described AAGTT motif was
enriched within downregulated genes in fibroblasts, consistent with the hypothesis of MYTI1L’s
role as a transcriptional repressor. In particular, MYTI1L repressed Notch signaling and Hesl to
promote neurogenesis. Unfortunately, the endogenous MYTIL ChIP-seq experiments did not
work as efficiently as in fibroblast system since the data quality was not ideal, and only 500
MYTIL binding regions were identified. Meanwhile, Mall et al. (2017) only performed ChIP-seq
on embryonic day 14 (E14) mouse brain (Mall et al. 2017). Little was known whether MYTI1L
adopted new targets in the later developmental time points or whether MY T 1L has distinct targets
in the different adult brain regions. More efficient measures on MYTIL binding across different
stages central nervous system development and different brain regions are needed to
comprehensively understand MYT1L normal functions in neuronal development and its LoF in

human disease pathology.

1.3 Strategies for Protein-DNA binding profiling

1.3.1 Chromatin Immunoprecipitation Sequencing (ChIP-seq)

Chromatin Immunoprecipitation Sequencing (ChIP-seq) is a widely used technique to map
DNA binding targets of a certain protein or profile histone modification landscapes. ChIP-seq
leverages the traditional chromatin immunoprecipitation assay (Solomon, Larsen, and Varshavsky

1988) and advances in next generation sequencing (NGS) to assess protein binding with base pair
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resolution (Johnson et al. 2007; Barski et al. 2007). General steps of ChIP-seq include
formaldehyde cross linking, DNA shearing, antibody-based immunoprecipitation, DNA
purification, library preparation, and deep sequencing (Park 2009). In the past decades, ChIP-seq
has been extremely successful as it provides larger scale profiling in the genome of a DNA binding
protein and better resolution compared to other methods like Chip-chip (Park 2009). However,
there are several limitations in ChIP-seq. First, the ChIP-seq process requires breaking up cells
and chromatin, which might destroy native interactions between proteins and DNA. Although
cross-linking can be used to strengthen these interactions (Tian, Yang, and Brasier 2012),
formaldehyde, the agent used for cross-linking, can mask epitopes and reduce
immunoprecipitation efficiency (Dapson 2007), consequently affecting ChIP-seq sensitivity.
Likewise, since ChIP-seq does not have great signal to noise ratio, a paired-end sequencing depth
of at least 30M reads is needed to reliably call peaks (Jung et al. 2014). ChIP-seq also requires a
high quality protein-specific antibody to enrich genomic fragments bound by the target protein
(Park 2009). If there is no antibody available or none works well for ChIP of the target protein,
ChIP-seq for that specific protein will be impossible. Last, the ChIP-seq process can be time
consuming and tedious, and it can last a whole week (Park 2009). Therefore, a more efficient,
sensitive, and affordable method is desirable to accommodate the increasing demands for protein-

DNA binding profiling.
1.3.2 Cleavage Under Targets and Release Using Nuclease (CUT&RUN)

Cleavage Under Targets and Release Using Nuclease (CUT&RUN) is a new high-
resolution protein-DNA interaction profiling technique first described by the Henikoff group in
2017 (Skene and Henikoff2017). CUT&RUN utilizes protein A-tethered MNase (pA-MNase) that

binds to antibodies and cleaves nearby genomic regions to enrich protein-bound DNA fragments
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for sequencing (Skene and Henikoff 2017). Standard procedures of CUT&RUN include nuclei
extraction, binding nuclei to magnetic beads, primary antibody incubation, binding pA-MNase to
primary antibody, activation of pA-MNase, elution of genomic fragments, and library preparation
for sequencing. CUT&RUN offers several advantages over traditional ChIP-seq for protein-DNA
interaction profiling (Meers et al. 2019). First, CUT&RUN does not require cross-linking,
allowing detection of protein-DNA interactions in their natural states (Skene and Henikoftf 2017).
Second, CUT&RUN significantly reduces background signal, thus increasing meaningful
biological signal, so that the amount of input material (as low as 1,000 cells) and sequencing depth
needed to produce high-quality mapping is drastically reduced (Meers et al. 2019). Last, the
procedure of CUT&RUN is simpler than ChIP-seq, allowing simultaneous preparation for multiple
reactions (Meers et al. 2019; Skene, Henikoff, and Henikoff 2018). Although it might sound like
CUT&RUN is a perfect technology for protein-DNA interaction profiling, one big limitation is
that CUT&RUN is not compatible with existing single cell pipelines. Therefore, if the target
protein is only expressed in a small portion of the input cells, profiling efficiency will be reduced,

and more starting materials might be necessary to ensure accurate measuring.
1.3.3 Cleavage Under Targets and Tagmentation (CUT&Tag)

To overcome some of the limitations of both ChIP-seq and CUT&RUN, Cleavage Under
Targets and Tagmentation (CUT&Tag) was developed to enable fast and multimodal protein-DNA
interaction and histone modification profiling (Kaya-Okur et al. 2019). Instead of tethering protein
A with MNase, CUT&Tag utilizes protein A-tethered Tn5 transposase (pA-Tn5), a hyperactive
enzyme that cuts naked DNA and inserts transposons into DNA, to cleave out genomic regions
near the target protein binding sites while simultaneously adding adapter sequences to DNA

fragments (Kaya-Okur et al. 2019). Similar to the CUT&RUN protocol, CUT&Tag requires
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binding nuclei to magnetic beads, primary antibody incubation, secondary antibody incubation,
binding pA-Tn5 to secondary antibody, cleavage, elution, and library preparation (Kaya-Okur et
al. 2020). Since pA-Tn5 cleavage can insert adapter sequences at its cutting sites, only one final
PCR amplification is needed to add sequencing indexes and amplify libraries, which significantly
decreases library preparation time compared to ChIP-seq and CUT&RUN (Kaya-Okur et al. 2020).
In addition, customization of adapter sequences added by TnS5 transposases will allow
simultaneous measures for different target proteins and histone modifications with the same input
materials (Gopalan et al. 2021; Gopalan and Fazzio 2022). This barcoding feature upon cleavage
makes CUT&Tag compatible with single cell assays (Bartosovic, Kabbe, and Castelo-Branco
2021; Wu et al. 2021). In the past two years, based on the original CUT&Tag platform, different
multimodal chromatin profiling techniques have been developed to measure histone modifications
and chromatin accessibility in the same cell (Gopalan et al. 2021; Meers et al. 2022; Bartosovic
and Castelo-Branco 2022). Although CUT&Tag is thought to have extremely low background
signals, CUT&Tag works more efficiently on highly abundant proteins, like RNA Polymerase II,
or histone modifications than on regular TFs, while CUT&RUN works for both rare and abundant
targets. This might be because the background activity of pA-Tn5 is still high enough to mask any
signals produced by rare targets. Therefore, for any TF of interest, such as MYTIL in this
dissertation, pilot experiments will be necessary to determine if CUT&Tag will be a good fit. If

not, CUT&RUN might offer a better solution in terms of TF binding profiling.

1.4 Conclusions

MYTIL is a novel neurodevelopmental disorder gene recently associated with a
constellation of symptoms (Blanchet et al. 2017; Coursimault et al. 2021; Mansfield, Constantino,

and Baldridge 2020; Windheuser et al. 2020). Previous in vitro studies have shown that
13



overexpression of MYTI1L together with ASCL1 and BRN2 can directly reprogram MEF into
functional neurons (Vierbuchen et al. 2010b). During this processes, MYTI1L suppresses non-
neuronal genes to facilitate neuronal differentiation (Mall et al. 2017). Although limited in vivo
studies revealed MYTIL is important for neuroendocrine development in zebrafish (Blanchet et
al. 2017), no mammalian animal model has been established to study how MY T1L mutations lead
to disease phenotypes and what the potential long-term consequences of MYTIL loss are. In
addition, MYT1L’s molecular and cellular functions in vivo need further investigation to shed light
on how MYTIL promotes neuronal differentiation and maturation during normal brain
development. Therefore, the key goals of this dissertation were to: 1) generate and characterize a
mammalian animal model for MYT1L Syndrome; 2) map MYTI1L binding sites in the brain across
development; 3) define molecular mechanism underlying how MYTIL regulates neuronal gene
expression; 4) determine cellular functions of MY T1L and the long-term consequences of MYTI1L

loss in vivo.

1.5 Figures
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Supplemental Figure 1: Schematic of human MYTIL domains and predicted protein
structure by AlphaFold.
(A) Distribution of missense mutations described in clinical studies (top, red) compared to a
general population sample (gnomAD, bottom, with gray bars displaying all missense mutations
and black bars displaying ‘possible damaging mutations’ as predicted by PolyPhen2). ‘Possible
damaging mutations’ in the general population are largely excluded from the regions mutated in

clinical samples. (B) AlphaFold’s calculated confidence measure (pLDDT score) per-residue of
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the model’s prediction based on the IDDT-Ca metric (C) 3D AlphaFold structure (AF-Q9UL68-
F1) prediction of MYTIL protein showing the N-terminal domain (magenta), MYT1 domain
(orange), coiled domain (yellow), and six zinc finger domains (blue) coming in proximity with
each other to form a putative DNA-binding pocket. Unannotated regions are shown in green.

(https://alphafold.ebi.ac.uk/entry/Q9UL68). (D) Loss of function mutations from patient reports

are found throughout the protein. Those not within the annotated zinc finger domains (blue) are
shown in red. (E) Isolated and magnified view of the zinc finger domains (blue) shows patient

mutations (cyan) cluster in the zinc fingers.
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Supplemental Figure 2: Mouse embryonic brain expression patterns of MYT family

transcription factors.

(A) Quantitative RT-PCR summarized as relative mRNA expression of Myt/ (red), Mytll (blue),
and Myt3 (green) in the developing mouse from E10.5 to adult, adapted from (Matsushita et al.
2014). (B) Color coded summary of published in situ hybridization data from Matsushita et al.,
(2014) showing spatial expression pattern of MYT1, MYTI1L, and MYT3 in the developing cortex.
APa, archipallium; BG, basal ganglia;, CTX, cortex; DTe, dorsal telencephalon, fIC, fibers of the
internal capsule; HC, hippocampus; HT, hypothalamus; IC, internal capsule; LGE, lateral
ganglionic eminence; MGE, medial ganglionic eminence; OpV, optic vesicle; Pal, pallidum; POA,

preoptic area, Str, striatum; TH, thalamus; Vg, trigeminal ganglion; VTe, ventral telencephalon.

17



Chapter 2: Generation and Characterization
of MYTI1L Germline Knockout Mouse Model
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Adapted From:

A MYTIL syndrome mouse model recapitulates patient phenotypes and reveals altered brain
development due to disrupted neuronal maturation

Chen, J., Lambo, M.E., Ge, X., Dearborn, J.T., Liu, Y., McCullough, K.B., Swift, R.G.,
Tabachnick, D.R., Tian, L., Noguchi, K., et al. (2021). A MYTI1L syndrome mouse model
recapitulates patient phenotypes and reveals altered brain development due to disrupted neuronal
maturation. Neuron vol. 109,23 (2021): 3775-3792.¢c14.
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2.1 Introduction

In this chapter, I will focus on how I established a novel mouse model for MYTIL
Syndrome, which harbors a patient specific mutation described locally at Washington University
School of Medicine. With the help from the Genome Engineering and Stem Cell Center (GESC)
at Washington University in St. Louis, a Myt¢/] germline knockout mouse line was generated and
confirmed with MYTIL loss at both mRNA and protein levels. Next, physical traits were
examined on these My?1] knockout mice. Then, brain histology and diffusion tensor imaging (DTI)
was performed to investigate anatomical changes of Myt// mutant brains. Finally, to assess if this
mouse line mimics behavioral aspects of human MYTI1L Syndrome and can be useful for future
pre-clinical studies, a series of behavioral assays were conducted to test how MYTIL loss affects

mouse behavior.

2.2 Results

2.2.1 Generation of Myt1l germline knockout mouse line

Germline mutants of MytI/ would enable studies of its role in CNS development, its
function on chromatin, gene expression, and the cellular, physiological, and behavioral phenotypes
of haploinsufficiency. Therefore, I generated mice with a mutation on exon7 (chr12:29849338,
¢.3035dupG, S710fsX; Fig. 1A), based on a MYTI1L patient mutation in the homologous exon 10
(Appendix Table 2), resulting in frameshift and a predicted stop-gain (Fig. 1B). As I found Myt1l
homozygous mutant (KO) mice die at birth, I confirmed Myt// transcripts and protein decreased
by 25% in heterozygous mice (Het; Fig. 1C, D, E), and IF showed complete MYTI1L protein loss
in KO E14 mouse cortex (Fig. 1F). No truncated protein (est. 80.63 kDa) was produced by the

mutation (Fig. 1G). Further sequencing of the cDNA from Hets revealed a depletion of the mutant
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mRNA compared to genomic controls, consistent with nonsense mediated decay (Fig. 1H). Thus,

this mutation appears to result in haploinsufficiency.
2.2.2 Physical characterization of Myt1l/ knockout mice

To understand how well this mouse line can mimic patient phenotypes, physical
abnormalities reported in patients were first assessed for physical abnormalities. 1 observed
clinodactyly (Fig. 2A) and abnormal hindlimb posture: transient hyperflexions of one or both
hindlimbs (Fig. 2B, C), reflected not in clasping, but in holding limb(s) at midline. Finally, I also
observed obesity in Hets. There was an initial separation of group weights at P45 which became
statistically significant at P94, and was more pronounced in females than males (Fig. 2D). Thus,

Myt 1l mutation results in physical alterations and obesity in mice and humans.
2.2.3 Neuroanatomical characterization of Mytll knockout mice

Almost half of patients have central nervous system (CNS) malformations like
microcephaly, hydrocephalus and thinned white-matter. Therefore, I investigated structural
abnormalities in P60 Hets with Nissl staining (Fig. 3A, B). Brain organization was grossly normal,
yet Hets had decreased brain weight and smaller cortical volume (Fig. 3C, D) with no change in
cortex/brain ratio (Fig. S3A). Regarding white-matter, there was a trend towards reduced corpus
callosum volume (Fig. S3B). In addition, there was no cell density change (Fig. S3C), indicating
that microcephaly in Hets corresponds to fewer cells, rather than less parenchyma.

I next investigated mouse brains with magnetic resonance (MR)-based Diffusion Tensor
Imaging (DTTI) in collaboration with the IDDRC developmental neuroimaging core. This is a more
sensitive, in vivo, clinically-translatable technique that can provide both structural and functional
information (Fig. 3E). From maps of apparent diffusion coefficient (ADC; Fig. S3D) and

fractional anisotropy (FA; Fig. 3F), I segmented several brain regions and performed 3D
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reconstruction (Fig. 3G, S3E, F). By MR, Hets again had smaller brain volumes, with no size
change in the ventricular system (Fig. 3H, S3G). With segmentation of FA maps (Fig. 3F, G),
Hets had a smaller corpus callosum volume (Fig. 31). Functionally, FA values were unchanged in
white matter and cortex, suggesting that remaining axons were normal (Fig. S3H). This suggests
the decrease in white matter reflects a loss of axons rather than oligodendroglial dysfunction (e.g.
dysmyelination). Overall, Myt¢I/ mutation results in both decreased brain size and smaller specific

white-matter tracts.
2.2.4 Behavioral characterization of Myt1/ knockout mice

Last, I determined behavioral circuit consequences resulting from MYTIL
haploinsufficiency. I evaluated Hets for features related to developmental delays, ID, ADHD, and
ASC present in human MYTIL deletion patients. Language and motor delay are universal in
MYTIL deletion patients (Blanchet et al. 2017), therefore, I assessed Hets for gross
developmental, communication, and motor delay. Physically, Hets did not exhibit signs of gross
developmental delay in pinnae detachment, eye opening, and postnatal weight gain (Fig. 4A). |
examined early communicative interaction by recording ultrasonic vocalizations (USV) emitted
by isolated pups. Hets exhibited increased USV rates (Fig. 4B) following maternal separation that
is likely independent of altered respiratory muscle function (Fig. 4C-F). Rather than delayed
communicative behavior, this elevated rate suggests an anxiety-like phenotype or, since USV rate
also reflects arousal levels, a heightened arousal that may reflect a hyperactive phenotype.

As patients show ID, in collaboration with Dr. Susan Maloney, we examined spatial
learning and memory and Pavlovian fear conditioning. Hets displayed normal spatial acquisition
and memory retention in the Barnes maze (Fig S4A, B). However, Hets failed to show typical

contextual and cued fear conditioning (Fig. S4C), suggesting decreased associative memory. In
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the same cohort of mice, we examined activity levels for ADHD-like features at P30. Regardless
of sex, Hets were hyperactive in the open-field task, traveling a greater distance than WT
littermates (Fig. SSA). This hyperactivity replicated in subsequent assays: in distance traveled in
the social operant task and in heightened baseline force measurements in the startle task (a
measurement of movement in the apparatus in the absence of startle stimuli; Fig. SS5B). This
hyperactive phenotype confounds the interpretation of the conditioning data above because it can
mirror a conditioning deficit in this task. Thus, further investigations are necessary to understand
any learning deficits in this model. Finally, we assessed the center variables of the open field task
for anxiety-related behaviors (thigmotaxis), and found no increase in anxiety-related behavior in
Hets as measured in this task (Fig. S5C). The hyperactivity phenotype in the absence of anxiety-
related markers sheds more light on the heightened USV data, supporting an interpretation that the
increase in call rate reflects elevated arousal.

We also investigated multiple behaviors related to ASC circuits. First, we investigated
cognitive inflexibility, sensory sensitivity, repetitive behaviors and stereotypies across multiple
assays. In the spontaneous alternation T-maze, Hets exhibited comparable percent alternation to
WTs (with both different from chance, 50%; Fig. S5D), indicating no preservation here. To assess
sensory sensitivities, we quantified responses to stimulation of the plantar surface of the paw with
von Frey filaments. Het mice exhibited an overall reduced sensitivity to this tactile stimulation
(Fig. SSE). Examination of open field movement plots revealed sharp vertical movements in the
perimeter, suggestive of jumping. Therefore, we re-analyzed the video-data (Fig. S5F) to generate
supervised machine-learning behavioral predictive classifiers for automated quantification of
jumping behavior. Despite hyperactivity displayed by both male and female Hets (Fig. SSA), only

female Hets exhibited significantly more jumping (Fig. S5G). Therefore, this may be a female-
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specific overactivity trait. We also did not observe grooming-like stereotyped behavior in the
force-plate actometer (FPA), the form of bouts of low mobility, or movement during those bouts
(Fig. S5 H, I). Indeed, our machine learning classifier revealed that while there was an interesting
sex difference in duration of grooming bouts (Fig. S5J), My¢1/ mutation did not further modulate
this behavior (Fig. SSK). Thus, in the tasks used here, no behaviors related to repetitive/restrictive
interests or stereotypies were observed.

Previous work suggested MYTI1L promotes differentiation of oligodendroglia (Shi et al.,
2018), which could impact myelination. Demyelination can result in a tremor in mice, as assessed
by the FPA (Li et al., 2019). However, we did not observe any tremor in Hets (Fig. S5L),
suggesting the white matter anomalies we see do not reflect demyelination, consistent with the
normal FA values (Fig. S3H).

Finally, we assayed multiple aspects of social behavior. To assess social hierarchy
behavior, we used the social dominance tube test. MYT1L loss was associated with submission in
this test (Fig. SA). In the social approach task (Fig. 5B), Hets showed reduced sociability (less
time investigating the novel conspecific compared to WTs) during both trials (Fig. 5C), though
still exhibiting social preference (Fig. SD). This is due to reduced investigation time overall, as
Hets spent more time in the center chamber (Fig.SE). These findings, coupled with reduced entries
into the social investigation zone (Fig. SF), indicate reduced sociability in Hets.

Deficits in sociability may be due to reduced motivation to engage with a social partner.
Social motivation requires both social reward circuits and social orienting circuits (i.e., attending
to a social stimulus when presented) (Chevallier et al., 2012). Therefore, we used data from an
adapted and extended social operant paradigm (Martin and Iceberg, 2015), to understand the effect

of MYTIL loss on social motivation directly and parse these two possibilities. We adapted
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standard operant conditioning (Fig. 5G, H) to assess social motivation by rewarding nosepokes
with an opportunity for transient social interaction (Fig. SI-L). Social reward seeking is quantified
by increasing the number of nosepokes required (work) to elicit each reward, and in parallel the
animal’s social orienting can be assessed by tracking its behavior. Hets were normal on learning
the task, including day to reach criteria based on correct to incorrect nosepokes (Fig. SM) and
appeared to show normal social reward-seeking defined by the maximum number (breakpoint) of
correct nosepokes made for a reward (Fig. SN). However, during training male Hets achieved
fewer social rewards compared to WT males (Fig. 50) despite exhibiting a comparable number of
correct nosepokes (Fig. SP). This suggested the Het males continued to poke despite the
presentation of a social reward. Indeed, we found that Het males tended to spend less time at the
door during a reward (Fig. 5Q) and showed a significant decrease in overall time in the interaction
zone (Fig. SR). This reduction is not secondary to increased activity levels of male Hets as both
males and female Hets show increased distance traveled (Fig. 5S). Together, these data indicate
that Het males failed to cease nosepoking and orient to a social stimulus at the WT rate, indicating

a male specific deficit in social orienting.

2.3 Discussion

Here, I described the generation of the first mouse model for MYTIL Syndrome. I
confirmed MYTIL haploinsufficiency in Het mice by molecular experiments and demonstrated
that this mouse model recapitulates many aspects of human MYT1L Syndrome, including obesity,
microcephaly, and behavioral anomalies in circuits related to ADHD and ASC. This mouse model
will be an important resource for future pre-clinical studies, enabling potential therapy
development for MYT1L Syndrome. In addition, this germline knockout mouse line can also offer

great opportunities to understand long-term consequences of MYT1L loss in the mammalian brain.
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MYTIL LoF studies using this mouse line will advance our understanding of MYT1L’s functions
in physiological conditions and during normal development, beyond what was previously learned

by neuronal trans-differentiation systems.

2.4 Materials and Methods

2.4.1 Human subjects

All procedures with human subjects were approved by the Washington University

Institutional Review Board (201603131).

2.4.2 Animal models

All procedures using mice were approved by the Institutional Care and Use Committee at
Washington University School of Medicine and conducted in accordance with the approved
Animal Studies Protocol. All mice used in this study were bred and maintained in the vivarium at
Washington University in St. Louis in individually ventilated (36.2 x 17.1 x 13 cm) or static (28.5
x 17.5 x 12 cm; post-weaning behavior only) translucent plastic cages with corncob bedding and
ad libitum access to standard lab diet and water. Animals were kept at 12/12-hour light/dark cycle,
and room temperature (20-22°C) and relative humidity (50%) were controlled automatically. For
all experiments, adequate measures were taken to minimize any pain or discomfort. Breeding pairs
for experimental cohorts comprised My¢/l Hets and wild type C57BL/6J mice (JAX Stock No.
000664) to generate male and female My¢1] Het and WT littermates. For embryonic ATAC-seq,
RNA-seq, and EdU labeling, My¢1] Het x Het breeding pairs were used to generate Myt1]/ WT, Het
and homozygous mutant littermates. Animals were weaned at P21, and group-housed by sex and

genotype. Biological replicates for all experiments are sex and genotype balanced.
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2.4.3 Method details

Generation of MYTIL knockout mice.

CRISPR-mediated homology-directed repair (HDR) was used to generate Myz1/ S710fsX
mice. A Cas9 gRNA was designed to target the 7™ exon of the mouse MYTIL gene (seq: 5’
GCTCTTGCTACACGTGCTACNGG 3’), similar to where a patient specific heterozygous de
novo mutation defined by our clinical colleagues in a human case with ASC (¢.2117dupG). Cutting
efficiency of reagents and homologous recombination was confirmed in cell culture. Then
validated gRNA and Cas9 protein (IDT) were electroporated into fertilized C57BL6/J oocytes
along with single stranded oligonucleotides carrying homology to the targeted region and the G
mutation as well as blocking for the other strand to prevent homozygous mutation and presumptive
embryonic lethality of founders. Eggs were cultured for 1-2 hours to confirm viability, then
transferred to pseudopregnant surrogate dams for gestation. Pups were then screened for the
targeted allele by amplicon PCR with mutation flanking primers followed by Illumina sequencing.
Founders carrying the appropriate allele were then bred with wild type C57BL/6J mice (JAX Stock
No. 000664) to confirm transmission. F1 pups from the lead founder were genotyped by
sequencing as above, then bred to generate experimental animals. Subsequent genotyping at each
generation was conducted utilizing allele specific PCR using the MYTI1L mutant primers and
control primers, amplified using Phusion and the following cycling conditions: 98°C for 3 min,
98°C for 10 s, 61°C for 20 s, 72°C for 20 s, repeat 2-4 for 35 cycles, 72°C for 5 min, and hold at
4°C.

RNA extraction and RT-gPCR

Mice brains or cortex were dissected out at different developmental stages and

homogenized in lysis buffer (10 mM Tris-HCL pH 7.4, 10 mM NaCl, 3 mM MgCl12, 0.1% IGEPAL
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CA-630, 0.1% Rnase inhibitor) on ice. Then lysates were mixed with Trizol LS and chloroform.
After centrifugation, RNA was extracted from the aqueous layer with Zymo RNA Clean and
ConcentratorTM-5 kit. ¢cDNA libraries were prepared using qScript cDNA synthesis Kit
(QuantaBio). RT-qPCR were performed using SYBR Green Master Mix (Thermo Fisher) on
QuantStudio 6 Flex Real Time PCR System using primers in the Key Resource Table
(Appendix). We normalized cycle counts to Gapdh or B-actin and calculated normalized relative
gene expression using AACT. To compare MYT1L mRNA expression between genotypes, we put
6 WT and 8 Het brains into qPCR procedure. To understand MYTI1L expression in human brain,
we acquired normalized RNA-seq RPKM values of MYTIL in primary somatosensory cortex

(S1C) from Allen Brain Atlas BrainSpan dataset (http://www.brainspan.org/) and plotted MYTI1L

mRNA temporal expression in R.
Western Blot

Mice brains or cortex were dissected out at different developmental stages and
homogenized in lysis buffer (50 mM Tris-HCL pH 7.4, 100 mM NaCl, 3 mM MgCl12, 1% IGEPAL
CA-630, 10 mM NaF, 10 mM Na3Vo4 with Protease inhibitors). After centrifugation, supernatants
were collected, and protein concentration was measured by BCA assay. For each sample, 20 pug of
protein was run on the 7.5% BioRad precast gel and transferred to the PVDF membrane. We
blocked the membrane using TBST with 3% BSA for 2 hours at room temperature (RT). Then, the
membrane was incubated with anti-MYTIL (1:500, 25234-1-AP, Proteintech) and anti-GAPDH
(1:5000, G8795, Sigma) primary antibodies overnight at 4°C and then incubated with HRP
conjugated anti-Mouse (1:2000, 1706516, BioRad) and anti-goat (1:2000, AP307P, Millipore) for
one hour at RT. After washing, the membrane was developed in BioRad ECL Western Blotting

Substrates and imaged with myECL Imager (Thermo Fisher). Fluorescent intensity was measured
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by Image] and MYTIL expression was normalized to GAPDH. To compare MYTIL protein
expression between genotypes, we put 3 WT and 4 Het brains into Western Blot procedure.

[mmunoﬂuorescence

Mice brains were dissected out at different developmental stages and fixed in 4%
paraformaldehyde (PFA) overnight at 4°C. After gradient sucrose dehydration and O.C.T.
compound embedding, brains were sectioned using Leica Cryostat (15 um for E14 brains and 30
um for postnatal brains). Antigen retrieval was performed by boiling sections in 95°C 10 nM
sodium citrate (pH 6.0, 0.05% Tween-20) for 10 mins. Then, sections were incubated in the
blocking buffer (5% normal donkey serum, 0.1% Triton X-100 in PBS) at RT for 1 hour. Primary
antibodies, including anti-MYTIL (1:500, 25234-1-AP, Proteintech), anti-MAP2 (1:200,
#188044, SYSY), anti-SOX2 (1:200, sc-17320, Santa Cruz), anti-TBR2 (1:400, AB15894,
Millipore), anti-Ki-67 (1:500, #14-5698-82, Invitrogen), anti-CTIP2 (1:500, ab18465, Abcam),
anti-BRN2 (1:500, sc-393324, Santa Cruz), anti-NEUN (1:500, #12943, Cell Signaling), anti-
GFAP (1:500, ab53554, Abcam), anti-OLIG2 (1:200, AF2418, R&D Systems), and anti-TBR1
(1:500, ab31940, Abcam) were used to detect different cell markers. Next, sections were incubated
in fluorescence conjugated secondary antibodies, including donkey anti-rabbit (Alexa 488, 546,
and 647, Invitrogen), donkey anti-mouse (Alexa 546, Invitrogen), donkey anti-chicken (Alexa 488,
Jackson ImmunoResearch), donkey anti-rat (Alexa 488 and 647, Invitrogen), and donkey anti-goat
(Alexa 488 and 647, Jackson ImmunoResearch) at 1:500 dilution for 2 hours in RT. Images were
captured under Zeiss Confocal Microscope or Zeiss Axio Scan Slide Scanner and cell counting
was performed using ImageJ. In order to compare cell numbers of different cell types across
genotypes, we had 5 WT, 6 Het, and 5 KO E14 brains for cell counting experiments. And we had

6 WT, 6 Het, and 5 KO E14 brains to quantify the Ki-67 positive cells.
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Sanger Sequencing

Genomic DNA (gDNA) was extracted from mouse tissue by Qiagen Blood and Tissue Kit.
A 2.2kb gDNA fragment flanking the G duplication site was amplified using the primers Key
Resource Table (Appendix), Phusion, and following program: 98°C for 2 min, 98°C for 10 s,
60°C for 20 s, 72°C for 1 min, repeat 2-4 for 30 cycles, 72°C for 5 min, and hold at 4°C. PCR
products were purified with QIAquick PCR Purification Kit and submitted for sanger sequencing
at Genewiz. We used Snapgene to check and visualize sanger sequencing results.

Hlumina Sequencing

gDNA and cDNA library from mice brains was generated as described in the above
sections. To prepare sequencing libraries, we performed two-step PCR to first tag 200bp DNA
fragments flaking the mutation site with Illumina adapters (Taq, primers seen Key Resource
Table (Appendix), PCR program: 94°C for 3 min, 94°C for 10 s, 58°C for 20 s, 68°C for 1 min,
repeat 2-4 for 30 cycles, 68°C for 5 min, and hold at 4°C) and then add unique index to individual
samples (Taq, primers seen supplemental tables, PCR program: 98°C for 3 min, 98°C for 10 s,
64°C for 30 s, 72°C for 1 min, repeat 2-4 for 20 cycles, 72°C for 5 min, and hold at 4°C). Final

PCR products were purified by gel extraction using Qiagen Gel Extraction Kit and submit for
2X150 Mlumina sequencing to CGSSB at Washington University School of Medicine. For each

sample, we were able to get ~80,000 reads. We conducted quality control on raw reads using
FastQC. Then, reads were trimmed by Trimmomatic software and aligned to the mouse genome
by STAR. We used VarScan and Samtools to determine the percentage of the mutation in gDNA
(n=8) and cDNA (n = 8) samples.

Nissl Staining
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Following perfusion with 4% paraformaldehyde, the brains were removed, weighed (WT
n =15, Het n = 6), sectioned coronally using a vibratome at 70 um, and then mounted onto gelatin
coated slides (WT n= 8, Het n =9). Sections were then rehydrated for 5 minutes in xylene, xylene,
100% ethanol, 100% ethanol, 95% ethanol, 70% ethanol, and deionized water. Using 0.1% cresyl
violet at 60°C, sections were stained for two hours and rinsed with two exchanges of deionized
water. Differentiation began with 30 second rinses in 70% ethanol, 80% ethanol, and 90% ethanol.
Next, a two-minute rinse in 95% ethanol was done, checking microscopically for a clearing
background. This was followed by a 30-second rinse in two exchanges of 100% ethanol, a 15-
minute rinse using 50% xylene in ethanol, and a 1-hour rinse of xylene. Finally, the sections were
mounted and coverslipped using DPX mountant. Whole and regional volumes were outlined by a
rater blind to treatment using Stereoinvestigator Software (v 2019.1.3, MBF Bioscience, Williston,
Vermont, USA) running on a Dell Precision Tower 5810 computer connected to a Qimaging
2000R camera and a Labophot-2 Nikon microscope with electronically driven motorized stage.

In vivo Magnetic Resonance Imaging (MRI): data acquisition.

All animal experiments were approved by Washington University’s Institutional Animal
Care and Use Committee. MRI experiments were performed on a small-animal MR scanner built
around an Oxford Instruments (Oxford, United Kingdom) 4.7T horizontal-bore superconducting
magnet and equipped with an Agilent/Varian (Santa Clara, CA) DirectDrive™ console. Data were
collected with a laboratory-built, actively-decoupled 7.5-cm ID volume coil (transmit)/1.5-cm OD
surface coil (receive) RF coil pair. Mice were anesthetized with isoflurane/O: (1.2% v/v) and body
temperature was maintained at 37+1°C via circulating warm water. Mouse respiratory rate (50-70
breaths/minutes) and body temperature (rectal probe) were monitored with a Small Animal

Instruments (SAI, Stony Brook, NY) monitoring and gating unit.
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T2-weighted transaxial images (T2W) were collected with a 2D fast spin-echo multi-slice
(FSEMS) sequence: echo train length=4, kzero=4, repetition time (TR)=1.5 s, effective echo time
(TE)=60 ms; field of view (FOV)=24 x 24 mm?, matrix size =192 x 192, slice thickness=0.5 mm,
21 slices, 4 averages. Co-registered T1-weighted images (T1W) were collected with a 2D spin-
echo multi-slice (SEMS) sequence: TR=0.8 s, TE=11.3 ms, 2 averages.

Diffusion Tensor Imaging (DTI) measures the directional water movement along and
perpendicular to axons (fractional anisotropy: FA) as a measure of white-matter integrity, and the
same images can be used for structural assessments. DTI data were collected using a multi-echo,
spin-echo diffusion-weighted sequence with 25-direction diffusion encoding, max b-value=2200
s/mm?. Two echoes were collected per scan, with an echo spacing of 23.4 ms, and combined offline
to increase signal-to-noise ratio (SNR), resulting in a SNR improvement of 1.4x compared with a
single echo. Other MR acquisition parameters were TR=1.5 s, TE=32 ms, length of diffusion-
encoding gradients (8)=6 ms, spacing between diffusion gradients (A)=18 ms, FOV =24 mm x 24
mm, matrix size = 192 x 192, slice thickness=0.5 mm, 21 slices, 1 average. The total acquisition
time was approximately 2 hours and 5 minutes.

DTI Data Analysis.

DTI datasets were analyzed in MatLab (The MathWorks®, Natick MA). Following zero-
padding of the k-space data to matrix size 384 x 384, the data were Fourier-transformed and the
images from the two spin echoes were added together. A 3 x 3 Gaussian filter (Sigma = 0.7) was
applied and the resulting images were fit as a mono-exponential decay using the standard MR
diffusion equation (Stejskal and Tanner, 1965):

S/So = exp[(-y2G23*(A-8/3)D)],
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in which S is the diffusion-weighted signal intensity, So the signal intensity without diffusion
weighting, v is the gyromagnetic ratio, G is the gradient strength, and D is the diffusion coefficient.
Eigenvalues (41,42,43) corresponding to the diffusion coefficients in three orthogonal directions
were calculated and parametric maps of apparent diffusion coefficient (ADC), axial diffusion
(Daxial), radial diffusion (Dradial), and fractional anisotropy (FA) were calculated according to
standard methods (Basser and Pierpaoli, 2011; Mori, 2007). Parametric maps were converted into

NifTI (.nii) files for inspection and segmentation in ITK-SNAP (www.itksnap.org). We ended up

analyzing 8 WT mice and 6 Het mice.

Developmental assessment.

During the first three weeks postnatal, we assessed the My¢// Het and WT littermates for
signs of gross developmental delay and communicative delay, which are universal in MYTIL
deletion patients (Blanchet et al., 2017). To evaluate gross development, the mice were weighed
daily from P5 - P21, and evaluated for physical milestones of development including pinna
detachment by P5 and eye opening by P14. While human language cannot be explored in mice,
vocal communication behavior is conserved across taxa (Ehret, 1980). Mouse pups produce
isolation calls as a way to attract the dam for maternal care (Haack et al., 1983), thus it is one of
the earliest forms of social communication we can examine in mice. This behavior also has a
developmental trajectory, beginning just after birth, peaking during the first week postnatal and
disappearing around P14, making it useful for examining delay in early social circuits. Ultrasonic
vocalizations (USVs) were recorded on PS5, P7. P9 and P11 following our previous methods
(Maloney et al., 2018a). Briefly, the dam was removed from the nest and the litter placed in a
warming cabinet. The surface temperature of each pup was recorded (HDE Infrared Thermometer;

Het: M=35.4°C, $D=0.90; WT: M=35.2°C, SD=1.16), and then the pup was placed in an empty
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cage (28.5x 17.5 x 12 cm) in a sound-attenuating chamber. USVs were recorded for three minutes
using an Avisoft UltraSoundGate CM16 microphone, Avisoft UltraSoundGate 116H amplifier,
and Avisoft Recorder software (gain = 3 dB, 16 bits, sampling rate = 250 kHz). The pup was then
removed, weighed, tissue collected for genotyping (P5 only), and returned to the nest. Following
recording of the last pup, the dam was returned to the nest. Frequency sonograms were prepared
from recordings in MATLAB (frequency range = 25 kHz to 120 kHz, FFT size = 512, overlap =
50%, time resolution = 1.024 ms, frequency resolution = 488.2 Hz). Individual syllables and other
spectral features were identified and counted from the sonograms as previously described (Holy
and Guo, 2005; Rieger and Dougherty, 2016).
Open field

Locomotor ambulation was measured at P30 to assess activity, exploration, and anxiety-
like levels in the open field assay similar to our previous work (Maloney et al., 2018b).
Specifically, the behavior of each mouse was evaluated over a 1-hr period in a translucent acrylic
apparatus measuring 59 x 39 x 22 cm, housed inside a custom sound-attenuating chamber (70.5 x
50.5 x 60 cm), under approximately 9 lux illumination (LED Color-Changing Flex Ribbon Lights,
Commercial Electric, Home Depot, Atlanta, GA). A CCTV camera (SuperCircuits, Austin, TX)
connected to a PC computer running the software program ANY-maze (Stoelting Co., Wood Dale,

IL; http://www.anymaze.co.uk/) tracked the movement of the mouse within the apparatus to

quantify distance traveled, and time spent in and entries into the center 50% and outer perimeter
zones. The apparatus was cleaned between animals with a 0.02% chlorhexidine diacetate solution
(Nolvasan, Zoetis, Parsippany-Troy Hills, NJ).

Pose estimation (DeepLabCut (Mathis et al., 2018) and machine learning classification

(SimBA (Nilsson et al., 2020)) were used to further quantify behaviors of the mice in videos
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recorded during the open field test. Specifically, we used DeepLabCut to estimate the pose of eight
body parts of the mice, including nose, left ear, right ear, center, lateral left, lateral right, tail base,
and tail end. A random subset of frames from all 41 videos were used for the network training.
The trained network was then applied to all videos, yielding pose tracking files. The video and the
tracking file of a Het female mouse were input to SImBA to build classifiers for jumping, facial
grooming, and body/tail grooming. A region of interest (ROI) defined as a rectangle covering the
center area of the open field was appended to the machine learning features extracted from the
tracking file. Then the training video was annotated for interesting behaviors using the SimBA
event-logger. Random forest classifiers were trained using default hyperparameters, and classifier
performances were evaluated. We set the discrimination threshold of jumping, facial grooming
and body/tail grooming to 0.8, 0.444, and 0.521 respectively. The minimum behavior bout length
(ms) for all behaviors was set to 200. In the end, the classifiers were applied to analyze all the
videos. Facial grooming and body/tail grooming were combined for analyses. The descriptive
statistics for each predictive classifier in the project, including the total time, the number of frames,
total number of ‘bouts’, mean and median bout interval, time to first occurrence, and mean and
median interval between each bout, were generated.

Force-plate actometer

At P36, the presence of stereotyped movements indicative of self-grooming (bouts of low
mobility or movement during those bouts) and presence of tremor resulting from possible
demyelination was assessed in the force-plate actometer (FPA), as previously described (Reddy et
al., 2012; Tischfield et al., 2017). The custom made FPA consisted of a carbon fiber/nomex
composite material load plate measuring 24 % 24 cm surrounded by a clear polycarbonate cage (15

cm high) with a removable clear polycarbonate top perforated with ventilation holes, and housed
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in a sound-attenuating cabinet measuring 70.5 x 50.5 x 60 cm. Force was measured by summing
the signal from four transducers, which is then expressed as a percentage of body weight.
Grooming only takes place during low mobility bouts, as previously defined (Reddy et al., 2012)
and validated (Tischfield et al., 2017). Raw data was acquired with a DOS-based Free Pascal
program and further processed using custom MATLAB scripts (Fowler et al., 2001). To identify
any tremor, each force time series was Fourier transformed to identify unique frequencies and
plotted as a continuous function or power spectra. Tremor was identified as the frequency at peak
power.
Barnes maze

Spatial learning and memory were evaluated in the Barnes maze using methods adapted
from previous work (Pitts, 2018). The Barnes maze apparatus consisted of a circular white acrylic
platform measuring 122 cm in diameter, with 20 equally spaced holes (5 cm in diameter) around
the perimeter 6.35 cm from the edge, elevated 80 cm from the floor. The maze was brightly lit
with overhead lighting, and extra maze cues were used to aid learning. Testing comprised two
acquisition trials separated by 45 minutes on each of 5 consecutive days. During acquisition trials,
an escape box measuring 15.2 x 12.7 cm with an inclined entry was attached to the maze
underneath one hole location (three escape locations were counterbalanced across mice). Prior to
the first trial on the first day, each mouse was placed in the escape hole for 30 seconds covered by
a clear acrylic tube. During each trial, a mouse was placed in the center of the maze facing a
random direction, 75 dB white noise sounded until the mouse entered the escape box, which ended
the trial. Each mouse was allowed to remain in the escape box for 30 seconds. If the mouse failed
to enter the escape box, the trial would end after a maximum of three minutes and the mouse would

be placed in the escape box for 30 seconds. On the sixth day, a three minute probe trial was
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conducted to assess each animal’s memory for the previously learned location of the escape box.
The escape box was removed, and a mouse was placed in the center of the maze facing a random
direction, and 75 dB white noise sounded until the end of the trial. A digital USB 2.0 CMOS
Camera (Stoelting Co., Wood Dale, IL) connected to a PC computer running the software program

ANY-maze (Stoelting Co., Wood Dale, IL; http://www.anymaze.co.uk/) tracked the movement of

the mouse within the apparatus to quantify distance traveled, frequency and duration of visits to
the escape box and to incorrect holes. All males were tested first, followed by the females. The
apparatus was cleaned between animals with a 0.02% chlorhexidine diacetate solution (Nolvasan,
Zoetis, Parsippany-Troy Hills, NJ).
Social operant

Social motivation, including social reward seeking and social orienting (Chevallier et al.,
2012), was evaluated from P48-P60 using a social operant task adapted and extended from
previous methods (Martin and Iceberg, 2015; Martin et al., 2014), adding continuous tracking to
measure social reward seeking and social orienting in parallel. Standard operant chambers (Med
Associates) enclosed in sound-attenuating chambers (Med Associates) were modified. A clear
acrylic conspecific stimulus chamber (10.2 x 10.2 x 18.4 cm; Amac box, The Container Store) was
attached to the side, separated from the operant chamber proper by a door opening (10.2 x 6 cm)
with stainless steel bars (spaced 6mm apart), centered between the nosepoke holes. A 3D printed
filament door was attached via fishing wire to a motor (Longruner) controlled by an Arduino (UNO
R3 Board Atmega328P) connected to the Med Associates input panel. The chamber included a red
cue light that illuminated at the beginning of the test trial and remained illuminated until the test
trial ended. The rest of the chamber was illuminated with a puck light (Honwell) to achieve 54 lux.

The operant chamber bottom tray was filled with one cup of fresh corn cob bedding, which was
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replaced between mice. Operant chambers and stimulus chambers were designated for males or
females throughout the experiment. The operant chambers were cleaned with 70% ethanol and the
stimulus chambers were cleaned with 0.02% chlorhexidine diacetate solution (acrylic; Nolvasan,
Zoetis) between animals. One of the operant chamber holes was designated the “correct” hole, and
the other the “incorrect” hole, which were counterbalanced across groups. A nosepoke into the
correct hole triggered illumination of a cue light within that hole and the raising (opening) of the
door between the operant and stimulus chambers. A nosepoke into the incorrect hole did not trigger
an event. The experimental and stimulus animals were allowed to interact across the bars for 12
sec (social reward) and then the door was lowered (shut) and the correct hole cue light turned off.
The operant chambers were connected to a PC computer via a power box (Med Associates). MED
PC-V software quantified nosepokes as “correct”, “incorrect”, and “rewards” to measure social
reward seeking behavior as part of social motivation. CCTV cameras (Vanxse) were mounted

above the chambers and connected to a PC computer via BNC cables and quad processors. Any-

Maze tracking software (Stoelting Co., Wood Dale, IL; http://www.anymaze.co.uk/) was used to

track the experimental and stimulus animals’ behavior to quantify distance traveled, and time spent
in and entries into the social interaction zone (6 X 3 cm zone in front of the door in each the operant
and stimulus chamber). This allowed us to quantify the social orienting aspect of social motivation,
defined as the experimental animal entering and spending time in the social interaction zone.
Custom Java tools and SPSS syntax were used to align the Any-Maze tracking data with the timing
of rewards in the Med Associates text data to extract presence or absence of each animal within
the interaction zones during each second of every reward.

The operant paradigm comprised habituation, training, and testing trials. For all trials, sex-

and age-matched, novel C57BL/6]J mice served as conspecific stimulus mice. All mice,
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experimental and stimulus, were group housed by sex during the entirety of the operant paradigm.
The stimulus mice were loaded into and removed from the stimulus chambers prior to the
placement and after removal of the experimental mice into the operant chambers, respectively, to
prevent the experimental animals from being in the chambers without a conspecific stimulus
partner. Habituation consisted of a 30 minute trial on each of two consecutive days, during which
the door remained opened, and the nosepoke holes were shifted to be inaccessible to prevent any
nose-poking prior to training. This allowed the experimental mice to acclimate to the chamber and
the presence of a stimulus partner in the adjoining chamber. Training consisted of 1-hr trials during
which the fixed ratio 1 (FR1) reinforcement schedule was used to reward the mouse with a 12-sec
social interaction opportunity following one correct nosepoke. During the 12-sec reward period,
any additional correct nosepokes did not result in another reward. Each mouse received at least
three days of FR1, after which achievement of learning criteria moved the mouse on to testing.
Ten days of FR1 without reaching criteria resulted in “non-learner” status. Learning criteria
included at least 40 correct nosepokes, a 3:1 correct:incorrect ratio, and at least 65% of rewards
including a social interaction (defined as both experimental and stimulus mice in their respective
social interaction zones simultaneously for at least 1 sec of the reward). Testing comprised a 1-hr
trial on each of 3 consecutive days, during which the fixed ratio 3 (FR3) reinforcement schedule
was used to reward the mouse with a 12-sec social interaction opportunity following three
consecutive correct nosepokes. FR3 served to increase social reward seeking effort required to
receive a social reward. Following completion of FR3 testing, breakpoint testing was conducted
on the following day during a 1-hr trial. To measure the breakpoint, or maximum nosepokes or
effort the animal would exhibit for a social reward, the progressive ratio 3 (PR3) reinforcement

schedule was used to reward the mouse with a 12-sec social interaction opportunity following a
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progressive increase in required correct nosepokes by 3 (e.g. 3, 6, 9, 12, etc). Due to the limited
number of testing chambers and the length of testing daily, we restricted the number of animals to
17 WTs (10 females, 7 males) and 19 Hets (10 females, 9 males) in order to fit all runs into one
day. Task validation data was derived from a cohort of 40 male (n=20) and female (n=20)
C57BL/6J adult mice (~P60), which served as either experimental mice (n=20) that received a
social partner interaction as a reward or control mice (n=20) that received only the opening of a
door as a reward. The testing procedure was as stated above, except that all mice received four
consecutive PR3 testing days to assess reliability of performance within individuals.

Tube test of social dominance

Mice begin to develop social hierarchy behaviors at 6 weeks of age under laboratory
conditions, which result in dominance ranks within their social groups (Hayashi, 1993). The tube
test of social dominance was used to assess the social hierarchy behavior of the mice as previously
described (Maloney et al., 2018b). Briefly, a pair of sex-matched MYTIL Het and WT mice were
gently guided into a clear acrylic tube measuring 30 cm in length and 3.6 cm in diameter from
either end. When the mice met in the center, a divider was lifted and the time for one mouse to
back out of the tube as the bout loser/submissive partner up to 2 min was recorded. This was
repeated once across three consecutive days for each animal with a novel sex-matched partner.
Prior to testing, each mouse was habituated to the tube by gently guiding it through the tube from
either end across two consecutive days. The tube was cleaned with 0.02% chlorhexidine diacetate
solution (Nolvasan, Zoetis, Parsippany-Troy Hills, NJ) between each pair. Each trial was video
recorded and subsequently scored for the dominant and submissive partner of each bout. Because
testing required sex-matched genotype-mixed pairs, only a subset of 17 WTs (9 females, 8 males)

and 17 Hets (9 females and 8 males) were used.
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Prepulse inhibition/startle

Sensorimotor gating and reactivity were assessed at P94 in the prepulse inhibition (PPI) /acoustic
startle task as previously described (Dougherty et al., 2013). Briefly, PPI (response to a prepulse
plus the startle pulse) and acoustic startle to a 120 dBA auditory stimulus pulse (40 ms broadband
burst) were measured concurrently using computerized instrumentation (StartleMonitor, Kinder
Scientific). A total of 65 trials were presented. Twenty startle trials were presented over a 20 min
test period, during which the first 5 min served as an acclimation period when no stimuli above
the 65 dB white noise background were presented (non-startle trials). The session began and ended
by presenting 5 consecutive startle (120 db pulse alone) trials unaccompanied by other trial types.
The middle 10 startle trials were interspersed with PPI trials, consisting of an additional 30
presentations of 120 dB startle stimuli preceded by prepulse stimuli of 4, 12, or 20 dB above
background (10 trials for each PPI trial type). A percent PPI score for each trial was calculated
using the following equation: %PPI = 100 x (startle pulse alone — prepulse + startle pulse)/startle
pulse alone. The apparatus was cleaned with 0.02% chlorhexidine diacetate solution (Nolvasan,
Zoetis, Parsippany-Troy Hills, NJ).

Fear conditioning

To assess associative memory to an aversive stimuli, we evaluated our mice in the fear
conditioning paradigm as we previously described (Maloney et al., 2019a). In this task, freezing
behavior was quantified as a proxy for the fear response. Briefly, the apparatus consisted of an
acrylic chamber (26 x 18 x 18 cm) with a metal grid floor, an LED cue light and an inaccessible
peppermint odorant that is housed in a sound-attenuating chamber (Actimetrics). The cue light
turned on at the start of each trial and remained illuminated. The procedure comprised a 5-minute

training session, an 8-minute contextual memory test, and a 10 minute cued memory test across 3
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consecutive days. During training an 80 dB tone (white noise) sounded for 20 sec at 100 sec, 160
sec and 220 sec. A 1.0 mA shock (unconditioned stimulus; UCS) was paired with the last two sec
of the tone (new conditioned stimulus; CS). Baseline freezing behavior was measured during the
first two minutes and the freezing behavior as the conditioned response (CR) to the presentation
of tone and foot shock was measured during the last three minutes. Freezing behavior was
quantified through the computerized image analysis software program FreezeFrame (Actimetrics,
Evanston, IL). During contextual conditioning testing on day 2, no tones or shocks were presented
allowing for the evaluation of freezing behavior (CR) in response to the contextual cues associated
with the shock stimulus (UCS) from day 1. During cued conditioning testing on day 3 the context
of the chamber was changed to an opaque acrylic-walled chamber containing a different (coconut)
odorant. The 80 dB tone (CS) began at 120 sec and lasted the remainder of the trial. During the
first two min baseline freezing behavior to the new context (pre-CS) was measured. During the
remaining eight min, freezing behavior (CR) in response to the auditory cue (CS) associated with
the shock stimulus (UCS) from day 1 was quantified. Sensitivity to footshocks was evaluated
following testing as previously described (Maloney et al., 2019b), and no differences were
observed between genotypes (data not shown).

Social approach

The three-chamber social approach task was used to test sociability and social novelty
preference as previously described (Maloney et al., 2018b). Sociability is defined here as the
preference to spend time with a novel conspecific over a novel empty cup. Social novelty is defined
as the preference to spend time with a novel versus familiar conspecific. The clear acrylic apparatus
measuring 60 x 39 x 22 cm is divided into three equal chambers each measuring 19.5 x 39 x 22

cm with two doors of 5 x 8 cm. During testing, an acrylic lid with four air holes is placed on top
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of the apparatus. Two stainless steel cages (Galaxy Pencil/Utility Cup, Spectrum Diversified
Designs, Inc) measuring 10 cm tall and 10 cm in diameter with vertical bars served as conspecific
stimulus cages and allowed for controlled, minimal contact interactions between experimental and
stimulus mice. The apparatus is placed inside a custom-built sound-attenuating chamber (70.5 x
50.5 x 60 cm). Testing is completed under red light illumination of ~11 lux provided by LED Flex
Ribbon Lights (Commercial Electric, Home Depot). Video is captured by a CCTV camera
(SuperCircuits) mounted in the top of each sound-attenuated chamber. A PC computer with the

program ANY-maze (Stoelting Co., Wood Dale, IL; http://www.anymaze.co.uk/) recorded video

and live tracked the nose, body and tail of the test mouse to produce variables for analysis: distance
traveled, time spent in and entries into each chamber and investigation zone. An investigation zone
is the area 2 cm outward from the perimeter of each conspecific cage. An entry into the
investigation zone requires the nose-point to be within the zone, constituting a purposeful
interaction by the test mouse. The social preference score was calculated as (time in social / (time
in social + time in empty))*100. The novelty preference score was calculated as (time in novel /
(time in novel + time in familiar))*100. Statistical analysis was as previously described (Nygaard
etal., 2019).

Testing consists of four, consecutive 10-minute trials. Trials 1 and 2 habituate the test
mouse to the center chamber and the whole apparatus, respectively. At the completion of trial 2
the mouse is gently guided back to the center chamber and doors closed. Trials 3 and 4 test
sociability and social novelty preference, respectively. In trial 3, an unfamiliar, sex-matched
conspecific (C57BL/6J) in a conspecific cage is added to one of outer chambers, and an empty
conspecific cage is added to the other outer chamber. The conspecific cage locations were

counterbalanced between groups. The test mouse was allowed to explore freely, and at the end of
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the trial was guided back to the center chamber. During trial 4, a new novel conspecific mouse
(C57BL/6J) is added to the empty cage, the conspecific mouse from trial 3 remains in the same
cage to serve as the familiar stimulus. After each test, the apparatus is cleaned with 0.02%
chlorhexidine diacetate solution (Nolvasan, Zoetis). The conspecific cages were cleaned with 70%
ethanol solution.

Spontaneous alternation T-maze

The spontaneous alternation T-maze was used to assess perseverative exploratory behavior
with procedures adapted from our previous work (Maloney et al., 2018b). The apparatus is made
of grey acrylic walls with a clear acrylic floor (Noldus). White paper is adhered to the underside
of the floor to create distinction between coat color and the apparatus for contrast. A Start chamber
(20 x 8.7 cm) is connected to two radiating arms (25 x 8.7 cm), each separated by a door that closes
from the floor up. The doors for each arm and start chamber are controlled automatically by
Ethovision XT 14 (Noldus) through air compression provided by an ultra-quiet air compressor
(California Air Tools) located in an adjacent room. Video is captured by an IR camera (Basler
acA1300) mounted above the apparatus, which is connected to a PC computer. Testing is
completed in the dark with four IR LED lights (JC Infrared Illuminator) and consists of 10
consecutive trials. Prior to the start of the trial, the mouse is sequestered in the Start chamber for
two minutes to habituate to this chamber. To begin the trial, the start door opens, and the mouse is
free to explore. An arm choice is made when the whole body crosses the arm threshold located
11.1 cm beyond the door to the arm, and which triggers all doors to close, and the mouse is allowed
to explore the chamber for 15 seconds. The door to that arm is then lowered, allowing the animal
to move back to the Start chamber, triggering the closing of all doors. After 5s in the Start chamber,

the doors all re-open, triggering the beginning of the next trial. If no arm choice is made after two
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minutes, it is considered a non-choice trial, and the start of the next trial is triggered. Once all 10
trials are completed the mouse is returned to its home cage and the apparatus cleaned with 0.02%
chlorhexidine diacetate solution (Nolvasan, Zoetis).

Tactile sensitivity assessment

Tactile sensitivity task assessed reflexive, mechanical sensitivity to a punctate stimulus
(von Frey filaments), and was conducted as previously described (Maloney et al., 2018b). The
testing apparatus consisted of a metal grid surface elevated 63.5 cm, which allowed access to the
plantar surface of each animals’ paws. Each animal was housed in an individual acrylic box (10
cm x 10 cm x 10 cm) open on the bottom and opaque on three sides to prevent visual cues between
animals. All mice were acclimated to the testing room 30 min prior to habituation and testing. On
days 1 and 2, all mice were habituated to the testing apparatus for 1 hour. On day 3, mice were
allowed to acclimate to the testing apparatus for 30 minutes prior to start of testing. Eight different
von Frey hair filaments (applying 0.04-2 g of force; North Coast Medical and Rehabilitation
Products) were applied to the plantar surface of each animal’s hind paw and withdrawal responses
were recorded. Presentations started with the lowest filament strength (0.04 g) and increased to the
maximum filament strength (2 g). Each filament was applied to the plantar surface of each hind
paw five times, and the number of paw withdrawal responses was recorded as percentage of
responses. To evaluate the changes in paw withdrawal responses to the whole range of filaments
over the testing duration, the area of the curve (AUC) was calculated for each animal.

Weight, posture, and physical assessments

All mice from the second cohort were weighed continuously throughout the experiment,
starting on P30, to assess obesity-related weight gain in the mice. In addition, on P86, the mice

were assessed for posture and physical characteristics. Posture was assessed by picking up the
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animal by the base of its tail and evaluating the splay of the forelimbs and hindlimbs. Normal
posture was defined as splay of both forelimbs and hindlimbs. Abnormal posture was defined as
any deviation from this, including hyperflexion or grasping of limbs. Posture was analyzed as a
binary measure: normal splayed posture or abnormal posture. The physical examination consisted
of assessment of the condition of eyes (presence of debris or cataracts), whiskers (full, partial,
pruned), fur (matted or clean), skin (presence of dermatitis), nose (presence of drainage), and anus
(presence of prolapse), as well as presence of any seizure-like activity induced by handling or

tumors.
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2.6 Figures and Tables
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Figure 1: MYTI1L frameshift mutation results in protein haploinsufficiency.

(A) Schematics for MYTIL KO mouse line generation. (B) Sanger sequencing of ¢.3035dupG
mutation on MYTI1L mutant allele. (C, D) Western blot on P1 whole brain lysates confirmed
MYTIL protein reduction in Het mice. (E) RT-qPCR revealed Myti/ relative mRNA expression
to Gapdh decreases in P1 Het whole brain lysates (WT n = 6, Het n = 7). (F) Immunofluorescence
on E14 mouse cortex further validated antibody specificity and protein loss in My¢// KO mice. (G)
Long exposure of Western blot in Fig. 1C showed no truncated protein produced by MYTIL
¢.3035dupG mutation. (H) Illumina sequencing on gDNA and cDNA from P1 My¢1l Het mouse
brain showed mutant allele-specific in cDNA (n = 8), consistent with nonsense mediated decay.

Data were represented as mean = SEM. Scale bars, 50 um in F. See Table S1 for statistical test

details.
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Figure 2: MYTI1L frameshift mutation results in physical anomalies, and obesity.

(A) In physical examination, a subset of Het mice displayed fifth finger clinodactyly and (B, C)

abnormal hindlimb posture. (D) Het mice weighed significantly more than WTs as adults, which

was more pronounced in females.

Data were represented as mean = SEM. See Table S1 for statistical test details.
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Figure 3: MYTIL haploinsufficiency causes microcephaly and white-matter thinning in
corpus callosum.

(A) Sectioning strategy for Nissl staining. Scale bar, 3 mm. (B) Diagram of different brain
structures examined. (C) Adult Het mice had decreased brain weight and (D) decreased cortical
volume. (E) Coronal images acquired from DTI. (F) Fractional anisotropy (FA) map for
visualization of white-matter tracts. Scale bar, 0.5 cm. (G) 3D reconstruction of different white-
matter tracts via FA maps, including corpus callosum (CC, green), cerebral peduncle (CP, red),
internal capsule (IC, blue), fimbria (yellow), and cortex (blue). (H) DTI recapitulated smaller brain
phenotype in Het mice. (I) Histogram showed adult Het mice had decreased corpus callosum
volume. Data were normalized to brain volume.

Data were represented as mean £ SEM. See Table S1 for statistical test details.
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Figure 4: Myt1l haploinsufficiency results in heightened USV production.

(A) Hets have comparable early postnatal weight trajectories. (B) Hets produced fewer USVs than
WT, which did not differ from WT calls on (C-E) temporal (call duration, pause duration, sound
pressure level) or (F) spectral (mean frequency) features.

For panels A and B, grouped data are presented as means + SEM. For panels C-F, grouped data
are presented as boxplots with thick horizontal lines respective group medians, boxes 25"—75"
percentiles, and whiskers 1.5xIQR. Individual data points are open circles. See Table S1 for

statistical details.
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Figure 5: Myt1l haploinsufficiency altered social behaviors.

(A) MYTIL loss was associated with losses in the social dominance assay. (B) Social approach

test schematic. Investigation zones demarcated by the dotted red lines. (C) In the sociability trial,
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Hets spent less time investigating the social stimulus than WTs and failed to show an increase in
time spent in the social versus empty investigation zones. No difference was observed in social
novelty. (D) Sociability and social novelty preference scores were comparable. (E) Hets spent
more time in the center chamber during both trials compared to WTs. (F) In the sociability trial,
Hets entered the zone surrounding the social stimulus fewer times and failed to show an increase
in entries into the social cup zone versus empty cup zone. In the social novelty trial, Hets entered
the zone surrounding the novel mouse less than WT mice. (G-H) Social operant assay and timeline
schematics. (I) C57BL/6J mice show consistency in the max level of effort they will exert for
access to social interaction reward, demonstrating performance in the social operant test is
reproducible across test days. (J) This max effort is driven by the social aspect of the reward as
demonstrated by the difference in performance between mice that receive the social interaction
reward versus mice that did not. (K) The time series of task acquisition demonstrates that Myt//
WT and Het mice learn to discriminate between correct versus incorrect holes for access to a social
interaction reward during FR1 training. (L) All mice that meet learning criteria are motivated to
work harder for the social interaction reward when more effort is required in FR3 testing. (M) Day
to reach criteria during social operant training and (IN) breakpoint reached during PR3 testing was
not different between Hets and WTs. (O) Het males achieved less social rewards compared to WT
males. (P) Het males and females exhibited a comparable number of correct nosepokes to WT
littermates. (Q) During a reward, Het males trended towards less total time in the social interaction
zone compared to WT males. Regardless of genotype, males spent more time in the social
interaction zone compared to females. (R) Het males spent less total time in the social interaction
zone than WT males. Regardless of genotype, males spent more time in the social interaction zone

compared to females. (S) Female and male Hets traveled farther distances during 1-hr social
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operant trials compared to WTs. Overall, females traveled farther distances than males during
social operant trials.
For panels C-F, I-L, and N-S, grouped data are means £ SEM. Individual data points are open

circles. See Table S1 for statistical details.
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Supplemental Figure 3: MYT1L haploinsufficiency causes microcephaly and white-matter
thinning in the corpus callosum of the adult mouse brain.

(A) The ratio between cortex and brain volume remains unchanged in Myt/l Het mice. (B) Myt1l
Het mice had smaller corpus callosum volume (p = 0.072). (C) MYTIL loss did not change gross
cell density in the adult Het mouse brain. (D) Apparent diffusion coefficient (ADC) map showing
ventricular structures as hyperintense (bright) areas. Scale bar, 0.5 cm. (E) 3D reconstruction of
the brain contour and (F) different ventricles, including the fourth ventricle (FV (green), third
ventricle (TV; blue), lateral ventricles (LV; yellow), and cerebral aqueduct (CA; light blue). (G)
MYTIL loss did not change ventricular sizes. (H) FA values were unchanged between Het and
WT littermates.

Data are represented as mean £ SEM. See Table S1 for statistical test details.
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Supplemental Figure 4: Myt1/ haploinsufficiency did not clearly disrupt spatial learning and

memory or fear conditioning but leads to locomotor hyperactivity.

(A) Distance to reach the escape hole was not different between Hets and WTs during acquisitions

trials in the Barnes maze. (B) During the Barnes maze probe trial, Hets visited the previously

learned escape hole location at a similar frequency to WTs. (C) Conditioned fear timeline. Hets

froze in response to a pairing of shock and tone/context at a level comparable to WTs on Day 1,

yet, froze less during contextual and cued fear tests. No differences were observed for baseline

data.

Grouped data are presented as means = SEM with individual data points as open circles. See

Table S1 for statistical test details.
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Supplemental Figure 5: Myt1l haploinsufficiency resulted in hyperactivity and reduced tactile
sensitivity without evidence of stereotypies.

(A) Hets exhibited a longer distance traveled in the open field than WTs. (B) During the non-startle
trials of the PPI task, Hets exhibited greater movement force magnitude than WTs. (C) Hets spent
comparable time in the center of the open field chamber to WTs. (D) WTs and Hets exhibited %
alternations in the T-maze different from chance (50%). (E) Het mice responded less than WTs to
varying forces of tactile stimulation via von Frey filaments. (F) Representative video image frame
for SimBA for jumping ensemble prediction. (G) Female Hets jumped significantly more than
female WTs or male Hets. (H-I) In the FPA, Hets demonstrated a comparable number of low
mobility bouts and distance traveled during those bouts to WTs. (J) Female mice engaged in longer
grooming bouts than males. (K) Hets did not exhibit altered grooming frequency compared to
WTs. (L) Hets did not exhibit a difference in tremor frequency in the FPA compared to WTs.
For panels A-F, I, J, and M grouped data are presented as means + SEM. For panels F (inset), K, and
L grouped data are presented as boxplots with thick horizontal lines respective group medians, boxes
25t — 75 percentiles, and whiskers 1.5 x IQR. Individual data points are open circles. See Table S1

for statistical test details.
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Supplemental Table 1. Statistical analyses for Chapter 2.

Fourth ventricle

genotype

Bonferroni's
multiple
comparison
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FIG VARIABLE COMPARISON STATIIICAL OUTPUT
MYTIL protein
1D relative genotype One sample t test t(5)=4.128, p =.0091
expression
MYTIL mRNA
1E relative genotype Mann-Whiteny U U(Nw1=6,Nues=8)=7, p=.029
expression
MYTIL allele
1H specific gDNA w/i cDNA  One sample t test t(14)=26.48, p <.0001
expression
S OR=0.185, 95%
2C Posture genotype Fisher's exact test CI[0.041,0.845], p=.038
. two-way _ _
2D Weight genotype rmANOVA F(1,32)=8.398, p=.0007
genotype x age F(1.695,54.247)=8.074, p=.002
sex F(1,32)=23.711, p=.00003
3C Brain weight genotype One sample t test t(9)=3.061, p =.013
3D | Cortex Volume genotype One sample t test t(15)=2.318, p =.035
3H Brain volume genotype One sample t test t(12)=2.579, p =.024
White matter
31 tracts genotype x area  Two-way ANOVA F(3,48)=7.737, p=.0003
(Normalized)
Bonferroni's
Corpus callosum genotype multiple p =.0002
comparison
Cerebral not B(I);lfigolm S — 60
Peduncle genotype whpie P
comparison
Bonferroni's
Internal Capsule genotype multiple p=.17
comparison
Bonferroni's
Fimbria genotype multiple p >0.9999
comparison
S3A Cortex/Brain genotype One sample t test t(15)=0.9957, p =.33
S3B | Corpus callosum genotype One sample t test t(14)=1.949, p =.072
Cortex cell B B
S3C density genotype One sample t test t(15)=.5769, p =.57
Ventricles _ .
S3G N e genotype x area  Two-way ANOVA F(3,36)=1.041, p=39

»>0.9999




Bonferroni's

Third ventricle genotype multiple p>0.9999
comparison
Bonferroni's
Lateral ventricle genotype multiple p =.4673
comparison
Cerebral Bonferroni's
T genotype multlple p >0.9999
comparison
S3H FA genotype x area  Two-way ANOVA F(4,60)=.4146, p=.80
Bonferroni's
Corpus callosum genotype multiple p>0.9999
comparison
Cerebral Bonferroni's
Peduncle genotype multlple p >0.9999
comparison
Bonferroni's
Internal Capsule genotype multiple p>0.9999
comparison
Bonferroni's
Fimbria genotype multiple p>0.9999
comparison
Bonferroni's
Cortex genotype multiple p>0.9999
comparison
4C | weight P5-P21 genotype Linear mixed F(1,127)=0.041, p=.840
model
two-way _ _
4D USVs genotype mANOVA F(1,108)=8.331, p=.005
genotype x age F(3,324)=3.721, p=.021
Average USV . U(Nw1=186,Nue=210)=17677,
4E duration genotype Mann-Whitney U = 1530, =105
Average pause . U(Nw1=186,Nue=210)=18783,
4F Juration Genotype Mann-Whitney U 7=-0.657, p=511
Sound pressure . U(Nwt=186,N1.=210)=19151,
4G level genotype Mann-Whitney U =B, =5
. U(Nw1=186,Nue=210)=17433,
4H | Mean frequency genotype Mann-Whitney U =-1.845, p=065
Barnes maze
acquisition trial two-way _ _
S4A distance to genotype rmANOVA F(1,37)=3.766, p=.517

escape hole
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Barnes maze

S4B probe escape genotype two-way ANOVA F(1,37)=3.391, p=.365
hole visits
fear
conditioning % two-way _ _
S4C ————— genotype mANOVA F(1,36)=0.478, p=.494
baseline
fear
conditioning % two-way _ _
freezing day 1, genotype mANOVA F(1,36)=1.947, p=.171
min 3-5
fear two-way
S _ _
condl‘Flonlng % genotype mANOVA F(1,36)=16.014, p=.0003
freezing day 2
fear
conditioning % two-way _ _
freezing day 3, genotype mANOVA F(1,36)=0.012, p=913
baseline
fear
conditioning % two-way _ _
- genotype mANOVA F(1,36)=12.925, p=.00097
min 3-10
genotype x minute F(6.575,236.7)=4.375, p=.0002
number of wins ins/losses
5A | vs. lossesintube * Chi-square 22(1,102)=6.627, p=.017
test genotype
sociability two-way
5C 1nves't1gat10n genotype mANOVA F(1,34)=10.021, p=.003
time
genotype w/i simple main effect, _ _
social stimulus Bonferroni LSSt o e
stimulus w/i WTs ~Simple main effect, F(1,34)=10.829, p=.008
Bonferroni
st Ty O O N G F(1,34)=2.705, p=.436
Bonferroni
social novelty two-way
5C investigation genotype mANOVA F(1,34)=5.115, p=.030
time
genotype w/i novel simple main effect, _ _
stimulus Bonferroni UL = 08 =28
stimulus w/i WTs ~ Simple maineffect, 300 45397 9 7.8
Bonferroni
stimulus w/i Hets  STmple maineffect, — py 3051 612 5= 000003
Bonferroni
sp | social preference genotype two-way ANOVA F(1,34)=0.075, p=.786

Score
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5E

5F

SF

M

SN

50

5P

5Q

novelty
preference score
habituation
chamber time

sociabiltiy
chamber time

social novelty

chamber time
sociability

investigation
zone entries

social novelty
investigation
zone entries

social operant
day to reach
cirteria
social operant
breakpoint
social operant
number of social
rewards

Number of
correct
nosepokes

social operant

mean bout in
interaction zone
during rewards

genotype

genotype X
chamber

genotype x
chamber

genotype w/i
center

genotype X
chamber

genotype

genotype w/i
social stimulus

stimulus w/i WTs

stimulus w/1 Hets

genotype

genotype w/i novel
stimulus

stimulus w/i WTs

stimulus w/1 Hets

genotype

genotype

genotype X sex
genotype w/i

males
sex w/I WTs

genotype X sex

genotype w/i
males

SE€X

two-way ANOVA
two-way
rmANOVA

two-way
rmANOVA

two-way
rmANOVA

two-way
rmANOVA

simple main effect,
Bonferroni

simple main effect,
Bonferroni

simple main effect,
Bonferroni

two-way
rmANOVA

simple main effect,
Bonferroni

simple main effect,
Bonferroni

simple main effect,
Bonferroni

two-way ANOVA

two-way ANOVA

two-way ANOVA

simple main effect

simple main effect

two-way ANOVA

two-way ANOVA
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F(1,34)=0.049, p=827
F(1.7,66.1)=2.871, p=.065
F(1.8,66.5)=3.420, p=.042

F(1,34)=8.445, p=.003

F(2,72)=2.113, p=.128

F(1,34)=10.210, p=.003

F(1,68)=11.429, p=.004
F(1,34)=8.824, p=.020

F(1,34)=.098, p=1.00

F(1,34)=13.453, p=.0008

F(1,68)=12.278, p=.004
F(1,34)=48.683, p=4.8E-8

F(1,34)=19.125, p=.0001

F(1,32)=0.433, p=.515

F(1,31)=0.284, p=.598

F(1,246)=5.177, p=.024

F(1,246)=11.930, p=.0007
F(1,246)=5.359, p=.021

F(1,246)=1.659, p=.199

F(1,246)=2.418, p=.121

F(1,246)=21.652, p=.000005




genotype X sex

F(1,246)=3.420, p=.066

FOUTPOWN s vt o F(1,246)=3.833, p=.051
males
social operant
sp |  meanboutin sex two-way ANOVA  F(1,246)=122.630, p=2.2E-23
Interaction zone
during rewards
genotype x sex F(1,246)=12.451, p=.0005
ge“zﬁ’; wi simple main effect  F(1,246)=35.472, p=8.9E-9
distance traveled _ _
S5A 0 aypem el genotype two-way ANOVA F(1,37)=9.162, p=.004
social operant _ B
S5B distance traveled genotype two-way ANOVA F(1,281)=10.687, p=.001
sex F(1,281)=35.693, p=6.97E-9
movement force
magnitude } = = -
S5C during non- genotype two-way ANOVA F(1,36)=30.656, p=3.0E-6
startle trials
time in center of _ _
S5D T genotype two-way ANOVA F(1,37)=1.459, p=.235
o .
SsE | 7° al;errgztzfn n WTs to 50% One-sample t-test #(36)=8.513, p=7.6E-10
Hets to 50% One-sample t-test 1(28)=6.595, p=7.4E-7
von Frey — =19)= —
S5F | responses area genotype Mann-Whitney U UNwr=23,Nites _1 Oy-123, =
2.416, p=.015
under the curve
I e B L R S R oy
SSH | frequency in the Bonferroni -
females . 2.854, p=.012
open field correction
| Mann-Whitney U, 00 10 Nyae=10)=15, 2=
sex w/i Hets Bonferroni a
: 2.647, p=.026
correction
FPA number of
S51 low mobility genotype two-way ANOVA F(1,37)=0.128, p=.722
bouts
FPA distance
SsJ during low genotype two-way ANOVA F(1,37)=0.291, p=.593
mobility bouts
mean grooming e U(NremaLes=23,NmaLes=18)=85,
e [ S —— sex ey U 2=-3.205, p=.001
grooming Wi U(Nwr=21,Nue=19)=139, z=-
S5L frequency genotype Mann-Whitney U 1.639, p=.105
tremor . _
S5M ey genotype two-way ANOVA F(1,37)=0.998, p=.324
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Chapter 3: Molecular Functions of MYTI1L
in the Mouse Brain across Development

Jiayang Chen, Nicole A. Fuhler, Kevin Noguchi, Harrison W. Gabel, Joseph D. Dougherty

Adapted From:

A MYTIL syndrome mouse model recapitulates patient phenotypes and reveals altered brain
development due to disrupted neuronal maturation

Chen, J., Lambo, M.E., Ge, X., Dearborn, J.T., Liu, Y., McCullough, K.B., Swift, R.G.,
Tabachnick, D.R., Tian, L., Noguchi, K., et al. (2021). A MYTIL syndrome mouse model
recapitulates patient phenotypes and reveals altered brain development due to disrupted neuronal
maturation. Neuron vol. 109,23 (2021): 3775-3792.¢c14.

And:

MYTIL is required for suppressing earlier neuronal development programs in the adult mouse
brain

Chen, J., Fuhler, N.A., Noguchi, K., Dougherty, J.D. (2022). MYTIL is required for suppressing
earlier neuronal development programs in the adult mouse brain.

bioRxiv 2022.10.17.512591; doi: https://doi.org/10.1101/2022.10.17.512591, in revision,
Genome Research
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3.1 Introduction

To further understand the molecular mechanisms underlying how MYTIL loss leads to
different phenotypes in mice and potentially in humans, we first need to define MYT1L’s normal
molecular functions in the CNS, as well as how its loss alters mouse epigenetics and gene
transcription. Therefore, in this third chapter, I focus on unraveling MYT1L’s molecular functions
during CNS development using MYTIL germline knockout mice generated in the previous
chapter. I first defined MYTI1L’s expression pattern across multiple developmental stages and
brain regions to help with choosing the proper time points and regions for molecular studies. Next,
I'adapted the CUT&RUN to map MYT1L binding in the mouse brain, as well as to measure histone
modification changes upon MYTIL loss. I also combined ATAC-seq and RNA-seq with
CUT&RUN targets to investigate how MYTIL loss directly changes chromatin accessibility and
gene expression, looking for specific dysregulated pathways involved with disease pathogenesis.
Finally, I performed motif analysis and co-immunoprecipitation (co-IP) experiments to explore
MYTIL’s binding partners, which might cooperate with MYTIL in regulating its target gene

expression.

3.2 Results

3.2.1 Temporal and spatial expression patterns of MYTI1L in the mouse brain

To establish where MYTIL functions, I first defined its expression across development.
First, I looked at temporal expression in mice, to guide spatial expression studies afterwards. I
found Myt1! mRNA increased across neurogenesis and peaked on postnatal day (P)1 yet sustained
low levels into adulthood (Fig. 6A), paralleling human expression (Fig. S6A). Further, MYTI1L

maintained similar protein levels from embryonic day (E)14 to P1 then declined (Fig. 6B).
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Initial spatial studies highlighted expression in new neurons of the developing brain (Kim
et al., 1997), with an absence in glia. In contrast, a recent report proposed expression in
oligodendroglia, promoting their fate (Shi et al., 2018). To resolve this inconsistency, I next
investigated MYTIL’s cellular expression. Immunofluorescence (IF) during peak cortical
neurogenesis (E14), with a knockout-validated MYT1L antibody (Fig. S6J), revealed MYTIL’s
gradient of expression in the cortex and medial ganglionic eminence: almost absent in the
progenitor layers (SOX2+) and highest in the upper cortical plate (CP, MAP2+; Fig. 6C, D, S6B,
C), mirroring prior studies (Kim et al., 1997; Matsushita et al., 2014; Weiner and Chun, 1997).
This parallels neuronal maturation gradients, with dim intermediate zone (IZ, TBR2+) expression,
where immature neurons are found, and strongest expression in CP. In neonates, MYTI1L was
expressed in BRN2+ and CTIP2+ postmitotic neurons and a small portion of SOX2+ radial glia,
but not in OLIG2+ oligodendroglia (Fig. S6D, E). In adults, MYTIL was expressed in NeuN+
neurons across all regions examined (Fig. S6F, G). MYTI1L was not found in GFAP+ astrocytes
nor OLIG2+ oligodendroglia (Fig. S6H). Collectively, my expression studies indicate MYTI1L’s
function commences concurrently with final proliferation of neuronal progenitors, and its
expression in all postmitotic neurons implies MYTI1L haploinsufficiency potentially influences
any neuron type. Further, the timeline suggests a peak function during neuronal maturation, but

does not rule out a sustained role in adult neurons.

3.2.2 Mapping MYTIL binding sites in embryonic mouse cortex using

CUT&RUN

The previous section has demonstrated that MYT1L has peak protein expression between
E14 and P1 in the mouse brain. In order to map MYTIL targets in vivo, | optimized CUT&RUN

on E14 mouse cortex (Fig. 7A) (Skene and Henikoff 2017). First, leveraging the MYT1L germline
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knockout (S710fsX) mouse line, I validated CUT&RUN and antibody specificity on MYT1L KO
samples. These S710fsX mice do not produce any MYT1L protein and thus can serve as a gold-
standard control.

Next, I compared two peak calling methods, a stringent one where we called peaks from
each biological replicate independently and intersected peak profiles from all three, and a more
sensitive approach where we called peaks from a single merged alignment file of all three samples.
In the intersected peaks, I identified 560 MYTI1L peaks in wild-type (WT) E14 mouse cortex, and
no peaks in all KO samples (Fig. 7B), indicating specificity. With the increased sensitivity
approach, I identified 20305 unique peaks in WT compared with KO (Fig. 7C). Although MYTI1L
binding activity was still absent in KOs (Fig. 7C), this method led to a higher percentage of lower-
enrichment peaks (49.1% of targets with enrichment score < 3, 9969 out of 20305, Fig. S7A). In
addition, in de novo motif finding, the known MYTIL core binding motif AAGTT (Jiang et al.
1996; Mall et al. 2017) was significantly enriched in all 560 intersected peaks (100% of targets, p
= le-11, Fig. S7B,C) but not in all peaks called from merged alignment file (Fig. S7TE), suggesting
peak calling from merged files might be recovering either more low-affinity bindings or
experimental noise. Regardless, since MYTI1L binding profiles have not been characterized at all
after development, I next conducted CUT&RUN the adult mouse brain. Also, E14 brain has
relatively few MYTI1L-expressing cells (neurons), thus adult brain with its higher neuron

proportion may map MY TI1L binding in a more efficient way.

3.2.3 Mapping MYTIL binding sites in adult mouse prefrontal cortex using

CUT&RUN

ADHD is observed in MYTI1L Syndrome human patients, and hyperactivity is found in the

mouse models. As ID and ASC are not well localized in the brain, I focused on the prefrontal
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cortex (PFC), known to be dysregulated in human ADHD (Yasumura et al. 2019), as the target
region for MYTIL CUT&RUN. I again compared two peak calling methods. First, I identified
28,798 reproducible MYTIL bound peaks by intersecting peak calls from 3 biological replicates
of WT mouse PFC (Fig. S7C), and the MYTIL core binding motif AAGTT is significantly
enriched via de novo motif finding (76.37% of targets, p = 1e-3125) (Fig S7C, D). Next, I did peak
calling from the merged alignment file. This resulted in 115,143 peaks with slightly improved peak
enrichment (55.7 % > 3 vs. 50.9% > 3 in E14) compared with the E14 dataset (Fig S7A). Motif
analysis also showed a significantly enriched AAGTT motif (33.38% of targets, p = le-713) (Fig.
S7E, F). Overall, many more peaks were identified from PFC CUT&RUN experiments, yet the
majority of the E14 peaks were also recovered in PFC CUT&RUN (Fig S7C, E), suggesting
CUT&RUN on PFC is more efficient than E14. In addition, I compared my MYTIL CUT&RUN
targets with MYT1L ChIP-seq data from both E14 brain and fibroblasts overexpressing MYTIL,
BRN2, and ASCL1 (Mall et al. 2017). Surprisingly, I did not see substantial overlaps between
MYTIL CUT&RUN and ChIP-seq peaks (Fig. S7G-J). Notably, MYTIL CUT&RUN peaks
overlap better with MYTIL brain ChIP-seq than with MYTIL fibroblast ChIP-seq (Fig. S7G-J),
suggesting MYT1L binding is very context dependent with different binding in different cell types,
and thus MYTIL likely does not serve as a pioneer factor that opens the chromatin of its targets
regardless of cellular context. Since intersected peaks from PFC have the best MYTIL motif
enrichment, I focused on the 28,798 MYTI1L high-stringency binding targets identified from PFC
CUT&RUN for the downstream analysis to understand MYT1L’s functions in the adult brain and

the long-term consequences of MYTIL loss.
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3.2.4 Assessment of MYTI1L binding partners

Previous ChIP-seq experiments have shown that MYTI1L mainly binds to the promoter
regions when overexpressed during reprogramming of MEFs (Mall et al. 2017). To test if it is also
true in vivo, 1 annotated MYTIL targets from adult mouse PFC. Analysis of MYTIL of
colocalization at these regions showed that MYT1L tends to bind open chromatin regions (95.3%,
27450/28798) with enhancers being the most common category, when compared to the categories
of all open chromatin regions (Fig. 7D, E, F). Meanwhile, I utilized nuclei from the same animals
to perform CUT&RUN on several histone modifications, including H3K4me3, H3K4mel, and
H3K27ac (Fig. 7A). Leveraging these histone modification profiles, 1 further categorized
enhancers into poised (H3K4mel+/H327ac-) and active (H3K4mel+/H3K27ac+) as previously
described (Creyghton et al. 2010). To understand sequence preferences of MYTI1L at promoters,
poised enhancers, and active enhancers, I performed motif analysis using monaLisa to compare de
novo binding motifs and predicted TFs co-occupancy between the three. Surprisingly, I found
motifs for TFs that behave as transcriptional activators’ motifs (e.g., SP1 and ELKT1) to be enriched
in MYTI1L bound promoters, while neurogenic TFs (e.g., MEF2A and NEUROD1) and activity
dependent TF (e.g., JUNB) motifs were specifically enriched in MYTI1L bound enhancers (Fig.
8A), even when controlling for the differential baseline frequency of these TF motifs at promoters,
poised enhancers and active enhancers respectively. Furthermore, this is not driven by the MYT1L
core binding motif AAGTT since both MYTI1L bound promoters and enhancers are significantly
enriched for AAGTT (Fig 8B). In order to investigate if these motif abundances reflected the actual
TF co-occupancy, I compared MYTIL CUT&RUN targets with published TF ChIP-seq data. As
expected, compared to MYTI1L unbound regions (MYTI1L-), ChIP-seq peaks of candidate TFs,

including SP1, ELK1, MEF2A, JUNB, NEUROD1, and NEUROD?2, are significantly enriched in
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MYTIL bound genomic regions (MYTIL+) (Fig S8A-G), suggesting these TFs are frequently
bound at MYTI1L bound peaks. Next, I compared TF ChIP-seq enrichment between the MYT1L+
promoters and the MYT1L+ enhancers. Echoing the motif analysis, MYTIL has significantly
higher co-occupancy with SP1 and ELK1 in promoter regions than in enhancer regions (Fig 8C,
D, S8G). Likewise, MEF2A and JUNB prefer binding MYTI1L enhancer targets over promoter
targets (Fig 8E, F, S8G). However, in contrast to the motif analysis, a much higher percentage of
bHLH TFs NEURODI1 and NEUROD?2 ChIP-seq peaks are at MYT1L-bound promoter targets
than at MYTI1L bound enhancers (Fig 8G, H, S8G), suggesting relative motif enrichment will not
always predict the corresponding TF binding, or that a different protein might be binding this
sequence at enhancers. Meanwhile, MYTI1L does not appear to block the binding of NEURODI1
and NEUROD?2 at enhancers since no obvious depletion of TF binding in MY T1L+ enhancers was
observed (Fig S8A-F). Overall, such differential TF co-occupancy suggests MYTI1L might play
different roles at promoters and enhancers by cooperating with different co-factors.

In addition, in vitro studies have demonstrated that MYTIL can bind to SIN3B, a
transcriptional repressor that recruits histone deacetylase (HDAC1/2) and demethylase (KDMS5A)
(Bainor et al. 2018; Naruse et al. 1999; Romm et al. 2005; Hayakawa et al. 2007; Nishibuchi et al.
2014). I found MYTIL interacts with SIN3B as well as HDAC2 in the mouse cortex as well from
co-immunoprecipitation (Co-IP) experiments, while no direct interaction between MYTI1L and
HDACI1 was observed (Fig. 8I). These results suggest MYT1 might be able to facilitate the
removal of active histone via interacting with the SIN3B repressor complex, echoing its repressive

roles in trans-differentiation systems.
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3.2.5 Histone modification changes in the adult Myt¢I/l knockout mouse brain

Histone modifications are closely correlated with gene expression, where H3K4me3 and
H3K?27ac are thought to be marks for active gene expression (Black, Van Rechem, and Whetstine
2012; Heintzman et al. 2009). Thus, I investigated how histone landscape changes upon MYTIL
loss. At MYTI1L bound promoters, with decreased MY T1L binding activities in Hets (Fig. S9A) |
found there were more H3K4me3 and H3K27ac modifications in Het PFC compared with WT
(Fig. S9B-E), indicating MYT1L’s role is normally to suppress gene expression by facilitating the
removal of these marks.

In addition to promoters, enhancers are also crucial for controlling neuronal development
programs as well as neuronal functions (Lu et al. 2020; Malik et al. 2014). Given enhancers have
spatiotemporal activities throughout development (Carullo and Day 2019), and most of MYTI1L
targets identified in PFC are enhancers, I investigated how MYTI1L binding influences histone
landscapes at its bound enhancers. After segregating enhancers into active and poised stages by
H3K27ac enrichment (Fig. 7D, F), I found MYTIL preferentially binds to activated enhancers
compared to poised enhancers in the adult mouse PFC (Fig. 7F), and that the Het PFC has reduced
MYTIL binding at both active and poised enhancers (Fig. 9A). Next, I explored how MYTIL
bound enhancers are developmentally regulated. By integrating the histone CUT&RUN data from
E14 CTX, I defined active and poised enhancers in E14 CTX and compared those with adult PFC
enhancers. Out of 13,050 MYTI1L bound active enhancers in adult PFC, 80% (10,443/13,050) are
adult-specific active enhancers and only 20% are shared at both developmental time points (Fig.
9B, C). Furthermore, 24.8% (2,593/10,443) of those adult-specific active enhancer targets were
poised in E14 CTX, suggesting MY T1L might also guide the activation of a small subset of poised

enhancers during development. On the other hand, out of 3077 MYTIL targets annotated as E14
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CTX active enhancers, only 21.3% (656/3077) of them are E14 CTX-specific active enhancers.
Apparently, MYT1L occupancy at active enhancers is more prevalent in the adult stage, consistent
with its major expression pattern in post-mitotic neurons.

Next, I examined histone landscape alterations at MYTIL+ enhancers in Het PFC to
understand how MYTIL regulates enhancer activity. I found MYTIL+ active enhancer targets
have increased H3K4mel levels in Hets compared to WTs, while MY T1L poised enhancer targets
showed unchanged H3K4mel (Fig. 9D). Notably, both MYTI1L+ active and poised enhancers
displayed increased enrichment of H3K27ac, a histone modification marking enhancer activation,
in Het PFC (Fig. 9E), suggesting MYTIL loss can also activate its bound poised enhancers.
Together, these results indicate MYTI1L normally facilitates repression of its bound enhancers,

and MYTIL loss leads to aberrant enhancer activation.

3.2.6 Chromatin accessibility changes in the MytIl knockout mouse brain

across development

Chromatin accessibility is another indicator for gene activation/repression. Therefore, I
performed Assay for Transposase Accessible Chromatin (ATAC)-seq (Fig. 7A) to determine how
MYTIL loss alters chromatin accessibility. MYTI1L is thought to modulate chromatin (Romm et
al. 2005), with overexpression studies highlighting a repressive role (Mall et al. 2017). I sought
here to determine if it has the same role during normal brain development and in the adult brain.

3.2.6.1 Chromatin accessibility changes in the developing Myt1/ knockout mouse brain

I identified 1522 (FDR<.05, 3630 FDR<.1) differentially accessible regions (DARSs) in
mutant E14 cortex (Het and KO), with 871 less accessible DARs (Fig. 10A, S10A-E) and 641
more accessible DARs (Fig. 10B). Interestingly, KO mice showed smaller changes than Hets in
terms of DARs decreasing accessibility after Myt/] mutation (Fig. 10A). Motif analysis on DARs
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revealed that regions losing accessibility in mutants were enriched for motifs of stem-cell TFs
(Lhx2, Sox2), as well as the key neurogenic TF Asc/l (Fig. 10C). More-accessible DARs are
enriched for motifs of pro-differentiation TFs (NF-/ and Olig?2). A Gene Ontology (GO) analysis
on DARs located in transcriptional start sites (TSS) revealed that less-accessible TSS were
enriched for cell cycle and neurogenesis pathways (Fig. 10D). To parse out the direct effects from
MYTIL loss, I specifically examined MYTIL binding targets defined from E13.5 brain and
reprogrammed fibroblasts (Mall et al. 2017) as MYTIL CUT&RUN on E14 CTX did not produce
high quality data. [ found MYTIL loss decreased the accessibility of bound regions (Fig. S10F),
suggesting loss of an activator. However, only a small subset of ChIP targets were DARs (3.62%
of 6652 ChIP peaks). Thus, chromatin accessibility changes in mutants can be attributed to both
direct and indirect effects. These results indicate MY T1L loss might lead to the repression of neural
stem cell but activation of neural differentiation programs in the developing cortex, which is
opposite to the in vitro findings that MYTI1L is responsible for suppressing cell proliferation and
promoting neuronal differentiation (Mall et al. 2017; Hu et al. 2013).
3.2.6.2 Chromatin accessibility changes in the adult My¢I/ knockout mouse brain

I next asked if this chromatin accessibility deficits continue, or if MYT1L serves a distinct
role in the adult brain by performing ATAC-seq on adult Het PFC. I discovered 4988 DARs
(FDR<.05, 9756 FDR<.1, Fig. S10G-K), with 2607 less accessible DARs (Fig. 10E), 2381 more
accessible DARs (Fig. 10F), and no peak showing sex*genotype interaction. Motif analysis on
DARs found regions of lost accessibility in Hets are enriched for motifs of TFs involved in neuron
projection (Egr2, Fig. 10G) and the NDD gene Foxpl, while those more-accessible regions had
motifs for an early neuronal TF (Eomes; Fig. S10L). GO analysis, likewise, highlighted disruption

of neuronal projection development and synaptic transmission pathways (Fig. 10H, S10M). Again,
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I integrated ATAC-seq data with MYTI1L CUT&RUN targets in adult PFC. I found that, although
MYTIL haploinsufficiency indeed reduces overall MYTI1L binding activities (Fig. 9A), it does
not affect chromatin accessibility at promoter targets (Fig. 101, SION). Unlike MY T 1L+ promoters
which showed no ATAC-differences, in Hets, the MYT1L+ active enhancers showed increased
chromatin accessibility compared to WTs (Fig. 10J, S100), while MYT1L+ poised enhancers
have no change (Fig. 10K, S10P). When only looking at DARs annotated as active enhancers, up-
regulated DARs have a higher percentage in MYT1L+ active enhancers than in MYTI1L- active
enhancers (Fig. S10Q). Likewise, DARs annotated as poised enhancers showed the same pattern
(Fig. S10R). This demonstrates that, at least on the chromatin accessibility, MYT1L tends to close
the chromatin of its bound enhancers, and many DARs are direct effects in the adult brain.
Overall, ATAC-seq experiments revealed that MYTI1L tends to be a chromatin activator
during early brain development, while it mainly functions as a repressor in the adult brain. One
thing to note is that most of MYTIL ChIP-seq targets from Mall et al. (2017) were from
reprogrammed neurons (~3000 peaks) instead of E13.5 mouse brains (~500 peaks). This can make
MYTI1L’s direct effects on chromatin accessibility in developing CTX inconclusive as ATAC-seq
and ChIP-seq were not performed on the physiologically relevant backgrounds. However, at least
in the adult, MYTIL consistently functions as a chromatin repressor at its bound promoters and

especially enhancers in terms of histone modifications and chromatin accessibility.

3.2.7 Transcriptomic changes in the MytIl knockout mouse brain across

development

To understand the transcriptional consequences of altered histone landscapes and
chromatin accessibility, I conducted RNA-seq on both E14 CTX and adult PFC. This allowed me
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to both identify the transcriptional consequences of MY T1L mutation, and to determine if MYTI1L
has distinct effects on transcription between development and adulthood.

3.2.6.1 Transcriptomic alternations in the developing My¢1/ knockout mouse brain

From E14 CTX, I identified 1768/13846 differentially expressed genes (DEGs; Fig. 11A).
Fold changes of DEGs correlated well between Het and KO datasets. However, unlike ATAC-seq
where KOs had smaller effects, there are larger DEG fold changes in KOs than Hets (Fig. S11A,
B). This is consistent with a dose-dependence for MYTIL transcriptional regulatory activity. In
addition, unlike in neuronal reprogramming where MY T1L overexpression mostly suppressed the
expression of ChIP-seq targets, those targets showed subtly decreased expression in E14 RNA-seq
upon MYTIL loss (Fig. S11C, D). Generally, there is no correlation between our mutant fold-
changes and prior RNA-seq of MYTIL overexpression (OE) in MEF or knockdown (KD) fold-
changes in cultured neurons (Mall et al. 2017) (Fig. S11E, F). I also categorically defined ‘in vitro
MYTIL repressed’ genes (downregulated by OE, upregulated by KD) and ‘in vitro MYTIL
induced’ genes (upregulated by OE, downregulated by KD) from published data (Mall et al. 2017).
I found downregulated genes from my in vivo RNA-seq included 33 in vitro MYTI1L induced
genes from cultures (p<.0005). However, my upregulated genes did not show significant overlap
with MYTIL repressed genes (Fig. S11G, H). Collectively, the loss of expression of MYTIL
target genes in vivo indicates MYTI1L functions preponderantly as an activator during early brain
development. This is distinct from the ‘repressor of non-neuronal lineages’ function reported in
direct conversion studies by OE in vitro (Mall et al. 2017). Specifically, I observed no de-
repression of the previously described non-neuronal lineage genes with MYT1L mutation (Fig.

S111).
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Next, as adult structural abnormalities can be attributed to deficits during development, I
examined the gestalt of the RNA-seq using GO analysis to understand the pathways dysregulated
in the embryo. There was an upregulation of CNS development pathways (Fig. 11B) in mutants,
driven by markers of neuronal differentiation, suggesting early differentiation in mutants.
Likewise, with Gene Set Enrichment Analysis (GSEA), I discovered a downregulation of mouse
embryonic fibroblast (MEF) genes and upregulation of induced neuron (iN) genes in E14 mutants
(Fig. 11D, E), indicating mutant cortex shifted profiles towards early neuronal differentiation. This
was further supported by GSEA of pre-defined “mid-fetal” and “early-fetal” genes from the human
brain, with mid-fetal genes precociously upregulated in mutants (Fig. S11J, K), opposite to the
expression pattern of Chd8 mutants, who have macrocephaly rather than microcephaly (Katayama
et al. 2016). I also looked at the Wnt and Notch signaling pathways, as they were suppressed by
MYTIL in OE studies (Mall et al. 2017). However, I found no significant categorical upregulation
in our Myt1l mutants (Fig. S11L, M). Surprisingly, MYTI1L loss also impacted cell cycle pathway
genes, with inhibitors (e.g. RbI, Gasl) upregulated and mitosis genes (e.g. Mcm7, Cdcal)
downregulated (Fig. 11B, C). I further compared gene expression between Het and KO mice and
found a further upregulation of genes associated with chromatin activation in KOs (e.g. Setd?,
Dpf3; Fig. S11N). Overall, the results suggest MY T 1L mutation leads to precocious early neuronal
programs and perturbs proliferation programs in embryos.

3.2.6.2 Transcriptomic alternations in the adult Myz1/ knockout mouse brain

Then, I performed RNA-seq on the PFC to determine long-term transcriptional
consequences of MYTIL haploinsufficiency. I identified 533/14,104 DEGs in Het PFC (Fig.
12A), with a few significant sex*genotype interactions. Mapped to ATAC-seq data, there was

correspondence between changes in TSS accessibility and changes in gene expression (Fig. S12A),
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as expected. Next, to define a role of MYTIL in the adult brain, I performed GO analysis on the
DEGs. This revealed that genes from early phases of CNS development (e.g. Eomes, Dcx) were
up-regulated in Hets (Fig. 12B). These are genes expressed in immature neurons, again indicating
a shift in timing of transcriptional maturation. When comparing DEGs’ expression between adult
in vivo and prior in vitro RNA-seq, I still did not see significant correlation in their fold changes
(Fig. S12A, B), indicating generally different transcriptional consequences in the two systems.
Interestingly, however, only upregulated genes from our in vivo RNA-seq significantly overlapped
with MYTIL repressed genes, while our downregulated genes did not show any overlap with
MYTIL induced genes (Fig. S12C, D). Then, I performed GSEA and confirmed increased
expression of “early-fetal” genes with no expression change of “mid-fetal”, Wnt signaling, and
Notch signaling genes in Hets (Fig. 12D, E, S12E, F). Persistent activation of developmental
programs suggests that adult Het brains are trapped in an immature state. Indeed, genes
downregulated upon MYTIL loss were significantly enriched in neuronal genes, showing an
impaired mature neuronal identity (Fig. S14A). Likewise, GO analysis showed downregulation of
neuronal projection development (e.g. Epha7, L1cam), ion homeostasis (e.g. Kcnt2, Kcne4), and
synaptic transmission (Gipcl, Vamp2, Fig. 12C), echoing this immaturity and potentially
disrupted neuronal functions.

With the high quality MYTIL CUT&RUN targets from adult PFC, I was able to further
distinguish MYT1L’s direct from indirect actions on gene expression. By looking at adult Het PFC
RNA-seq fold changes of genes whose promoters are bound by MYTIL, I saw a subtle but
significant upregulated expression of those MYTIL targets in Het (Fig. 13A), echoing MYTI1L’s
role as a transcriptional repressor in reprogramming neurons (Mall et al. 2017). Then, I specifically

looked at differentially expressed genes (DEGs). Among 310 down-regulated genes (dADEGs) and
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223 up-regulated genes (uDEGs) in MYTIL Het PFC, I saw no biased distribution of MYTIL
promoter targets, with 106 of the dDEGs and 85 of the uDEGs’ promoters bound by MYTI1L (Fig.
13B). Gene ontology (GO) analysis on these overlapped genes revealed that MYTI1L promoter
targets up-regulated in the MYTI1L Het are significantly enriched in chromatin modification (e.g.,
Hdac4, Fig. 13C, S13A) and neuron projection development (e.g., Lingol and Cit) pathways (Fig.
13C). Notably, several key regulators of neuronal migration (e.g., Ctnnd2, Fig. S13B) and deep
cortical layer identity are directly bound by MYTIL and up-regulated in Het PFC, including
Bcll1b, a master regulator of DL fate (Arlotta et al. 2005) (Fig. S13C). However, mature neuron
functional pathways, like synaptic transmission and ion transport, that were down-regulated in Het
PFC are not enriched in MYTI1L promoter targets (data not shown), indicating their dysregulation
is likely an indirect effect of MYTIL loss. Together, these findings suggest that MYTIL directly
suppresses neuronal development programs for chromatin, migration, and neurite extension via
binding to corresponding genes’ promoters.

Enhancers are important cis-regulatory elements for gene expression. Therefore, I again
leveraged my RNA-seq datasets to understand how MYTI1L together with enhancers control gene
expression and to define the transcriptional consequences of MYTIL loss at enhancers. To find
enhancer-gene-pairs (‘enhancer targets’), I utilized EnhancerAtlas 2.0, a consensus enhancer
prediction database based on multiple high throughput dataset including histone modifications,
ATAC-seq, ChlA-seq, etc. (Gao and Qian 2020). I only focused on active enhancers since they
are MYT1L’s major targets. Consistent with their increased active histone marks, MYT1L+ active
enhancer targets tend to show increased gene expression in Het PFC compared with MYTI1L-’s

targets (Fig. 14A). Likewise, when overlapping with DEGs, there are more uDEGs associated with
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MYTI1L+ active enhancers compared to dDEGs, again emphasizing MYT1L’s primary role as a
transcriptional repressor (Fig. 14B) in adult cortex.

I next examined the putative function of all MYTI1L enhancer target genes using GO,
focusing on adult-specific MYTI1L+ enhancers and those enhancers bound at both ages. Since
there are too few overlaps between MYT1L active enhancer targets and DEGs to perform GO (Fig.
14B), I focused on all MYTI1L+ active enhancer targets to obtain an overview of those enhancer
functions. GO analysis on active enhancer targets found at both ages displayed enrichment of
cytoskeleton pathways (Fig. 14C). This is consistent with cytoskeleton related biological processes
being constantly required from early development to adulthood. Meanwhile, PFC-specific active
enhancer targets showed significant enrichment of neuronal migration and projection neuron
development pathways (e.g., Dcx, Fig. 14D, E), indicating the aberrant activation of earlier
neuronal development programs in Het PFC seen at promoters can also be further exacerbated by
dysregulation of MYTI1L bound active enhancers.

3.2.6.3 Cross comparison between MYT1L Syndrome mouse model and other NDD mouse
models as well as human disease dataset

Finally, since MYTIL Syndrome is one of several forms of ID/ASC caused by TF
mutation, I tested whether our MYT1L DEGs are dysregulated in related models. DEGs from adult
RNA-seq significantly overlapped with DEGs from ChdS8, Chd2, KdmS5c, Phf6, Foxpl, and Pogz
KO mouse models (Fig. S14B). DEGs from E14 were enriched in the Chd2 and Chd8 datasets
(Fig. S14B, C). Interestingly, post hoc analysis showed genes were dysregulated in an opposite
direction between Myt// mutant mice and other NDD mouse models (Fig. S14C). This suggests
genes implicated in different NDD models are pathogenic when dysregulated in either direction.

Comparison to human data showed that DEGs derived from PFC of Het mice were

enriched in ADHD and ASC associated genes but not in human IDD, SCZ, or microcephaly genes
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(Fig. S14B, D). Conversely, DEGs from E14 only significantly overlapped with human ID and
microcephaly (Fig. S14B, D). Together, these findings highlight some convergence between

MYTIL Syndrome and other NDDs.

3.3 Discussion

3.3.1 Does MYTI1L have distinct functions between embryonic cortex and

PFC?

Although the majority of the 560 peaks from E14 CTX CUT&RUN were recovered in PFC
CUT&RUN, the lack of sensitivity in E14 CUT&RUN makes it difficult to determine if this a
trend will still hold true for all possible MYTI1L binding sites in E14 CTX. In addition, MYTIL
tends to bind open chromatin regions with an AAGTT motif, based on PFC CUT&RUN and
ATAC-seq. As chromatin accessibility changes drastically across different developmental stages,
it is highly likely that there are distinct genomic regions available for MYTIL to bind in E14 CTX
and adult PFC, respectively. Nevertheless, more precise and efficient measures of MYT1L binding
in E14 CTX are necessary to further investigate this hypothetical difference.

Utilizing MYT1L ChIP-seq targets from Mall et al. (2017), I defined MYT1L mainly as
an activator in terms of chromatin opening and transcriptional activation in E14 CTX. This is
corroborated by in vivo studies (Kepa et al. 2017; Chen et al. 2021). On the other hand, multi-
omics data integration for adult PFC suggests MYT1L interacts with SIN3B repressor complex to
erase active histone marks, close chromatin, and suppress gene expression. Despite these
differences in its main function, MYT1L suppresses early neuronal development programs at both
ages. This supports the conclusions from trans-differentiation in vitro studies, which state that

MYTIL suppresses non-neuronal genes to facilitate neuronal differentiation (Wapinski et al. 2013;
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Mall et al. 2017). These results suggest MY T1L binding has distinct functions at different sites or
acts in a context-dependent manner, and the effects of MYTIL binding might depend on
characteristics of its bound genomic regions as well as available co-factors at different

developmental timepoints.
3.3.2 Does MYTI1L have different in vitro and in vivo functions?

Despite consensus findings that MYTIL represses transcription in both trans-
differentiation systems and adult mouse PFC, MYTI1L tends to have distinct targets between the
two. Unlike the repressive effects of MYTI1L overexpression on non-neuronal genes described in
the trans-differentiation system (Mall et al. 2017), I defined a novel role of MYTI1L in suppressing
neuronal developmental programs in the adult mouse brain, in which no obvious activation of non-
neuronal genes was observed upon MYTI1L loss. Observation of the same effects on different
targets between in vitro and vivo systems again indicate MY T1L’s repressive functions are context
dependent.

Interestingly, I also showed poor overlap between in vitro ChlP-seq targets and in vivo
CUT&RUN targets, although both are highly enriched for MYTIL core binding motifs.
Meanwhile, I was also able to identify more MYTI1L binding sites with CUT&RUN compared to
the published ChIP-seq, with the majority of them being enhancers instead of promoters.
Furthermore, MYTI1L seems to mainly function as an activator to open chromatin and promote
cell proliferation programs, which were normally repressed by MYTI1L overexpression in vitro
(Mall et al. 2017; Hu et al. 2013). This discrepancy first speaks for the improved sensitivity of
CUT&RUN over ChIP-seq (Skene and Henikoff 2017). Second, it indicates ectopic expression of

MYTIL might change its functions from those found under physiological conditions.
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3.3.3 Summary

Here, I utilized a MYT1L germline knockout mouse model to investigate MYT1L’s role
in neuronal maturation and underlying molecular mechanisms. I mapped high-confidence MYTI1L
binding targets as well as histone landscape changes upon MYTI1L loss in vivo using CUT&RUN.
Integrating data from CUT&RUN, ATAC-seq, and RNA-seq, I defined a novel role for MYTIL
to suppress neuronal developmental programs in adult mouse brain by closing chromatin structures
and erasing active histone markers at its binding sites, especially at enhancers. Meanwhile, parallel
studies on E14 CTX showed that MYT1L can facilitate cell proliferation while suppressing early
neuronal differentiation, suggesting a disrupted neuronal development trajectory, although more
precise mapping of MYTI1L binding targets at this stage is still needed.

Collectively, this chapter provides technical guidance for using CUT&RUN to profile
MYTIL binding in different developmental stages and systems. As a high confidence approach,
MYTIL CUT&RUN data enables high throughput functional screening assays to further delineate
MYTIL’s effects on different targets. Finally, this detailed investigation on MYTIL binding
coupled with dysregulation in the MYTI1L Syndrome mouse model advances our understanding
of the complicated neuronal development programs in both physiological and pathological

conditions.

3.4 Materials and Methods

3.4.1 Animal models

All procedures using mice were approved by the Institutional Care and Use Committee at
Washington University School of Medicine and conducted in accordance with the approved

Animal Studies Protocol. All mice used in this study were bred and maintained in the vivarium at
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Washington University in St. Louis in individually ventilated (36.2 x 17.1 x 13 c¢m) or static (28.5
x 17.5 x 12 cm; post-weaning behavior only) translucent plastic cages with corncob bedding and
ad libitum access to standard lab diet and water. Animals were kept at 12/12 hour light/dark cycle,
and room temperature (20-22°C) and relative humidity (50%) were controlled automatically. For
all experiments, adequate measures were taken to minimize any pain or discomfort. Breeding pairs
for experimental cohorts comprised Myt1l Hets and wild type C57BL/6J mice (JAX Stock No.
000664) to generate male and female My¢// Het and WT littermates. For embryonic CUT&RUN,
Mpytll Het x Het breeding pairs were used to generate Myt// WT and homozygous mutant
littermates. Animals were weaned at P21, and group-housed by sex and genotype. Biological
replicates for all experiments are sex and genotype balanced.

3.4.2 Method details

RNA extraction and RT-gPCR

Mice brains or cortex were dissected out at different developmental stages and
homogenized in lysis buffer (10 mM Tris-HCL pH 7.4, 10 mM NaCl, 3 mM MgCl12, 0.1% IGEPAL
CA-630, 0.1% RNase inhibitor) on ice. Then lysates were mixed with Trizol LS and chloroform.
After centrifugation, RNA was extracted from the aqueous layer with Zymo RNA Clean and
ConcentratorTM-5 kit. ¢cDNA libraries were prepared using qScript cDNA synthesis Kit
(QuantaBio). RT-qPCR were performed using SYBR Green Master Mix (Thermo Fisher) on
QuantStudio 6 Flex Real Time PCR System using primers in the Appendix. We normalized cycle
counts to Gapdh or B-actin and calculated normalized relative gene expression using AACT. To
compare MYTI1L mRNA expression between genotypes, we put 6 WT and 8 Het brains into gPCR
procedure. To understand MYTI1L expression in human brain, we acquired normalized RNA-seq

RPKM values of MYTIL in primary somatosensory cortex (S1C) from Allen Brain Atlas
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BrainSpan dataset (http://www.brainspan.org/) and plotted MYTIL mRNA temporal expression

in R.

[mmunoﬂuorescence

Mice brains were dissected out at different developmental stages and fixed in 4%
paraformaldehyde (PFA) overnight at 4°C. After gradient sucrose dehydration and O.C.T.
compound embedding, brains were sectioned using Leica Cryostat (15 um for E14 brains and 30
um for postnatal brains). Antigen retrieval was performed by boiling sections in 95°C 10 nM
sodium citrate (pH 6.0, 0.05% Tween-20) for 10 mins. Then, sections were incubated in the
blocking buffer (5% normal donkey serum, 0.1% Triton X-100 in PBS) at RT for 1 hour. Primary
antibodies, including anti-MYTIL (1:500, 25234-1-AP, Proteintech), anti-MAP2 (1:200,
#188044, SYSY), anti-SOX2 (1:200, sc-17320, Santa Cruz), anti-TBR2 (1:400, AB15894,
Millipore), anti-Ki-67 (1:500, #14-5698-82, Invitrogen), anti-CTIP2 (1:500, ab18465, Abcam),
anti-BRN2 (1:500, sc-393324, Santa Cruz), anti-NEUN (1:500, #12943, Cell Signaling), anti-
GFAP (1:500, ab53554, Abcam), anti-OLIG2 (1:200, AF2418, R&D Systems), and anti-TBR1
(1:500, ab31940, Abcam) were used to detect different cell markers. Next, sections were incubated
in fluorescence conjugated secondary antibodies, including donkey anti-rabbit (Alexa 488, 546,
and 647, Invitrogen), donkey anti-mouse (Alexa 546, Invitrogen), donkey anti-chicken (Alexa 488,
Jackson ImmunoResearch), donkey anti-rat (Alexa 488 and 647, Invitrogen), and donkey anti-goat
(Alexa 488 and 647, Jackson ImmunoResearch) at 1:500 dilution for 2 hours in RT. Images were
captured under Zeiss Confocal Microscope or Zeiss Axio Scan Slide Scanner and cell counting
was performed using ImageJ. In order to compare cell numbers of different cell types across
genotypes, we had 5 WT, 6 Het, and 5 KO E14 brains for cell counting experiments. And we had

6 WT, 6 Het, and 5 KO E14 brains to quantify the Ki-67 positive cells.
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CUT&RUN on embryonic and adult prefrontal cortex

CUT&RUN was performed on the embryonic and adult prefrontal cortex as previously
described. 3 biological replicates were included for each age and genotype. Briefly, we dissected
out E14.5 mouse embryonic cortex or P60 mouse prefrontal cortex, and nuclei were isolated using
Nuclei EZ Prep Buffer (Sigma 4432370) and counted on cell cytometer. 300k nuclei were bound
to the Concanavalin A-Coated beads for one CUT&RUN reaction on either MYTIL, or IgG, or
histone marks. Then, beads were incubated with desired primary antibodies separately, including
Rb-MYTIL (0.5 pg), Rb-H3K4mel (1 pg), Rb-H3K4me3 (1 pg), Rb-H3K27ac (1 pg), and Rb
IgG (1 pg), at 4 °C on the nutator for overnight. To bind pAg-MNase fusion protein, beads were
incubated with diluted CUTANA pAg-MNase (1:20) on the rotator at 4 °C for 1 hour. Chromatin
digestion was performed at 0 °C with the addition of CaCl2 (100 mM) for 30min. To digest the
RNA and release the cleaved DNA fragments, reactions were incubated with Stop Buffer at 37 °C
for 30min in the thermocycler. Magnetic stands were used to bind beads afterwards, and supernants
containing DNA fragments were retrieved for sequencing library preparations.

CUT&RUN library preparation and the next generation sequencing

DNA  fragments were  extracted from  CUT&RUN  experiments by
Phenol/Chloroform/isoamyl Alcohol (pH 7.9) mix. KAPA HyperPrep Kit (KK8504) was used to
generate dual-indexed sequencing libraries. Generated libraries were purified using Mag-Bind
beads. We ran Tapestation for libraries and checked the nucleosome peaks pattern as quality
control. Finally, libraries were submitted to GTAC Washington University School of Medicine for
Novaseq aiming for 50M reads per MYT1L and IgG library and 10M reads per histone library.

CUT&RUN data analysis
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Raw reads were trimmed by Trimmomatic software to remove adapter sequence. We used
Fastqc to check read quality before and after trimming. Then reads were mapped to the mm10
genome by Bowtie2. We filtered out mitochondrial reads (Samtools), PCR duplicates (Picard),
non-unique alignments (MAPQ > 30), and unmapped reads (Samtools). MYT1L peaks were called
from both individual biological replicates and merged bam files from one genotype by MACS2
(9<0.05) using IgG as background. Histones’ peaks were called from merged bam files by MACS2
(g<0.05) using down-sampled IgG as background. With MYTIL peaks called from biological
replicates, bedTools was used to find intersecting peaks among 3 replicates. With MYT1L peaks
called from merged bam files, bedTools was also utilized to exclude peaks from KO samples.
Peaks were annotated primarily by Homer and then grouped into subcategories according to the
following method sections. Peak heatmaps were generated by the bedTools plotHeatmap function.
Genome track graphs were generated using Integrated Genomics Viewer (https://igv.org/). In order
to compare fold changes of histone peaks between WT and mutant libraries, we derived peaks read
counts from individual histone library’s bam file using bedtools. With read counts, we utilized the
edgeR package to perform differential enrichment analysis and calculated fold changes of each
histone peak in mutant libraries.

Define active and poised enhancers

Active and poised enhancers were defined as previously described. Briefly, enhancers were
defined as H3K4mel peaks located outside of the promoter regions (TSS +1kb) as well as absent
of H3K4me3. Enhancers that overlap with H3K27ac peaks were categorized as active enhancers,

and those H3K27ac negative ones were defined as poised enhancers.

Motif analysis
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De novo motif findings were performed using both Homer and monaLisa (Machlab et al.
2022). For Homer usage, full length peaks were fed into the software, and ATAC-seq peaks from
the same brain region and the same age were used as background. For monalisa usage, promoter,
active enhancer, and poised enhancer targets were grouped into separate bins and tested
individually. To avoid length bias, we resized peaks into fixed-size regions around the peak
midpoint before running the analysis. Then, the k-mer enrichment analysis was performed to
examine the MYTIL core binding motif enrichment using 5 as unbiased motif length and ATAC-
seq peaks as background. De novo motifs with FDR<Ie-50 were plotted out in the heatmap. At
last, we performed known motif finding using monaLisa and JASPAR2020 motif database on
MYTIL targets. plotMotifHeatmaps was used to visualize significantly enriched known motifs
with FDR<le-5. TFs only being expressed in PFC RNA-seq dataset were plotted in the heatmap.

Predicting enhancer-gene-pairs (EGPs)

EGPs were predicted using EnhancerAtlas 2.0 (http://www.enhanceratlas.org/) (Gao and Qian

2020). Specifically, I selected the E14.5 Brain, Brain, and Neuron database to annotate different
subgroups of enhancers with their putative targeting genes.
ATAC-seq

ATAC-seq was performed as described before (Buenrostro et al. 2015). Briefly, mouse
E14 cortex (6 WT, 5 Het, and 6 KO E14 cortex) or adult PFC (P60-P70) was dissected and gently
homogenized in cold nuclear isolation buffer (10 mM Tris-HCI, pH 7.4, 10 mM NacCl, 3 mM
MgCl2, 0.1% IGEPAL CA-630). Embryonic tissues were pooled across sexes, adult tissues
included both sexes, balanced for genotype. Lysates were filtered through 40 um mesh strainer.
After spinning down, 100,000 nuclei were put into the tagmentation reaction for each sample. We

had 6 WT, 5 Het and 6 KO cortex for embryonic experiments. For adult PFC experiments, we put
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6 WT and 6 PFC into the pipeline. Tagmentation reaction was performed using [llumina Tagment
DNA TDE1 Enzyme and Buffer Kit with 30 min incubation time at 37°C. Immediately following
the tagmentation, we purified DNA fragments using QIAquick PCR Purification Kit. We took half
amount of purified DNA fragments and added Illumina Nextera 15+i7 adapters with unique index
to individual samples by PCR reaction (Phusion, primers seen in Key Resources Table, PCR
program: 72°C for 5 min, 98°C for 30 s, 98°C for 10 s, 63°C for 30 s, 72°C for 1 min, repeat 3-5
for 8-10 cycles, and hold at 10°C). Generated libraries were purified using AMpure beads (1:1.8
dilution). We ran Tapestation for libraries and checked the nucleosome peaks pattern as quality
control. Finally, libraries were submitted to GTAC Washington University School of Medicine for
Novaseq aiming for S0M reads per sample.
DAR analysis

Raw reads were trimmed by Trimmomatic software to remove adapter sequence. We used
FastQC to check reads quality before and after trimming. Then reads were mapped to mm10
genome by Bowtie2. We filtered out mitochondrial reads (Samtools), PCR duplicates (Picard),
non-unique alignments (MAPQ > 30), and unmapped reads (Samtools). Then a series of QC
metrics were examined to ensure ATAC experiments worked well, including insert size
distribution, mitochondria reads percentage, non-redundant reads percentage, and TSS enrichment.
To adjust read start sites, we shifted reads aligned to + strand by +4bp and reads aligned to - strand
by -5 bp by bedtools and awk. After shifting, we merged bam files for all samples in one specific
time stage (E14 or adult) together and performed peak calling by MACS2 with q < 0.05. Peaks
were annotated by Homer software. In order to perform differential accessible region analysis, I
derived peaks read counts from individual sample’s shifted bam file using bedtools. With read

counts, utilized edgeR package to identify DARs. Briefly, I first checked library size, read counts
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distribution, Pearson correlation, and multidimensional scale plots and identified no obvious
outlier sample. Then I normalized reads and removed unwanted variables using the RUVseq
package. For E14 cortex ATAC-seq, I fitted the data into a nested interaction model to identify
altered chromatin accessibility across all genotypes (WT, Het, and KO). And I considered peaks
with the same significant fold change (FDR < .1) direction in Het and KO as true DARs. For adult
PFC, a negative binomial generalized linear model was fitted and sex was counted as covariate
when testing for DARs (FDR <.1). Heatmaps for DARs were generated by deepTools. TSS peaks
were defined as +1kb from TSS and all other peaks were considered non-TSS peaks. Metagene?2
and ggplot2 were used to extract read depths for example loci and generate average coverage with
95% confidence intervals. MYTIL ChIP targets from Mall et al.’s Table S2 were mapped to
ATAC-seq data sets by bedTools and I defined overlapping peaks between the two with 1kb
maximum gap. Motif analysis was performed using Homer software on DARs (FDR <.1). [ used
more-accessible regions as background when finding motifs for less-accessible regions and vice
versa.
RNA-seq

Embryonic cortex and adult PFC (P60-P70) was dissected out and RNA was extracted as
described above. Embryonic tissues were pooled across sexes, adult Adult tissues included both
sexes, balanced for genotype. Total RNA integrity was determined using Agilent 4200 Tapestation.
Library preparation was performed with 10ng of total RNA with a RIN score greater than 8.0. ds-
cDNA was prepared using the SMARTer Ultra Low RNA kit for [llumina Sequencing (Takara-
Clontech) per manufacturer’s protocol. cDNA was fragmented using a Covaris E220 sonicator
using peak incident power 18, duty factor 20%, cycles per burst 50 for 120 seconds. cDNA was

blunt ended, had an A base added to the 3’ ends, and then had Illumina sequencing adapters ligated
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to the ends. Ligated fragments were then amplified for 15 cycles using primers incorporating
unique dual index tags. Fragments were sequenced on an Illumina NovaSeq-6000 using paired end
reads extending 150 bases. Again, raw reads were trimmed by Trimmomatic software to remove
adapter sequence and we used FastQC to check reads quality before and after trimming. rRNA
reads were filtered out by Bowtie2. And filtered reads were mapped to the mouse mm10 genome
by STAR. Read counts for genes were derived by HTSeq software for individual samples. We
checked read counts distribution, junction saturation, library size, Pearson correlation and
multidimensional scale plots to rule out any outliers. In the end, we were able to put 6 WT, 6 Het,
4 KO E14 cortex and 6 WT, 6 Het adult PFC into the DGE analysis pipeline.

Differential Gene Expression analysis

Similar to DAR analysis, we normalized raw counts and removed unwanted variables with
the edgeR and RUVseq package. A nested interaction model was fitted to identify differential gene
expression across genotypes for E14 cortex RNA-seq. DEGs with the same significant fold change
direction in both Het and KO samples were considered as true MYTIL regulated genes and were
subjected to downstream analysis. For adult PFC RNA-seq, we fitted the data to a negative
binomial generalized linear model with sex as covariates. We applied cut-off FDR <.1 to define
DEGs. Heatmaps for DEGs were generated by heatmap.2 function in R.

GO analysis

To perform GO analysis on DARs, we assigned DARs (FDR < .1) located within £1kb
from TSS to corresponding genes. GO analysis was performed using BiNGO in Cytoscape. p
values were adjusted by Benjamini-Hochberg FDR correction and FDR < 0.05 cut-off was used
to determine significant enrichments. The same software and corrected p value cut-off was applied

to GO analysis on DEGs (FDR <.1) in RNA-seq.
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GSEA analysis

GSEA was performed as described before (Subramanian et al. 2005) using GSEA v4.0.3
(https://www.gsea-msigdb.org/gsea/index.jsp). I first examined gene set collections H (Hallmark
gene sets) and C2 (curated gene sets of online pathway databases) to understand how MYTI1L loss
affects different cellular processes in a comprehensive manner. Then I tested the expression
changes of MYTIL ChIP targets, human “early-fetal” and “mid-fetal” genes (Kang et al. 2011;
Katayama et al. 2016), MEF signature genes, induced neuron signature genes on E14 cortex and
adult PFC expression data, Wnt signaling genes (MGI GO:0016055), and Notch signaling genes
(MGI GO:0007219). Human gene IDs were converted into mouse gene IDs by BioMart
(https://www.ensembl.org/biomart). All analysis was performed with “gene set” as permutation
type and 1,000 permutations. Significant enrichment was determined by FDR <. 1 cut-off.

Comparison between in vivo and in vitro RNA-seq

In vitro RNA-seq data were obtained from Mall et al., 2017 studies on MYTIL
overexpression (OE) in MEF and shRNA knockdown (KD) in primary hippocampal neuron
cultures (Mall et al., 2017). I defined genes that showed upregulation in OE but downregulation in
KD as MYTIL induced genes, while genes getting downregulated in OE but upregulated in KD
were considered as MYTIL repressed genes. Then, the hypergeometric test was performed to
determine whether there is significant overlapping between DEGs from our in vivo RNA-seq
experiments and previously reported MYT1L targeted genes in vitro. I also used R to investigate
linear regression of DEGs’ fold changes between in vivo and in vitro RNA-seq experiments.

Disease models and human genetic data sets enrichment

DEGs of different ID/ASC related mouse model were derived from CHDS

haploinsufficient cortex (p <.05 for E14.5, FDR <.1 for P77) (Gompers et al. 2017), KDM5C KO
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frontal cortex (p < 0.01) (Iwase et al. 2016), CHD2 haploinsufficient embryonic cortex (p < .05)
and P30 hippocampus (FDR <.1) (Y. J. Kim et al. 2018), PHF6 KO cortex (FDR < 0.05) (Cheng
et al. 2018), FOXP1 KO hippocampus (FDR < 0.05) (Araujo et al. 2015), and POGZ cKO
hippocampus (FDR < .05) (Suliman-Lavie et al. 2020). For human diseases genetic data sets, we
downloaded ASC genes from SFARI (huamn module, gene score 1 and 2), ADHD genes from
ADHDgene (http://adhd.psych.ac.cn/), ID genes from IDGenetics
(http://www.ccgenomics.cn/IDGenetics/), SCZ genes from SZDB2.0 SNP data sets
(http://www.szdb.org/), and Microcephaly genes from DisGeNET
(https://www.disgenet.org’/home/). Enrichment analysis was performed using the one-sided
hypergeometric test and p values were adjusted by Benjamini-Hochberg correction.

Quantification and statistical analysis

Statistical analyses and graph plottings were performed using IBM SPSS Statistics (v.26),
GraphPad Prism (v.8.2.1), and R (v.4.0.0). Prior to analyses, data was screened for missing values
and fit of distributions with assumptions underlying univariate analysis. This included the Shapiro-
Wilk test on z-score-transformed data and qqgplot investigations for normality, Levene’s test for
homogeneity of variance, and boxplot and z-score (£3.29) investigation for identification of
influential outliers. Means and standard errors were computed for each measure. Analysis of
variance (ANOVA), including repeated measures or mixed models, was used to analyze data
where appropriate. Sex was included as a biological variable in all analyses across all experiments.
Simple main effects were used to dissect significant interactions. Where appropriate, the
Greenhouse-Geisser or Huynh-Feldt adjustment was used to protect against violations of sphericity.
Multiple pairwise comparisons were subjected to Bonferroni correction or Dunnett correction.

One-sample t-tests were used to determine differences from chance. For data that did not fit
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univariate assumptions, non-parametric tests were used or transformations were applied. For
mouse behavior data, the square root transformation was applied to the USV and fear conditioning
data. Chi-square or Fisher’s exact tests were used to assess Mytll mutation and sex association
with categorical variables. Sex x genotype effects are reported where significant, otherwise data
are reported and visualized collapsed for sex. The critical alpha value for all analyses was p < .05,

unless otherwise stated. Figure schematics were generated using BioRender.
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3.6 Figures and Tables
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Figure 6: MYT1L’s temporal and spatial expression pattern in the mouse brain.

(A) qRT-PCR revealed the trajectory of MYTIL mRNA expression across mouse brain
development (n = 3). (B) Western blot showed a parallel trajectory of protein levels. (C) IF of
MYTIL protein (red) revealed expression in MAP2+ (green) Cortical Plate (CP), intermediate
zone (IZ), and a few in SOX2+ (white) progenitors in the Ventricular Zone/SubVentricular Zone

(VZ/SVZ). Scale bar, 50 um. (D) Quantification of MYT1L+ fraction within different cell types

(n=23).
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Figure 7: CUT&RUN identifies MYT1L specific binding targets in the mouse brain.

(A) Workflow of CUT&RUN experiments on E14 CTX and adult prefrontal Cortex (PFC). (B)
Representative IGV tracks showing a reproducible MYTI1L peak at the Hesl promoter region in
all 3 WT E14 biological replicates but not in IgG and KO samples. (C) Heatmaps of 20,305
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MYTIL peaks called from the merged bam file. MYT1L CUT&RUN signals were diminished in
the KO. (D) Heatmaps of CUT&RUN signals of MYTI1L, IgG, and histones at MYTI1L bound
regions in PFC. (E) Annotations of PFC ATAC-seq peaks show the genome-wide distribution of
promoters, active enhancers, and poised enhancers in open chromatin regions. (F) Annotations of
MYTIL targets in PFC show MYTIL mainly binds to active enhancers. (G) Representative

genome tracks of MYTI1L bound promoter (left), active enhancer (middle), and poised enhancer

(right).
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Figure 8: MYTI1L co-occupies with different sets of TFs at promoter and enhancer regions.

(A) monaLisa motif analysis revealed that MYTI1L co-occupies with transcriptional activators

such as ELK1 at promoter regions, while it co-occupies with neurogenic TFs such as MEF2A at

enhancer regions. (B) Both MYT1L bound promoters and enhancers are significantly enriched for

MYTIL core binding motif, AAGTT. (C) Overlapping between MYTI1L Cut&Run targets and

TFs ChIP-seq peaks showed that more MYTIL promoter targets were also bound by

transcriptional activators like SP1 and (D) ELK1 than enhancer targets, while more enhancer
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targets were bound by (E) the neurogenic TF MEF2A and (F) activity dependent gene JUNB. (G)
NEURODI1 and (H) NEUROD?2 have stronger presence at MY T1L promoter targets than enhancer
targets. (I) MYTI1L co-immunoprecipitated with SIN3B and HDAC2 but not with HDAC1/3 in

WT mouse cortex.
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Figure 9: MYTIL suppresses enhancers activities by erasing active histone marks.

(A) Mean MYTIL CUT&RUN signals showed decreased MYTI1L binding at enhancers in Het
PFC. (B) Majority of MYT1L bound active enhancers are PFC specific. (C) Heatmaps of MYTI1L
bound active enhancers in PFC. (D) MYTIL loss increases its bound active enhancers but not
poised enhancers’ chromatin accessibility. (E) MYTIL loss increases H3K4mel levels at MYTIL

bound active enhancers but does not significantly increase H3K4mel levels at MYTIL bound
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poised enhancers. (F) MYTI1L loss increases both its bound active and poised enhancers’ H3K27ac

levels.
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Figure 10: MYTIL loss leads to chromatin accessibility changes in the mouse brain.

(A) Less and (B) more-accessible regions in MYTIL mutant E14 mouse cortex identified by
ATAC-seq (FDR<.1). (C) Homer motif analysis on less-accessible DARs over more-accessible
DARs. (D) GO analysis on less-accessible DARs associated genes showed the disruption of
neurodevelopmental programming in mutants. (E) Less and (F) more-accessible regions in adult
Het mouse PFC identified by ATAC-seq (FDR<.1). (G) Homer motif analysis on less-accessible
DARs over more-accessible DARs. (H) GO analysis on DAR associated genes showed the
dysregulation of neurodevelopmental programming in adult Het mouse PFC. (I) No chromatin
accessibility change was observed at MYTIL bound promoters. (J) MYTIL loss increases its

bound active enhancers but not (K) poised enhancers’ chromatin accessibility.
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Figure 11: MYTIL leads to early activation of differentiation programs and repression of
proliferation programs in the embryonic cortex.

(A) Heatmap for differential gene expression in mutants (FDR<.1). (B) GO analysis on DEGs
revealed an upregulation of early neuronal differentiation pathways and (C) a downregulation of
cell proliferation programs. (D) GSEA analysis found iN signature genes increased expression

while (E) MEF genes decreased expression in mutant cortex.
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Figure 12: MYTIL loss leads to persistent activation of early neuronal development

programs.

(A) Heatmap for differential gene expression in adult Het mouse PFC (FDR<.1). (B) GO analysis

on DEGs revealed an upregulation of early neurodevelopmental pathways and (C) a down-

regulation of neuron maturation and functions. (D) GSEA analysis found “early-fetal” genes

increased their expression while (E) “mid-fetal” genes remained unchanged in adult Het mouse

PFC compared.
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Figure 13: MYTIL directly binds to promoters that are associated with early neuronal

development genes and suppresses their expression.

(A) MYTIL loss increases its promoter targets’ expression in PFC. (B) Venn Diagram showing

the overlaps among dDEGs, MYTI1L Promoter targets, and uDEGs, and no biased overlap was

observed (p = 0.36). (C) GO analysis on 85 uDEGs whose promoters are bound by MYTIL.

See Table S2 for statistical test details.
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Figure 14: MYTI1L suppresses enhancers that regulate neuronal migration and neuron

projection development.

(A) MYTIL loss increases both its bound active and poised enhancers’ H3K27ac levels. (B)

MYTIL active enhancer target genes show increased expression in Het PFC. (C) Venn Diagram

showing the overlaps among dDEGs, MYTIL active enhancer targets, and uDEGs, and there are

more overlaps between MYTI1L active enhancer targets and uDEGs than dDEGs (p = 0.01). (D)

GO analysis on genes regulated by MYT1L bound E14 CTX/PFC overlapped active enhancers. (I)

GO analysis on genes regulated by MYTIL bound PFC-specific active enhancers.

Representative genome browser track shows MYTI1L-bound Dcx active enhancer has higher

(E)

ATAC-seq signals, H3K4mel and H3K27ac levels in Het PFC than WT. *p<0.05, **p<0.01,

##%p<0,001, #***p<0.0001.

See Table S2 for statistical test details.
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Supplemental Figure 6: MYTI1L protein is expressed in neuronal lineages, peaking during
neuronal maturation.

(A) MYTIL expression across human brain development (somatosensory cortex, data from
BrainSpan, https://www.brainspan.org/) also showed peak expression during neuronal maturation,
yet sustained expression in adulthood. (B) Coronal section of E14 brain immunofluorescence
showed MYTIL expression in zones of maturing neurons throughout the brain. (C)
Immunofluorescence of 1Z (Intermediate Zone) in E14 showed transition from cycling (Ki-67+),
SOX2, and TBR2 positive progenitors to MYTIL positive cells. Only a small portion of cells
showed overlap of these makers. (D) MYTIL was expressed in neurons across upper (CTIP2+,
green) and lower (BRN+, white) layers of the P1 mouse cortex, (E) but not in radial glia (SOX2+)
and oligodendrocytes (OLIG2+). (F) Sagittal section of adult (P60) mouse brain
immunofluorescence showed broad expression of MYTI1L in cortex, hippocampus, hypothalamus,
striatum, as well as cerebellum. (G & H) MYTIL staining in P60 mouse cortex showed its
exclusive expression in neurons (NEUN+) but not in astrocytes (GFAP+) and oligodendrocytes

(OLIG2+).
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Scale bars, 500 um in B, 20 um in C, 250 um in D, 20 um in E, 3 Mm in F, 200 um in G, 20 um in

H, and 50 um in J.
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Supplemental Figure 7: CUT&RUN is more efficient for MYT1L binding profiling on P60
PFC than on E14 CTX.

(A) MYTIL CUT&RUN peaks called from the merged PFC alignment file showed decreased
density of low enrichment peaks but increased density of high enrichment peaks compared to E14
CUT&RUN peaks. (B) Homer de novo motif finding shows significant enrichment of MYTIL
core binding motif AAGTT in E14 CUT&RUN intersected peaks. (C) Overlaps between MYTI1L
PFC and E14 intersected CUT&RUN peaks. (D) Homer de novo motif finding shows significant
enrichment of MYTIL core binding motif AAGTT in PFC CUT&RUN intersected peaks. (E)
Overlaps between MYTIL PFC and E14 CTX CUT&RUN peaks called from the merged
alignment file. (F) Homer de novo motif finding shows significant enrichment of MYTI1L core
binding motif AAGTT in PFC CUT&RUN peaks called from the merged alignment file. (G) No
significant overlap was found between MYTIL E14 CTX CUT&RUN peaks called from the
merged alignment file and MYT1L ChIP-seq peaks from the mouse E14 brain. (H) No significant

overlap was found between MYTIL El14 CTX CUT&RUN peaks called from the merged
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alignment file and MYTIL ChIP-seq peaks from MEFs overexpressing MYTI1L, BRN2, and
ASCLI. (I) No significant overlap was found between MYTI1L PFC CUT&RUN peaks called
from the merged alignment file and MYTI1L ChIP-seq peaks from the mouse E14 brain. (J) No
significant overlap was found between MYTIL PFC CUT&RUN peaks called from the merged
alignment file and MYTIL ChIP-seq peaks from MEFs overexpressing MYTI1L, BRN2, and

ASCLI. Color code: CUT7RUN (yellow), MEFs ChIP-seq (blue), and E14 brain ChIP-seq (red).
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Supplemental Figure 8: MYT1L co-occupies with a different set of transcriptional factors at
promoters and enhancers.

(A) MYTIL+ promoters have a significantly higher percentage of SP1 binding compared to
MYTIL- promoters, while no obvious difference was observed in enhancers. The same pattern
was observed for (B) ELKI as well. (C) MYTIL+ enhancers have a significantly higher

percentage of MEF2A binding compared to MYTIL- promoters, while no big difference was
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observed in promoters. The same pattern was observed for (D) JUNB as well. (E) MYTI1L+
promoters have a significantly higher percentage of NEURODI binding compared to MYTI1L-
promoters, while no obvious difference was observed in enhancers. The same pattern was observed
for (F) NEUROD?2 as well. (G) Fisher’s exact test showed different TFs’ enrichment in MYTI1L+

over MYTI1L- genomic regions. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

110



E

Ruler: 12.5 kb o Ruler 25kb

>
w
@)
w

Mean MYT1L CUT&RUN Signals
1000 4 300

—_— WT wr

30 = Het

=1

=]
1

o

H3K27ac CUT&RUN Signals (Normalized)
5
i " ) )
H3K4me3
I
- E.
— )
|
-
H3K4me3

@
1=}
=}

wr

2

]

-]
) s
NG By

]

]

cn
o
ATAC
i 3
w
o 3
—_

T
T
s &8
P
-
ATAC

-3
=3
=3

H3K4me3 CUT&RUN Signals (Normalized)
= &
o o

H

@
S
B
=1
s

1200
T Het ]
20 MYTIL CutdRun -2.0kb | jl !
Promoter Peak Center

300 I|
20 8 Wr o Wr
i = 0 o \
' ! P | ™ g n
T Het | . T Het
0 i L 0 0 A__L._.,‘—..Jk‘, ] JL M"’ i
. —_— ] —_—
WT Het WT Het Hdac4 Ctnnd2

Supplemental Figure 9: MYTI1L loss increases H3K4me3 and H3K27ac levels at promoters.
(A) Mean MYTIL CUT&RUN signals showed decreased MYTI1L binding at promoters in Het
PFC. (B) MYTIL Het PFC has higher levels of H3K4me3 at MYT1L promoter targets compared
to WTs. (C) MYTIL Het PFC has higher levels of H3K27ac at MYT1L promoter targets compared
to WTs. (D) Representative genome browser track of MYTIL bound Hdac4 promoter. (E)
Representative genome browser track of MYTI1L bound Ctnnd2 promoter. *p<0.05, **p<0.01,

**4p<0.001, ****p<0.0001.
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Supplemental Figure 10: Chromatin Accessibility analysis define molecular consequences of

MYTIL loss in the developing and adult brain.

(A) Heatmap for differential accessible regions in mutants (FDR < .05). (B) Representative peak

(50kb interval) and its (C) average coverage (lines) and 95% confidence interval (shading) across
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biological replicates of less accessible DAR found in ATAC-seq (highlighted in yellow) near the
Glil promoter region. (D) Representative peak (50kb interval) and its (E) average coverage (lines)
and 95% confidence interval (shading) across biological replicates of more accessible DAR found
in ATAC-seq (highlighted in yellow) near the Lrrtm4 promoter region. (F) ATAC-seq fold
changes for MYTI1L ChIP targets showed a loss of accessibility at MYT1L bound regions in both
Het and KO E14 mice cortex. (G) Heatmap for differential accessible regions in Hets (FDR <.05).
(H) Representative peak (50kb interval) and its (I) average coverage (lines) and 95% confidence
interval (shading) across biological replicates of a DAR with less accessibility in Hets (highlighted
in yellow) near the Wasf2 promoter region. (J) Representative peak (50kb interval) and its (K)
average coverage (lines) and 95% confidence interval (shading) across biological replicates of a
DAR that was more accessible in Hets (highlighted in yellow) near the Arxesl promoter region.
(L) Motif analysis comparing more-accessible DARs to less-accessible DARs. (M) GO analysis
on DAR associated genes showed the dysregulation of neuronal functions in adult Het mouse PFC.
(N) MYTIL loss did not alter its bound promoters’ chromatin accessibility. (O) MYTIL loss
increases its bound active (left) but not (P) poised (right) enhancers’ chromatin accessibility. (Q)
MYTIL bound active enhancer DARs have a higher percentage of DARs that increase
accessibility than MYT1L unbound active enhancer DARs. (R) MYTI1L bound poised enhancer
DARs have a higher percentage of DARSs that increase accessibility than MYT1L unbound poised

enhancer DARs. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Supplemental Figure 11: Comparison of transcriptomic changes between in vitro

overexpression and embryonic in vivo knockout models.

(A) Fold changes of DEGs correlated well between Myt1/ Het and KO samples. Regression line is
shown in red. (B) Total loss (KO) of MYT1L had larger effects on fold changes of DEGs compared
to partial (Het) MYTIL loss. (C) RNA-seq fold changes for MYTI1L targeted genes showed subtle
downregulation in Het and (D) KO E14 CTX expression data sets. (E) Correlation of DEGs’
expression changes between Het (left) / KO (right) CTX RNA-seq and primary hippocampal

neuron culture MYTIL knockdown (KD) RNA-seq experiments. (F) Correlation of DEGSs’
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expression changes between Het (right) / KO (left) CTX RNA-seq and MYT1IL OE RNA-seq
experiments. (G) Venn diagram of overlap between downregulated DEGs in E14 CTX RNA-seq
and MYTIL induced genes in vitro. (H) Venn diagram of overlap between upregulated DEGs in
E14 CTX RNA-seq and MYTIL repressed genes in vitro. (I) Overlap of DEGs and different cell-
type signature gene lists. Activated genes upon MYTIL loss significantly overlapped neuronal
signature genes while genes decreasing expression overlapped with MYTI1L embryonic ChIP
targets and keratinocyte signature genes. (J) GSEA analysis revealed human “early fetal” genes
are not categorically affected in mutants while (K) “mid-fetal” genes tended to be up-regulated in
mutant E14 mouse cortex. (L) GSEA analysis showed no significant categorical shift of Wnt
signaling and (M) Notch signaling pathway gene expression in Myt// mutant CTX. (N) GO
analysis revealed a further up-regulation of chromatin modification pathways in KO mice
compared to Het.

Boxplots are plotted with thick horizontal lines as group medians, boxes 25" — 75" percentiles,

and whiskers 1.5 x IQR. See Table S2 for statistical test details.
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Supplemental Figure 12: Comparison of transcriptomic changes between in vitro
overexpression and adult in vivo knockout models.

(A) Correlation of DEGs’ expression changes between Het PFC RNA-seq and published primary
hippocampal neuron culture MYTI1L knockdown (KD) RNA-seq experiments. (B) Correlation of
DEGs’ expression changes between Het PFC RNA-seq and published MEF MYTIL
overexpression (OE) RNA-seq experiments. (C) Overlap between downregulated DEGs in PFC
RNA-seq and MYTIL induced genes in vitro. (D) Overlap between upregulated DEGs in PFC
RNA-seq and MYTIL repressed genes in vitro. (E) GSEA analysis showed normal expression of
Wnt signaling and (F) Notch signaling pathway in Myt// Het PFC.

See Table S2 for statistical test details.
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Supplemental Figure 13: Genome browser tracks of representative MYTI1L bound

promoters associated with neuronal developmental genes.

(A) Representative genome browser track shows MYTI1L-bound Bclllb promoter. (B)

Representative genome browser track of MYTIL bound Hdac4 promoter. (C) Representative

genome browser track of MYT1L bound Ctnnd2 promoter.
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Supplemental Figure 14: DEGs in adult Het PFC are implicated in other ID/ASC mouse
models and human genetic data sets.

(A) Repressed genes upon MYTIL loss in PFC significantly overlapped with induced neuron and
neuronal signature genes. (B) MYTIL regulated genes were implicated in other ID/ASC mouse
models and human genetic data sets. (C-D) MYTI1L regulated genes were implicated in other
ID/ASC mouse models and human genetic data sets.

See Table S2 for statistical test details.
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Supplemental Table 2. Statistical analyses for Chapter 3.

FIG VARIABLE COMPARISON STAE‘I]?ST,II‘CAL OuUTPUT
S9B Normahsziegcrll;I:K4me3 genotype Mann-Whiteny U~ 863 fe-
S9C Normalg;ﬁaIl{sKﬂac genotype Mann-Whiteny U~ ¥~ 3'8826-
ATAC fold changes in . p =2.86¢-
S10F E14 Het CTX control vs all ChIP targets Mann-Whiteny U 54
ATAC fold changes in . p =.8.97e-
F14 Het CTX control vs ChIP targets (tss) ~ Mann-Whiteny U 91
ATAC fold changes in control vs ChIP targets (non- . _
E14 Het CTX tss) Mann-Whiteny U p =0.0003
ATAC fold changes in . p =4.68e-
E14 Hom CTX control vs all ChIP targets Mann-Whiteny U 09
AT%? 4f(£}gnihér%g;s n control vs ChIP targets (tss) Mann-Whiteny U pP= ?6866-
ATAC fold changes in control vs ChIP targets (non- . _
E14 Hom CTX tss) Mann-Whiteny U p=0.014
S10N Normahszieg(rllﬁsTACseq genotype Mann-Whiteny U~ p=0.7634
Normalized ATACseq . _
S100 s e Bilmress genotype Mann-Whiteny U p=0.016
Normalized ATACseq . p=4.43e-
S10P signals-Active Enhancer genotype Mann-Whiteny U 08
S10Q | MYTIL positive DARs MYTIL+/MYTIL- Fisher's exact test ~ p <0.0001
SIOR | MYTIL positive DARs MYTIL+/MYTIL- Fisher's exact test ~ p <0.0001
S11B RNAseq fold changes Het vs Hom Sl P =R
Smirnov test 12
S11C RNAEe1q4f;)Ili cél%l(ges n control vs ChIP targets Mann-Whiteny U p=.059
S11D RNA]STE g(l)ilc}é%;)%es n control vs ChIP targets Mann-Whiteny U p=.65
311G DEGs in different RNA- Down in Mytl! mutants vs Hypergeometirc —~ 0005
seq experiments induced by MYTI1L mapping P~
S11H DEGs in different RNA- Up in MytI] mutants vs Hypergeometirc — 48
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4.1 Introduction

The previous chapter stablished MYT1L’s role in mediating cell proliferation and neuronal
differentiation programs during CNS development on a molecular level. In this chapter, I sought
to assess if this role is translated at the cellular and circuitry levels, and if cellular phenotypes line
up with predictions from genetic studies. I first measured cell proliferation rates and the
differentiation process in embryonic mouse cortex and compared how they were altered upon
MYTIL loss. Then, synaptic functions as well as neuronal morphology in the juvenile mouse
visual cortex were examined by electrophysiology and confocal microscopy. In addition, as
indicated by multi-omics studies, histology was performed to test if MYT1L loss leads to cortical
lamination anomalies. Lastly, based on current findings in this dissertation, I proposed molecular
and cellular models of how MYTIL facilitates neuronal maturation and how MYTIL loss results

in a smaller mouse brain, providing insights to human disease pathogenesis.

4.2 Results

4.2.1 MYTI1L’s functions during neuronal proliferation and differentiation in

the developing mouse cortex

Precocious neuronal differentiation could reduce the progenitor pool and thus reduce cell
production, resulting in a smaller brain. To validate the prediction from RNA-seq that MYTI1L
loss affects cell differentiation and proliferation, I first stained cell-stage markers in the E14 cortex
(Fig. 15A). I found KOs have decreased apical progenitor (AP, SOX2+) density with normal
intermediate progenitor (TBR2+) and postmitotic neuron (TBR1+) density compared with Hets
and WTs (Fig. 15C-E, S15A-C). Even after normalizing SOX2+ cells to total cell number, there

was still a trend towards fewer SOX2+ cells in KOs (Fig. S15A, p = .0528), indicating smaller AP
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density can be independent of decreased total cell number (Fig. 15B). I also found the ratio of
TBR2+/SOX2+ but not TBR1+/TBR2+ was increased in mutant mice (Fig. S15D, E). Overall, I
saw a shift from early cell fate (SOX2+) to late cell fate (TBR2+/TBR1+) in MytI/ mutants (Fig.
15F), supporting the hypothesized precocious cell differentiation. Proliferating cells (Ki-67+) were
also decreased in KOs (Fig. 15G-I), suggesting MYTI1L loss affects cell proliferation. Therefore,
I performed EdU labeling experiments to measure proliferation rates (Fig. 15J). I found that both
Het and KO cortices have significantly fewer EQU+ cells (Fig. 15K), highlighting less proliferation
in the mutant developing cortex.

Following mitosis, daughter cells either re-enter the cell cycle to expand the progenitor
pool, or leave permanently and become neurons. Since decreased proliferation could be driven by
a greater number of cells exiting the cell cycle, I quantified exiting by co-staining for recently
proliferating cells (EdU+) that have lost Ki-67 (Q fraction; Fig. 15L) (Gompers et al. 2017). KOs
had a significantly larger Q fraction (Fig. 15M). These results show that MYT1L loss perturbs cell
proliferation and enhances cell cycle exit. This corresponds well to the RNA-seq, and provides the
most parsimonious explanation for the smaller brains: precocious differentiation of some neural

progenitors results in fewer proliferating cells and a decreased brain size in adults.

4.2.2 The roles of MYTI1L in neuronal maturation and synaptic functions in

the juvenile and adult mouse cortex

4.2.2.1 MYTI1L haploinsufficiency disrupts postnatal neuronal physiology and spine
maturity

Het mice showed deficits in transcriptional and chromatin states with a failure to achieve
the mature profile of axonal development. Therefore, I asked whether this manifested in

neurophysiological changes at the cellular level. In collaboration with the Hengen lab, I first
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examined the passive membrane properties and cell morphology of layer 2/3 pyramidal neurons
in the primary visual cortex (V1) at P21-23, an extensively studied system with similar cell types
and mesoscale circuit connectivity to PFC (Oh et al. 2014; Tasic et al. 2018). Compared to age-
matched WT neurons, Het neurons exhibited significantly depolarized resting membrane
potentials (Fig. 16A), and decreased membrane resistance (Fig. 16B), which are changes that
affect membrane excitability in opposite directions. We also observed a smaller time constant in
Hets that was explained by the decrease in membrane resistance and capacitance (Fig. 16C, D),
which could arise from a decrease in total cell surface area or altered ion channel composition. In
total, MYTIL haploinsufficiency disrupts the passive physiological properties of pyramidal
neurons.

To ask whether the change in capacitance was a direct result of cell surface area, I examined
the somatic size of the patched neurons. We dye filled the patched neurons and examined them
with confocal miscroscopy after the experiment. A previous shRNA study on differentiating NPCs
revealed larger cell bodies yet decreased neurites (Kepa et al. 2017). Here, with controlled
haploinsufficiency in vivo, I found that MYT1L loss changed neither neuron soma size (Fig. 16E,
S16A, B) nor many dendritic morphological properties, including length, nodes, as well as
complexity (Fig. S16D-G). I found a small but not significant decrease of total dendrite numbers
in Het neurons (p=.054, Fig. S16C). Yet, branch analysis revealed no difference between Hets and
WTs (Fig. S16H, I), and a Sholl analysis showed no differences in spatial aspects of dendritic
morphology (Fig. 16F, S16J). These results indicate altered passive properties of Het neurons in
juvenile visual cortex are not caused by morphological changes, but do not rule out the possibility

of morphology changes in other brain regions.
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I next asked whether MYT1L haploinsufficiency affects synaptic strength or numbers in
these neurons. Thus, [ measured miniature excitatory postsynaptic currents (mEPSCs, Fig. S16K).
I saw no change in the frequency (Fig. S16L), but I did see a trend towards increased mean
amplitude of mEPSCs across cells (Fig. S1I6M). More immature cortical neurons have larger
mEPSCs (Desai et al. 2002). Investigating all individual mEPSC events revealed they were indeed
shifted towards larger currents (Fig. 16G). Since excitation/inhibition (E/I) balance is often
disrupted in NDDs (Gogolla et al. 2009; Nelson and Valakh 2015)(Gogolla, I also measured
miniature inhibitory postsynaptic currents (mIPSC, Fig. S16N) to examine E/I balance in Het
mice. With no change in mIPSC amplitude, there was a small decrease of mIPSC frequency,
though not significant (p=.081) (Fig. S160, P). I further looked at mEPSC and mIPSC charge and
found that the distribution of charge carried by individual postsynaptic current events shifted
towards increased excitation (p=.024) but decreased inhibition (p=.030) in Het neurons (Fig. 16H,
I). These results suggest MYTIL loss leads to increased E/I ratio in the mouse brain.
Morphologically, microscopic investigation of apical dendritic spine density and morphological
maturity (Fig. 16J) revealed increased spine density (Fig. 16K) with decreased mature spines
(mushroom) but increased immature spines (thin and stubby) in Hets (Fig. 16L, M). Neurons
generate excessive spines during development and spine numbers decrease via pruning afterwards
(Bhatt, Zhang, and Gan 2009). Thus, increased spine density again indicated disrupted maturation
of Het neurons. However, we did not see mEPSC frequency increase in Het neurons, suggesting
extra spines may be immature or non-functional.

4.2.2.2 MYTIL loss alters the ratio of deep/upper layer neurons in mouse cortex

A previous in vitro study has shown MYTI1L knockdown increased the ratio of deep layer

(DL)/upper layer (UL) numbers (Heavner et al. 2020). Also, my in vivo data suggest there is an
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upregulation of a master deep layer neuron regulator, CTIP2, in Het PFC. Thus, I first investigated
whether MYTIL constitutive Het knockouts, mimicking the gene dose of MYTIL Syndrome
patients, can also result in similar phenotypes in mice. First, I re-evaluated the RNA-seq dataset
from MYTIL mutant E14 CTX and Myt1! heterozygous (Het) PFC. With Gene Set Enrichment
Analysis (GSEA), I found there is a significantly increased expression of deep layer (DL) neuron
signature genes in mutant E14 CTX compared with WT (Fig. 17A), while upper layer (UL) neuron
signature genes remain unchanged (Fig. 17B), though UL genes would not yet normally be
expressed by E14, thus this may not be conclusive. The expression of DL genes is even more
significantly up-regulated in the adult Het PFC (Fig. 17C), and UL genes demonstrate significant
down-regulation (Fig. 17D), suggesting the impact of MYT1L loss on DL and UL gene expression
continues even after brain development, and is not a transient effect. As DL neurons are in an
earlier neurodevelopmental trajectory than UL upper layer neurons, such an up-regulation of DL
neuron genes upon MYTIL loss emphasizes MYTI1L’s repressive effects on neurodevelopment
programs throughout development.

One possible explanation for the adult RNA-seq pattern is that Hets have more DL neurons.
Thus, to test this hypothesis and examine MYTIL’s role in regulating neuronal localization in
vivo, I performed staining of the P60 Het cortex with neuronal layer specific markers (Fig. 17E,
F). As expected, I found that Het mice have reduced brain weights compared with WT littermates
(Fig. 17G), consistent with previous findings. Consistent with my hypothesis, I found Het cortices
have increased deep layer neuron (labeled by CTIP2 protein, encoded by the Bcll1b gene) density
compared with WT littermates (Fig. 17E, H). On the other hand, upper layer neurons (labeled by
BRN2, encoded by the Pou3f2 gene) did not show altered density in Het cortices (Fig. 17F, I). In

the RNA-seq, MYTIL loss did incur much smaller effects on upper layer neuron genes (Fig. 17B,
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D), which might not be distinguishable by immunochemistry experiments. In sum, both RNA-seq
and immunochemistry validation experiments showed MYTI1L loss also altered the ratio of DL/UL

neurons in the adult mouse cortex.

4.3 Discussion

4.3.1 A model of how MYTI1L orchestrates neuronal development in the mouse

brain

MYTIL has been shown to repress non-neuronal genes to facilitate neuronal differentiation
in MEF reprogramming. Integrating MYTIL CUT&RUN and multi-omics data, I defined an
additional role for MYT1L in repressing earlier neuronal development programs in the adult mouse
CTX. I proposed that MY T1L normally binds to both promoter and enhancer regions in postmitotic
but immature neurons, recruits the SIN3B repressor complex containing HDAC2, and erases active
histone marks to suppress earlier neuronal development genes (Fig. 18A) once the early neuronal
development phase is complete. Shutting down earlier neuronal programs may allow postmitotic
neurons to further mature to their final neuronal identities. Indeed, MYTI1L Het PFC showed
aberrant activation of promoters, enhancers, and thus gene expression associated with early
neuronal development (Fig. 13, 14), suggesting neurons are trapped in an immature stage. This
epigenetic alteration may explain the disrupted transcriptional, morphological, and
electrophysiological properties observed in this model. Loss of such suppression on early neuron
developmental programs can lead to not only neuronal immaturity in the adult brain, but also early
activation of neuronal differentiation programs during the development. Consequently, in this
MYTIL Syndrome mouse model, precocious neuronal differentiation from progenitors to

immature neurons was observed upon MYTIL loss in developing cortex. This results in fewer
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proliferating cells, slower proliferating rate, fewer total neurons generated, and ultimately

microcephaly in adults (Fig. 18B).
4.3.2 Summary

In this chapter, I validated genetic findings from Chapter 3 that MYTIL loss leads to
decreased cell proliferation and precocious neuronal differentiation, echoing its repressive roles
on earlier neuronal development programs. I also performed functional studies on synaptic
transmission as well as neuronal morphology in the juvenile mouse visual cortex and showed that
MYTIL haploinsufficiency disrupted normal neuronal maturation in terms of synaptic
connections. Furthermore, lamination by histology I demonstrated that MYTIL takes part in
organizing cortical, consistent with in vitro studies as well as in vivo genetics. Lastly, integrating
both molecular and cellular studies that I have performed in this dissertation, I proposed models
of how MYTIL regulates neuronal development and how its LoF leads to adult mouse

microcephaly, shedding light on some aspects of the human MYTI1L Syndrome’s etiology.

4.4 Materials and Methods

4.4.1 Animal models

All procedures using mice were approved by the Institutional Care and Use Committee at
Washington University School of Medicine. All mice used in this study were bred and maintained
in the vivarium at Washington University in St. Louis in individually ventilated (36.2 x 17.1 x 13
cm) or static (28.5 x 17.5 x 12 cm; post-weaning behavior only) translucent plastic cages with
corncob bedding and ad libitum access to standard lab diet and water. Animals were kept at 12/12
hour light/dark cycle, and room temperature (20-22°C) and relative humidity (50%) were

controlled automatically. For all experiments, adequate measures were taken to minimize any pain
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or discomfort. Breeding pairs for experimental cohorts comprised Myt/l Hets and wild type
C57BL/6J mice (JAX Stock No. 000664) to generate male and female Myt// Het and WT
littermates. For embryonic CUT&RUN, Mytil Het x Het breeding pairs were used to generate
Mpytll WT and homozygous mutant littermates. Animals were weaned at P21, and group-housed
by sex and genotype, until tissue harvest at P60 of age. Biological replicates for all experiments

were sex and genotype balanced.

4.4.2 Method Details

[mmunoﬂuorescence

Mice brains were dissected out at different developmental stages and fixed in 4%
paraformaldehyde (PFA) overnight at 4°C. After gradient sucrose dehydration and O.C.T.
compound embedding, brains were sectioned using Leica Cryostat (15 um for E14 brains and 30
um for postnatal brains). Antigen retrieval was performed by boiling sections in 95°C 10 nM
sodium citrate (pH 6.0, 0.05% Tween-20) for 10 mins. Then, sections were incubated in the
blocking buffer (5% normal donkey serum, 0.1% Triton X-100 in PBS) at RT for 1 hour. Primary
antibodies, including anti-MYTIL (1:500, 25234-1-AP, Proteintech), anti-MAP2 (1:200,
#188044, SYSY), anti-SOX2 (1:200, sc-17320, Santa Cruz), anti-TBR2 (1:400, AB15894,
Millipore), anti-Ki-67 (1:500, #14-5698-82, Invitrogen), anti-CTIP2 (1:500, ab18465, Abcam),
anti-BRN2 (1:500, sc-393324, Santa Cruz), anti-NEUN (1:500, #12943, Cell Signaling), anti-
GFAP (1:500, ab53554, Abcam), anti-OLIG2 (1:200, AF2418, R&D Systems), and anti-TBR1
(1:500, ab31940, Abcam) were used to detect different cell markers. Next, sections were incubated
in fluorescence conjugated secondary antibodies, including donkey anti-rabbit (Alexa 488, 546,
and 647, Invitrogen), donkey anti-mouse (Alexa 546, Invitrogen), donkey anti-chicken (Alexa 488,

Jackson ImmunoResearch), donkey anti-rat (Alexa 488 and 647, Invitrogen), and donkey anti-goat
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(Alexa 488 and 647, Jackson ImmunoResearch) at 1:500 dilution for 2 hours in RT. Images were
captured under Zeiss Confocal Microscope or Zeiss Axio Scan Slide Scanner and cell counting
was performed using ImageJ. In order to compare cell numbers of different cell types across
genotypes, we had 5 WT, 6 Het, and 5 KO E14 brains for cell counting experiments. And we had
6 WT, 6 Het, and 5 KO E14 brains to quantify the Ki-67 positive cells.

EdU labeling

I performed intraperitoneal injection on E14 timed-pregnant females with EdU solution
(50mg/kg). For the cell proliferation assay, I waited for 1.5 hours before harvesting embryonic
brains. Brains were dissected and fixed with 4% PFA at 4°C overnight. Then I dehydrated and
sectioned brains into 15 um sections on glass slides as described in the immunofluorescence
section. Those sections were subjected to EAdU detection assay using Click-iT EdU Cell
Proliferation Kit for Imaging Alexa Fluor-594 (Invitrogen) with manufacturer instructions. 4
animals per genotype were used for the cell proliferation assay.

For the cell cycle existing assay, I waited for 20 hours before harvesting brains. The same
procedure was conducted on fixed brains to get 15 um sections. Then, antigen retrieval was
performed by boiling sections in 95°C 10 nM sodium citrate (pH 6.0, 0.05% Tween-20) for 10
mins. Brain sections were first incubated with anti-Ki-67 primary antibody and Alexa488-
fluorescence conjugated secondary antibody before EAdU detection assay. EAU+/Ki67+ cells
represent neuronal progenitors that remained in the cell cycle, while EQU+/Ki67- cells represent
differentiating progenitors that exited the cell cycle. I calculated the Q fraction values as the ratio
between EdU+/Ki67- cells and total EAU+ cells to assess the portion of cells starting differentiation

within the 20-hour time window. All images were captured under Zeiss Confocal Microscope and
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cell counting was performed using Imagel. 4 animals per genotype were used for cell cycle existing
assay.

Slice Preparation

Coronal brain slices (325 pum) containing V1 were obtained as previously described
(Lambo and Turrigiano, 2013) using chilled (1°C) standard artificial CSF (ACSF). ACSF was
continuously oxygenated and contained the following (in mm): 126 NaCl, 3 KCI, 2 MgS04, 1
NaHPO4, 25 NaHCO3, 2 CaCl2, and 14 Dextrose. Slices were cut on a Leica VT1000S vibratome
and incubated on a semipermeable membrane covered by room temperature oxygenated standard
ACSF.

Slice Electrophysiology

Vim was identified, and whole-cell patch-clamp recordings obtained from layer 2/3
pyramidal neurons, as previously described (Lambo and Turrigiano 2013). In brief, VIm was
identified using the mouse brain atlas after adjusting for the lambda-bregma distance for age. The
shape and morphology of the white matter were used to identify V1m. Neurons were visualized
with a 40x water-immersion objective using infrared-differential interference contrast optics.
Internal recording solution contained (mm): 20 KCI, 100 K-gluconate, 10 HEPES, 4 Mg-ATP, 0.3
Na-GTP, 10 phosphocreatine, and 0.4% biocytin. For AMPA miniature EPSC (mEPSC)
recordings, neurons were voltage-clamped to =70 mV in standard ACSF containing TTX (0.2 um),
APV (50 um), and picrotoxin (20 pum) and warmed to 33°C. For AMPA miniature IPSC (mIPSC)
recordings, internal recording solution contained (mM): 120 KCI, 10 HEPES, 4 Mg-ATP, 0.3 Na-
GTP, 2.5 phosphocreatine, and 0.2% biocytin. Neurons were voltage-clamped to -70 mV in
standard ACSF containing TTX (0.2 um), APV (50 um), and DNQX (20 um). For all recordings,

Neurons were excluded from analyses if the resting membrane potential was more positive than

131


https://www.zotero.org/google-docs/?QBr2HM

=50 mV, input resistance was <40 M), series resistance was >20 MQ, or if any of these parameters
changed by >20% during the recording. Pyramidal neurons were identified by the presence of an
apical dendrite and tear-drop shaped soma and morphology was confirmed by post hoc
reconstruction of biocytin fills, as described previously (Desai et al., 2002). All physiology data
were analyzed using Clampfit (Molecular Devices) and custom software written in Python
(available at github.com/hengenlab). We recorded 24 neurons from 9 WT animals and 22 neurons
from 9 Het animals to compare the passive properties as well as mEPSC (100 events for each
recorded neuron) activities across genotypes. We also recorded the mIPSC of 17 neurons from 5
WT animals and 22 neurons from 5 Het animals to assess the E/I balance.

Neuronal Morphology Analysis

Brain slices from slice electrophysiology were subjected to histochemical analysis using
NEUN antibody to confirm neuron identity and streptavidin Alex Fluor-568 (Invitrogen) to label
injected biocytin for morphology assessment. Stained sections were mounted in cell gasket with
SlowFade Diamond Antifade Mountant (Invitrogen). Images for neuronal body and dendrites were

taken under Zeiss LSM 880 Airyscan Confocal Microscope. 1 used Neurolucida 360

(https://www.mbfbioscience.com/neurolucida360) to trace the neuronal body (15 neurons from 8
WT animals, 14 neurons from 8 Het animals) and dendrites (10 neurons from 5 WT animals, 10
neurons from 6 Het animals) and count different types of dendritic spines (10 neurons from 4 WT
animals, 7 neurons from 4 Het animals). Branch analysis and Sholl analysis were performed using

Neurolucida Explorer (https://www.mbfbioscience.com/neurolucida-explorer). Then I exported

measurements for soma surface area, soma volume, total dendrite number, total dendritic length,
average dendrite length, dendrite node number, and complexity ([Sum of the terminal orders +

Number of terminals] * [Total dendritic length / Number of primary dendrites]), branch number,
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branch length, total spine density, and density of different spine subtypes to compare neuron
morphological maturation between Hets and WTs.

Gene Set Enrichment Analysis (GSEA)

GSEA was performed as described before (Subramanian et al. 2005) using GSEA v4.2.3

(https://www.gsea-msigdb.org/gsea/index.jsp). Deep layer neuron and upper layer neuron gene

lists were obtained from Heavner et al., 2020. All analysis was performed with “gene set” as
permutation type and 1,000 permutations. Significant enrichment was determined by FDR < 0.1
cut-off.

Histopathology

Mice (5 WTs and 5 Hets for BRN2 staining, 7 WTs and 6 Hets for CTIP2 staining, sex
balanced, at the age of P60) were deeply anesthetized and transcardially perfused with 4%
paraformaldehyde in PBS. Whole brains were weighed and serially sectioned in the coronal plane
at 75 pm using a vibratome and immunolabeled for either CTIP2 (a marker for cortical layers V/VI)
or BRN2 (a marker for cortical layers II-IV). For each antibody, a set consisting of every eighth
section was isolated and slide mounted. After drying overnight, antigen retrieval was performed
by immersing in citrate buffer (pH 6.0) and pressure cooking for 10 minutes. The slides were then
quenched in 3% hydrogen peroxide in absolute methanol for 10 minutes, immersed for 1 hour in
a blocking solution (2% bovine serum albumin, 0.2% dry milk, 0.8% TX-100 in PBS), and
incubated overnight with a 1:500 dilution of either Ctip2 (CAT#ab18465; Abcam, Burlington, MA)
or Brn2 (CAT#sc-393324; Santa Cruz, Dallas, TX). The next morning, Ctip2 or Brn2 incubated
sections were reacted with appropriate biotinylated secondary antibody for 1 hour (B7139; Sigma-
Aldrich, St. Louis, MO; 1:200 or BA-9200; Vector Labs, Burlingame, CA; 1:200 respectively).

The sections were then reacted with an avidin-biotin conjugate (ABC kit) for 1 hour and visualized
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using the chromogen VIP (Vectastatin Elite ABC kit and Vector VIP kits; Vector Labs,
Burlingame, CA).
Stereology

After immunolabeling, Ctip2 or Brn2 positive neurons were stereologically quantified
using Stereoinvestigator Software (v 2019.1.3, MBF Bioscience, Williston, Vermont, USA)
running on a Dell Precision Tower 5810 computer connected to a QImaging 2000R camera and a
Labophot-2 Nikon microscope with electronically driven motorized stage. A rater, blind to
treatment, stereologically quantified the number of positively stained cells using the unbiased
optical fractionator method. To restrict counting to cortical regions with six layers, cell counts
were performed on sections where the corpus callosum was visible and only in the neocortex (this
excludes the allocortex, piriform, entorhinal, and retrosplenial cortices). Since each antibody labels
specific cortical layers, volumes were calculated for only layers V-VI for Ctip2 and I-IV for Brn2
(Brn2 did label cells in layers V-VI but these were not counted). Finally, a density was calculated
by dividing the total number of positive cells by total volume for each antibody. Since maternal
care, litter size, and other factors can cause litter effects, data were normalized by dividing each
value by the average of the wild-type animals within each litter.

Statistical analysis

Statistical analyses and data graphing were performed using GraphPad Prism (v.8.2.1), and
R(v.4.0.0). Prior to analyses, data was screened for missing values and for the fit of distributions
with assumptions underlying univariate analysis. Means and standard errors were computed for
each measure. Analysis of variance (ANOVA), including repeated measures or mixed models, was
used to analyze data where appropriate. One-sample ¢-tests were used to determine differences

from chance. For data that did not fit univariate assumptions, non-parametric tests were used or
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transformations were applied. Fisher’s exact tests were used to assess MYT1L bound and unbound
DAR distributions. Mann—Whitney U test was used to examine gene expression, ATAC-seq signal,
and histone enrichment differences among groups. Multiple pairwise comparisons were subjected
to Bonferroni correction or Dunnett correction. Figure schematics were generated using

BioRender.
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4.6 Figures and Tables
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Figure 15: MYTIL loss disrupts progenitor proliferation by precocious cell cycle exit.

(A) IF for nuclei (DAPI, blue), apical progenitors (SOX2, green), intermediate progenitors (TBR2,

grey) and postmitotic neurons (TBRI, red) in the E14 mouse cortex. (B) KO mouse cortex had

significantly less cellular density, (C) less apical progenitors, with normal (D) intermediate

progenitors and (E) postmitotic neurons. (F) Myt 1/ mutants have significantly more early cell stage

populations but less later cell stage population. (G-I) KO mice have less proliferating cells

compared with Het and WT littermates. (J, K) EdU labeling for a 1.5-hour window found

decreased cell proliferation rate in mutant mouse cortex compared with WT. (L) Co-staining for

Ki-67 and EdU (20-hours after labeling) experiments found (M) a larger Q fraction value in KO
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but not in Het mouse cortex. White dash lines in (L) indicate the border where proliferating cells

started to exit the cell cycle and differentiate.

Data are represented as mean £ SEM. Scale bars, 25 um in A, 50 um in G, 100 um in J&L. See

Table 83 for statistical test details.
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Figure 16: MYTI1L haploinsufficiency disrupts baseline neuronal properties and dendritic
spine maturity but not neuronal morphology.

(A) MYTIL loss led to less negative membrane potential, (B) reduced membrane resistance, (C)
decreased membrane capacitance, and (D) smaller membrane time constant in cortical pyramidal
neurons. (E) Neuronal soma and dendrites tracing in Neurolucida. (F) Sholl analysis found no
dendrite complexity change across genotypes. (G) Het neurons showed increased mEPSC
amplitudes distribution compared with WT neurons. (H) Analysis on individual events of mEPSC
and mIPSC found that the charges of Het neurons’ mEPSC are slightly larger , (I) while mIPSC
are slightly smaller. (J) Representative images of spine tracing and subtypes identification using

Neurolucida. (K) Het neurons had more apical spines with (L) general increase in different spine
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subtypes. (M) Het neurons had a higher percentage of immature spines (Stubby, Thin) but less
mature spines (Mushroom) compared with WT.

Data are represented as mean £ SEM. See Table S3 for statistical test details.

139



A B

Deep Layer Genes. Upper Layer Genes Deep Layer Genes. Upper Layer Genes

/_/ N s, "
\ \\\Wf . f Nﬁ\ \/
ﬂWﬂIIMIII [0 \HII\UM O A AU IJLWIIIIIHIII\I||HII\H|\HH|||||||\U,|L WWW“ A L

Mutant Wild-type Mutant Wild-type Wild-type Wild-type
Normalized enrichment = 1.29 Normalized enrichment = 0.77 Normalized enrichment = 1.36 Normalized enrichment =-1.15
FDR = 0.084 ("*) FDR = 0.847 (n.s.) FDR = 0.009 (***) FDR=0.125(")
p-value = 0.049 () p-value = 0.960 (n.s.) p-value = 0.008 (***) p-value = 0117 (n.s)

0

Enrichment Score
5 = =

Enncnma m Scnra
En rich, ment Scnre
En nch ment Score

G Brain Weight H CTIP2 Density I BRN2 Density
n.s.

BRN2 = N

Normalized Brain Weight
H

CTIP Density Normalized

Brn2 Density Normalized

Figure 17: MYTI1L controls cortical neuron layer specification.

(A) GSEA showed an up-regulation of DL genes in MYTIL mutant E14 CTX. (B) UL genes
showed no significant change in MYTI1L mutant E14 CTX. (C) GSEA showed an up-regulation
of DL genes in MYT1L Het P60 PFC. (D) UL genes showed subtle but significant down-regulation
in MYTIL Het P60 PFC. (E) Representative images of CTIP2 staining on the P60 mouse cortex.
(F) Representative images of BRN2 staining on the P60 mouse cortex. (G) MYTI1L Het mice have
reduced brain weights compared to WTs. (H) MYTI1L Het mice have increased CTIP2+ neuron
density in cortex. (I) BRN2+ neuron density remains the same between Hets and WTs. *p<0.05,
**p<0.01.

Scale bar, 100 uM. Data were represented as Mean+SEM. See Table S3 for statistical test details.
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(A) The model for MYTI1L repressing early neuronal development programs to facilitate neuronal
maturation. (B) The diagram shows a hypothesized mechanism of microcephaly in Myt1]l mutant

mice at E14.
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Supplemental Figure 15: MYTI1L loss disrupts progenitor proliferation by precocious cell

cycle exit.

(A) MYTI1L KO mice tended to have decreased SOX2(+) cells density compared to WT and Het

(p = 0.0528) littermates after normalizing to total cell number. (B) MYTI1L loss did not change

normalized TBR2(+) and (C) TBRI1(+) cell density. (D) MYTIL loss altered early progenitor

differentiation as shown by TBR2(+)/SOX2(+) ratio. (E) MYTI1L loss did not alter late progenitor

differentiation as shown by TBR1(+)/TBR2(+) ratio.

Data are represented as mean + SEM and one-way ANOVA was performed with Dunnett

correction. See Table 83 for statistical test details.
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Supplemental Figure 16: MYTI1L haploinsufficiency disrupts baseline neuronal properties
and dendritic spine maturity but not neuronal morphology.

(A) Myt1l Het cortical pyramidal neurons had the same soma volume, (B) and soma surface area
as WT. (C) Mytil Het cortical pyramidal neurons had slightly fewer dendrite numbers compared
to WT. (D) Myt1l Het cortical pyramidal neurons had the same total dendritic length, (E) average
dendrite length, (F) dendrite node number, (G) and dendrite complexity as WT. (H) Branch
analysis showed no branch number and (I) length change in Het neurons. (J) Sholl analysis found

no dendrite length change across genotypes. (K) Overlapped individual mEPSC events of WT
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(left) neurons, Het (middle) neurons, and averaged mEPSC events (right, blue for WT, red for
Het). (L) MYTIL loss did not change mEPSC frequency of Het neurons. (M) Het neurons have
non-significant slightly increased average mEPSC amplitude. (N) Overlapped individual mIPSC
events of WT (left) neurons, Het (middle) neurons, and averaged mIPSC events (right, blue for
WT, red for Het). (O) MYTIL loss slightly decreased mIPSC frequency with no influence on (P)
amplitudes of Het neurons compared to WT.

Data are represented as mean £ SEM. See Table S3 for statistical test details.
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Supplemental Table 3. Statistical analyses for Chapter 4.

FIG VARIABLE COMPARISON STA’I;I;;‘;CAL OUTPUT
15B DAPI density genotype One-way ANOVA F(2,119i)(?15 5852’
DAPI density Het vs WT Dunnett's multiple p=24
comparison
DAPI density Hom vs WT Dt emipe » =.0086
comparison
15C SOX2 density genotype One-way ANOVA F(2;)1:32)=011 12'69’
SOX2 density Het vs WT Dt emipe p =55
comparison
) Dunnett's multiple _
SOX2 density Hom vs WT . p =.0011
comparison
15D TBR2 density genotype One-way ANOVA F@, 1p3=):2184 15,
TBR2 density Het vs WT Dunnett's multiple p=22
comparison
TBR2 density Hom vs WT Dunnett's multlple p =.87
comparison
15E TBRI1 density genotype One-way ANOVA F@, 1p3=):82.5 14,
TBRI1 density Het vs WT DTEHES m G151 »=97
comparison
TBR1 density Hom vs WT Dunnett's multiple » =80
comparison
: : F(2,13)=80.63,
I5F Ki-67 density genotype Two-way rmANOVA < 0001
15H Ki-67 density genotype One-way ANOVA F(2,;i)g; 5836’
Ki-67 density Het vs WT Dunnett's multiple p=97
comparison
Ki-67 density Hom vs WT Dunnett's multiple p =025
comparison
151 Ki-67/DAPI genotype One-way ANOVA F(2,;i)g;l &225’
Ki-67/DAPI Het vs WT Dunnett's multiple p =99
comparison
Ki-67/DAPI Hom vs WT DTS T IolE p =047
comparison
15K EdU/DAPI genotype One-way ANOVA F(iﬁ)gg 56764’
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Dunnett's multiple

EdU/DAPI Het vs WT . =023
comparison
EdU/DAPI Hom vs WT Dunnett's multiple p =.0040
Comparlson
I5L | Ki-67(-)/EdU(+) genotype One-way ANOVA F(iz)gg 3344’
Ki-67(-)/EdU(+) Het vs WT Dunnett's multiple »=50
comparison
Ki-67()/EdUE) | Homvs WT Dt emipe » =.0003
comparison
SI5A SOX2/DAPI genotype One-way ANOVA F(2,;i)gjé968,
SOX2/DAPI Het vs WT DTS T IolE =99
comparison
SOX2/DAPI Hom vs WT Dunnett's multiple p =053
comparison
S15B TBR2/DAPI genotype One-way ANOVA F@, 1;2:121'660’
TBR2/DAPI Het vs WT Dunnett's multiple p =84
comparison
TBR2/DAPI Hom vs WT DTSR E p =17
comparison
S15C TBR1/DAPI genotype One-way ANOVA F@, 1p3=):3103 68,
TBR1/DAPI Het vs WT DTSR E p=74
comparison
Dunnett's multiple _
TBR1/DAPI Hom vs WT . p =22
Comparlson
S15D TBR2/SOX2 genotype One-way ANOVA F(ij 2)2025 26,
TBR2/SOX3 Het vs WT Dunnett's multiple P =65
Comparlson
TBR2/SOX4 Hom vs WT Dt emipe » =.0026
comparison
SI5R TBR2/SOX2 genotype One-way ANOVA FE, 522"579’
TBR2/SOX3 Het vs WT Dt emipe =26
comparison
TBR2/SOX4 Hom vs WT Dunnett's multiple p =99
comparison
Resting _
16A membrane genotype One sample t test t(44)__2'837’ P
; — 0069
potential
Mmebrane t(44)=2.429, p
16B capacitance genotype One sample t test ~ 019
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Mmebrane

t(44) =2.462, p

16C resistance genotype One sample t test — 018
Membrane t(44) =2.983, p
16D constant genotype One sample t test ~ 0059
16F Intersection genotype x radius  Linear mixed model F(26’3p3=1 )9:7'5450’
mEPSC amplitude Kolmogorov-Smirnov _
16G distribution genotype test p =0063
mEPSC charge Kolmogorov-Smirnov _
16H distribution genotype test p =024
mIPSC charge Kolmogorov-Smirnov _
tol distribution genotype test p =030
Total spine t(15)=4.358, p
16K ity genotype One sample t test — 0006
161 Spine su‘ptypes genotype X Two-way NOVA F(3,4§)=5.0005,
density spine_type p=.0044
. . . Bonferroni's multiple
Fliopodia density genotype e p>.99
. Bonferroni's multiple _
Stubby density genotype comparison p=22
. . Bonferroni's multiple _
Thin density genotype eomiET p =.015
Mushroom enotvpe Bonferroni's multiple — 49
density S comparison p=
16M Spine subtypes gepotype X Two-way rmANOVA F(1,1_5)=15.85,
percentafe spine_type p=.0012
S16A Soma volume genotype One sample t test 127) :'1261 P
S16B | Soma surface area genotype One sample t test 27 :123 29, p
S16C | Dendrite number genotype One sample t test t 8):3 5?160’ P
Total dendrite t(18) =0.6199, p
S16D lemzin genotype One sample t test _ 54
Average dendrite t(18) =0.8655, p
S16E length genotype One sample t test — 40
Dendrite node t(18) =0.07893, p
S16F number genotype One sample t test — o4
Dendrite t(18) =0.6609, p
S16G complexity genotype One sample t test P
S16H | Branch number genotype Linear mixed model Fd, 12):2.;(;2542,
S16l Branch length genotype Linear mixed model F, 12):;;1 161,
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Total dendrite : : F(1,18)=.009661,
S16J s genotype Linear mixed model =92
S16L | mEPSC frequency genotype One sample t test 144) :56§ 73.p
S16M | mEPSC amplitude genotype One sample t test 144 : 11.3? 2t
S160 | mEPSC frequency genotype One sample t test t(37):olé7194’ P
S16P | mEPSC amplitude genotype One sample t test 157 : 12.7125, b
17G Brain Weight genotype One sample t test t(8):=(2).268665 P
17H CTIP2 genotype One sample t test kg 11:(5?’(536’?6,7, .
171 BRN2 genotype Mann-Whiteny U p =.8413
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Chapter 5: Conclusions and Future Directions
Jiayang Chen
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5.1 Significance

Here, we generated a model of My?// mutation to address the role of MYT1L protein during
CNS development and to comprehensively characterize the first mammalian model of MYTIL
Syndrome. We confirmed that the frameshift mutation results in haploinsufficiency, ruling out a
truncated protein-based mechanism. The lowered protein level leads to physical and behavioral
anomalies, many of which reflect observations in patients, including microcephaly, thinned white-
matter, obesity, hyperactivity, and social deficits. This indicates that these mice are a robust model
of the disorder and may enable preclinical and mechanistic studies that are not possible in humans.

Utilizing this mouse model, I established a CUT&RUN technique for mapping MYTIL
binding targets in the mouse brain across development. Although mouse E14 CTX MYTIL
CUT&RUN lacks sensitivity due to the small proportion of postmitotic neurons where MYTIL is
primarily expressed, I demonstrated CUT&RUN signals were completely absent in KO cortex,
confirming excellent antibody specificity. With this clean system, I generated a high-quality map
of MYTIL binding in the adult mouse PFC. This map has improved target number and MYTIL
core binding motif enrichment compared to ChIP-seq studies, and especially recovers many
enhancers bound by MYT1L. Furthermore, as previous MYT1L binding profiling studies have all
focused on the embryonic brain or in vitro systems, this study will be the first mapping of MYTIL
in the adult mammalian brain, suggesting that MYTIL is a neuronal TF not only important for
development but also for adult CNS functions.

In Chapter 3, I also performed parallel studies on histone modifications, chromatin
accessibility, and transcriptomics at the same ages and developmental time points as the MYTIL
CUT&RUN. Such simultaneous measurements offered great opportunities for us to assess the

direct and indirect functions of MYT1L and long-term consequences of MYTI1L loss in the mouse
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brain. Interestingly, I showed that MYTIL can directly activate and repress gene expression, with
transcriptomic suppression as its primary role. This is echoed by LoF studies using the Myt
knockout mouse line generated in this dissertation, which demonstrated elevated chromatin
accessibility, gain of active histone modification marks (H3K27ac & H3K4mel/3), and increased
number of up-regulated DEGs over down-regulated DEGs. In addition, with motif analysis, cross
dataset comparison, and Co-IP, I was able to identify potential molecular mechanisms underlying
such diverse roles of MYTIL, which likely co-binds with different co-factors to exerts distinct
effects on transcription in a context dependent manner. Coupled with bulk ATAC-seq and RNA-
seq data, I defined a novel role of MYTIL in directly suppressing earlier neuronal development
programs in the mouse brain to facilitate neuronal differentiation and maintain neuronal identity.
Loss of MYTIL during embryonic brain development, consequently, results in early activation of
neuronal differentiation programs and insufficient proliferation. Likewise, in the adult brain, there
is a consistent activation of developmental genes (e.g., Eomes, Dcx) and a lack of proper neuronal
function gene expression (e.g., Gipcl, Vamp2). Such comprehensive multi-omic studies on
MYTIL LoF shed light on the molecular mechanisms underlying some aspects of this syndrome
and guide the downstream phenotyping experiments on cellular and circuit levels.

Despite consensus findings on MYT1L’s role in facilitating neuronal differentiation both
in vitro and now in vivo, how MYTIL does so remains poorly understood. Unlike the repressive
effects of MYTIL overexpression on non-neuronal genes described in the transdifferentiation
system (Mall et al. 2017), I found no obvious activation of non-neuronal genes upon MYTI1L loss.
Likewise, I observed no obvious MYTIL binding at promoters of non-neural genes (e.g., liver,
fibroblasts) in the in vivo CUT&RUN data, in contrast to the ChIP-seq data in trans-differentiated

cells. Identical effects on different targets between in vitro and in vivo systems again indicate
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MYTIL’s repressive functions are context dependent, and ectopic expression of MYTIL might
change its functions from those under physiological conditions.

The etiology of human NDDs is extremely complicated and multi-factorial. Despite the
heterogeneity, many forms of NDDs do share some common disrupted genes and dysregulated
pathways (Parikshak et al. 2013; Sahin and Sur 2015; Voineagu et al. 2011). This is also reflected
in our MYTI1L Syndrome mouse model as it has similar dysregulated genes to other NDD mouse
models and different types of human disease datasets. One interesting finding to note is that, for
those overlapped genes, they were dysregulated in an opposite direction between Myt// mutant
mice and other NDD mouse models. This suggests that genes implicated in different NDD models
are pathogenic when dysregulated in either direction. In summary, the current genetic dataset from
MYTIL Syndrome mouse model opens a new window for understanding various forms of human
NDDs.

Finally, I conducted a series of cellular and circuitry experiments to validate genetic
findings and explore cellular mechanisms for MYTIL LoF phenotypes. Developmental studies
revealed that MYTIL loss indeed decreases cell proliferation rates and triggers precocious
neuronal differentiation in embryonic mouse cortex. In Het juvenile mice, V1 neurons have
aberrant morphologies and electrical properties, suggesting disrupted synaptic functions.
Furthermore, I found MYTIL loss leads to disrupted adult cortical neuron layer specification. In
Het PFC, DL neurons, which have earlier developmental specification compared to UL neurons,
showed increased corresponding gene expression and total cell number. These results line up well
with genetic findings and define a mechanism for aspects of the syndrome. Specifically, the

syndrome’s microcephaly appears to be due to precocious differentiation of progenitors to
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immature neurons. The most parsimonious interpretation is that loss of proliferating progenitors

results in insufficient expansion of progenitor pools and thus, a smaller brain.

5.2 Future Directions

Adult Myt1] Het mice displayed multifaceted brain anatomical and behavior phenotypes.
However, since MYTIL is expressed throughout development and in all postmitotic neurons, the
germline knockout mouse model will not allow us to further pinpoint the critical period and
neuronal subtype(s) responsible for phenotypes that we observed in the adult Het mice. Therefore,
Mpyt1l conditional knockout (cKO) mice are needed to parse out developmental effects on adult
phenotypes. For example, crossing Myt1l ¢cKO mice with Nestin-Cre (Dubois et al. 2006) and
Baf53b-Cre (Zhan et al. 2015) lines will delete MYTIL starting from stem cells and postmitotic
neurons respectively. By assessing the phenotypic differences between the two crossings and
comparing them with germline knockout mice, we can ask at what time point MYT1L is necessary
for which aspect of brain development. In addition, Cre-lines with cell-type specificity, like Gad2-
Cre for interneurons (Taniguchi et al. 2011) and AVP-Cre (Mieda et al. 2015) for AVP-positive
neurons, will enable functional studies of MYTI1L in different neuronal subtypes and various brain
regions. These experiments will potentially provide guidance to future human disease intervention
as well as drug delivery time and targets.

Although MYTIL CUT&RUN on E14 CTX showed excellent specificity, the profiling
efficiency is far from optimal. This may be due to the fixed number of nuclei put into the reaction
and low percentage of neurons at this age. Consequently, although most of the E14 peaks from
both peak calling methods can be recovered in PFC experiments, it is hard to tell if the unique
peaks from two developmental time points are derived from differential bindings of MYTIL at

different ages, or rather a CUT&RUN sensitivity difference. In addition, we cannot precisely
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associate multi-omics datasets from E14 CTX with MYTIL targets, making it hard to distinguish
MYTI1L’s direct and indirect functions on early neuronal development. There are multiple options
available to tackle the problem. First, CUT&RUN on more homogenous cell populations can be a
direct solution. In order to get homogenous cell populations, nuclei sorting by NeuN or primary
neuron cultures can be used as the CUT&RUN starting materials so that other non-neuronal cell
types are filtered out beforehand. Second, single cell TF-DNA interaction profiling assays
(Cammack et al. 2020; Moudgil et al. 2020; Bartosovic, Kabbe, and Castelo-Branco 2021) can
also solve the problem by measuring TF binding in different cell types simultaneously. However,
it can be technically challenging to apply single cell work flows on mouse brain tissue, and
protocol optimization is definitely needed to determine whether the current MYT1L antibodies are
compatible or not.

Evidence has suggests that MYT1L functions as both activator and repressor (Mall et al.
2017; Chen et al. 2021; Manukyan et al. 2018). To explain these two faces of MYTIL, a “ready-
set-go” model has been proposed, where MY T1L co-operates with different co-factors to control
neuronal gene transcription (Chen et al. 2022). Our study identified several co-factor candidates
for MYTI1L in vivo, including both transcriptional activators (SP1 and ELK1) and repressors
(SIN3B), providing important hints for developing future models of how MYTIL tunes neuronal
gene expression at different gene classes. With a comprehensive map of MYTI1L targets generated
in this study, high throughput techniques, including massive parallel reporter assays (MPRA)
(Mulvey, Lagunas, and Dougherty 2021), can be leveraged in the future to further examine the
motif and cofactor requirements at MYT1L targets for repression and activation respectively.

We also noticed that not all targets bound by MY T1L responded with a uniform magnitude

to MYTIL heterozygosity, and this may shed some light on the phenotype in MYTI1L Het mice

154



and haploinsufficient patients. Determining why certain MYTI1L-bound genes are specifically
sensitive to MYTIL levels will be another important future direction. It is interesting to note that
neurite outgrowth genes, which are often disrupted, may be more dependent on neural activity
dependent gene expression than other processes. Given that MYTI1L often co-binds with activity
dependent genes like Fos and Jun at enhancers, it may be that MYTIL is needed to turn off
activity-dependent signals like these after their activation. If so, this would fit with an earlier theory
suggesting IDD/ASC may be a general consequence of mistimed activity-dependent gene
expression (Ebert and Greenberg 2013). This model would require further manipulations to assess
its predictions in MYT1L syndrome models. For example, the monocular deprivation paradigm
(Krahe and Guido 2011) can be utilized to study how MYTIL LoF interacts with visual
experiences to affect visual cortex development using RNA-seq and circuit based approaches.
Finally, given that MYTIL is important for suppressing earlier neuronal developmental
programs, genetic and cellular studies can be performed following a more precise developmental
timeline. The same set of experiments as in this dissertation can also be performed on neonatal
mouse brains since neurons are undergoing critical steps of maturation, including migration,
projection, and apoptosis. Alternatively, single cell RNA-seq or spatial transcriptomic techniques
(Stahl et al. 2016; Rosenberg et al. 2018) will help assess functions of MYTI1L across different

developmental stages and cell types within the same brain tissue.

5.3 Summary

Collectively, in my thesis work, I developed a mouse model to understand the
consequences of Myt// mutation in vivo, inspired by a patient with a stop-gain resulting in ID,
ASC, and ADHD. This mouse model mimics many common clinical phenotypes, making it a great

resource for well-powered preclinical studies of potential therapeutics for MYTIL Syndrome.
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Using this mouse line, I also mapped MYTIL binding targets via CUT&RUN and defined a
function in suppressing earlier neuronal development programs in the mouse brain. Furthermore,
I provided detailed investigations on MYTI1L functions from the molecular to cellular and circuit
levels, which can advance our understanding of the complex neuronal development programs in
both physiological and pathological conditions. In all, this thesis work delineates functions of
MYTIL during mammalian brain development and unravels how My¢1] mutations contribute to

human disease pathogenesis.
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Table 1: Key Resource Table

REAGENT or
RESOURCE

Rabbit anti-
MYTIL
Rabbit anti-
MYTIL
Guinea pig anti-
MAP2
Goat anti-SOX2
Mouse anti-
SIN3B
Mouse anti-
HDAC1
Mouse anti-
HDAC2
Chicken anti-
TBR2
Rat anti-TBR2
Rat anti-Ki67
Rat anti-CTIP2
Mouse anti-
BRN2
Rabbit anti-
NEUN
Goat anti-
GFAP
Goat anti-
OLIG2
Rabbit anti-
TBR1
Mouse anti-
GAPDH

SOURCE

Proteintech

Millipore

Synaptic
Systems
Santa Cruz

Santa Cruz
Santa Cruz
Santa Cruz

Millipore

Invitrogen
Invitrogen
Abcam

Santa Cruz
Cell Signaling
Abcam
R&D Systems
Abcam

Sigma

Appendix

Antibodies

176

IDENTIFIER

25234-1-AP

ABE2915

#188044
sc-17320
sc-13145

sc-81598

sc-9959

AB15894

#14-4875-82
# 14-5698-82
ab18465

sc-393324

#12943

ab53554

AF2418

ab31940

G8795



Donkey anti-
rabbit, Alexa
Fluor 488
Donkey anti-
rabbit, Alexa
Fluor 546
Donkey anti-
rabbit, Alexa
Fluor 647
Donkey anti-
chicken, Alexa
Fluor 488
Donkey anti-
rat, Alexa Fluor
488
Donkey anti-
rat, Alexa Fluor
647
Donkey anti-
muose, Alexa
Fluor 546
Donkey anti-
goat, Alexa
Fluor 488
Donkey anti-
goat, Alexa
Fluor 647
Goat anti-
mouse IgG
(H+L)-HRP
conjugate
Goat anti-rabbit
IgG (H+L)-
HRP conjugate

Myt1l S710fsX
founder
screening
Myt1l S710fsX
PCR genotyping
(WT)
Myt1l S710fsX
PCR genotyping
(Mut)

Invitrogen

Invitrogen

Invitrogen

Jackson
Immuno
Research

Invitrogen

Invitrogen

Invitrogen

Jackson
Immuno
Research

Jackson
Immuno
Research

Bio-Rad

Millipore

This
dissertation

This
dissertation

This
dissertation

A-21206

A10040

A-31573

#703-545-155

A48269

A48272

A10036

705-546-147

705-605-003

#1706516

AP307P

Oligonucleotides

F(5'-3"): GGCCTAACCACACTGTCCTC; R(5'-3"):
CACAAGTTAGGGCTGGAGGG

F(5'-3"): ATGTCGCAGTAGCCAAGTC; R(5'-3"):
TCTTGCTACACGTGCTACT

F(5'-3"): ATGTCGCAGTAGCCAAGTC; R(5'-3"):
TCTTGCTACACGTACTGGA



Mytll S710fsX
Sanger
sequencing

1st PCR for
illumina
sequencing

2nd PCR for
illumina
sequencing_001

2nd PCR for
illumina
sequencing_002

2nd PCR for
illumina
sequencing_ 003

2nd PCR for
illumina
sequencing_004

2nd PCR for
illumina
sequencing_005

2nd PCR for
illumina
sequencing_006

2nd PCR for
illumina
sequencing_007

2nd PCR for
illumina
sequencing_ 008

This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation

F(5'-3"): ACCTGTTAGTCACATGAGG; R(5'-3"):
TGGTGGAGATGCCTATCTC

F(5'-3'):
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
CAAGCGGTACTGCAAGAATG; R(5-3"):
ACACTCTTTCCCTACACGACGCTCTTCCGATCTC
TGTGGCATTTCACGACAAC
F(5'-3"):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
CAAGCAGAAGACGGCATACGAGATACCGGTGTC
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5'-3"):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
CAAGCAGAAGACGGCATACGAGATAAGAGATGT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5-3'):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
CAAGCAGAAGACGGCATACGAGATCTTCACACA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5'-3"):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
CAAGCAGAAGACGGCATACGAGATCAAATCGGA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5'-3'):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
CAAGCAGAAGACGGCATACGAGATGGTCCCTAA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5'-3"):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
CAAGCAGAAGACGGCATACGAGATCCTTCTGTG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5'-3'):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
CAAGCAGAAGACGGCATACGAGATTCCGTATTA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5'-3"):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
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2nd PCR for
illumina
sequencing_009

2nd PCR for
illumina
sequencing_ 010

MYTIL qPCR

GAPDH qPCR

ATAC-seq i5
adapter 001
ATAC-seq i5
adapter_ 002
ATAC-seq i5
adapter 003
ATAC-seq i7
adapter 001
ATAC-seq i7
adapter 002
ATAC-seq i7
adapter_003
ATAC-seq i7
adapter_004
ATAC-seq i7
adapter_005
ATAC-seq i7
adapter_006
ATAC-seq i7
adapter_007
ATAC-seq i7
adapter_008
ATAC-seq i7
adapter_009
ATAC-seq i7
adapter 010
ATAC-seq i7
adapter 011

This
dissertation

This
dissertation

This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation

CAAGCAGAAGACGGCATACGAGATACTTGGGCA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5'-3"):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
CAAGCAGAAGACGGCATACGAGATTCCTCCAAA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5'-3"):
AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGATCT; R(5'-3"):
CAAGCAGAAGACGGCATACGAGATTAGCAAAAC
GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
F(5'-3"): ACTATCAAGCAGCGAGCCAG; R(5'-3"):
CATGTCAGCCTCCATCTGGG
F(5'-3"): AGGTCGGTGTGAACGGATTTG; R(5'-3"):
GGGGTCGTTGATGGCAACA
AATGATACGGCGACCACCGAGATCTACACGTAA
GGAGTCGTCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACCTCT
CTATTCGTCGGCAGCGTCAGATGTG
AATGATACGGCGACCACCGAGATCTACACTATC
CTCTTCGTCGGCAGCGTCAGATGTG
ACATCTCCGAGCCCACGAGACTAAGGCGAATCT
CGTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACCGTACTAGATCT
CGTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACAGGCAGAAATCT
CGTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACTCCTGAGCATCTC
GTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACGGACTCCTATCTC
GTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACTAGGCATGATCT
CGTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACCTCTCTACATCTC
GTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACCAGAGAGGATCT
CGTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACGCTACGCTATCTC
GTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACCGAGGCTGATCT
CGTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACGTAGAGGAATCT
CGTATGCCGTCTTCTGCTTG
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ATAC-seq i7
adapter_012
ATAC-seq i7
adapter_013
ATAC-seq i7
adapter_014
ATAC-seq i7
adapter 015
ATAC-seq i7
adapter 016
ATAC-seq i7
adapter 017
ATAC-seq i7
adapter 018

CUT&RUN i5
adapter 11

CUT&RUN i5
adapter_12

CUT&RUN i5
adapter 13

CUT&RUN i5
adapter_14

CUT&RUN i5
adapter 15

CUT&RUN i5
adapter_16

CUT&RUN i5
adapter 17

CUT&RUN i5
adapter 18

CUT&RUN i7
adapter_01
CUT&RUN i7
adapter_02
CUT&RUN i7
adapter 03

This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation

This
dissertation
This
dissertation
This
dissertation
This
dissertation

ACATCTCCGAGCCCACGAGACGTCGTGATATCTC
GTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACACCACTGTATCTC
GTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACTGGATCTGATCTC
GTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACCCGTTTGTATCTC
GTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACTGCTGGGTATCTC
GTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACAGGTTGGGATCT
CGTATGCCGTCTTCTGCTTG
ACATCTCCGAGCCCACGAGACAAGAGGCAATCT
CGTATGCCGTCTTCTGCTTG
AATGATACGGCGACCACCGAGATCTACACCGCG
GTTCACACTCTTTCCCTACACGACGCTCTTCCGA
TCT
AATGATACGGCGACCACCGAGATCTACACTATA
ACCTACACTCTTTCCCTACACGACGCTCTTCCGA
TCT
AATGATACGGCGACCACCGAGATCTACACAAGG
ATGAACACTCTTTCCCTACACGACGCTCTTCCGA
TCT
AATGATACGGCGACCACCGAGATCTACACGGAA
GCAGACACTCTTTCCCTACACGACGCTCTTCCGA
TCT
AATGATACGGCGACCACCGAGATCTACACTGAC
GAATACACTCTTTCCCTACACGACGCTCTTCCGA
TCT
AATGATACGGCGACCACCGAGATCTACACCAGT
AGGCACACTCTTTCCCTACACGACGCTCTTCCGA
TCT
AATGATACGGCGACCACCGAGATCTACACATAT
TCACACACTCTTTCCCTACACGACGCTCTTCCGA
TCT
AATGATACGGCGACCACCGAGATCTACACGCGC
CTGTACACTCTTTCCCTACACGACGCTCTTCCGA
TCT
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
CCGCGGTTATCTCGTATGCCGTCTTCTGCTTG
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
TTATAACCATCTCGTATGCCGTCTTCTGCTTG
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
GGACTTGGATCTCGTATGCCGTCTTCTGCTTG
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CUT&RUN i7
adapter_04
CUT&RUN i7
adapter_05
CUT&RUN i7
adapter_06
CUT&RUN i7
adapter 07
CUT&RUN i7
adapter 08

Mouse,
CS57BL/6J,
Myt1l S710fsX
knockin
Mouse,
CS57BL/6J,
Wild-type

Click-iT EdU
Cell
Proliferation
Kit for Imaging
Alexa Fluor-594
qScript cDNA
synthesis Kit
Zymo RNA
Clean and
ConcentratorT
M-5 kit
KAPA Hyper
Prep Kit

Streptavidin,
Alexa Fluor™
568 conjugate
SYBR Green
Master Mix
BioMag®Plus
Concanavalin A
CUTANA™
pAG-Mnase

This
dissertation
This
dissertation
This
dissertation
This
dissertation
This
dissertation

GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
AAGTCCAAATCTCGTATGCCGTCTTCTGCTTG
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
ATCCACTGATCTCGTATGCCGTCTTCTGCTTG
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
GCTTGTCAATCTCGTATGCCGTCTTCTGCTTG
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
CAAGCTAGATCTCGTATGCCGTCTTCTGCTTG
GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
TGGATCGAATCTCGTATGCCGTCTTCTGCTTG

Experimental Models: Organism

This
dissertation/Ja
X

The Jackson
Laboratory

#036428

#000664

Commercial Assays

Invitrogen

QuantaBio

Zymo
Research

Roche

C10339

#95047

R1014

KKS8504

Critical Commercial Reagents

Invitrogen

Thermo Fisher
Bangs Labs

EpiCypher

S11226

#4309155

86057-3

SKU: 15-1016
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R

Fiji / ImageJ
GraphPad
Prism

FastQC

Trimmomatic

Bowtie2

STAR

ITK-SNAP

Samtools

Picard

Macs2
Homer
edgeR

RUVseq

DeepTools

HTSeq

Cytoscape

Software and algorithms

https://www.r-
project.org/
https:/fiji.sc
https://www.gr
aphpad.com
https://www.bi
oinformatics.b
abraham.ac.uk/
projects/fastqc
/
(Bolger et al.,
2014)
http://bowtie-
bio.sourceforg
e.net/bowtie2/i
ndex.shtml
https://github.c
om/alexdobin/
STAR
http://www.itk
snap.org/pmwi
ki/pmwiki.php
http://www.hts
lib.org
https://github.c
om/broadinstit
ute/picard/rele
ases/tag/2.25.2
(Zhang et al.,
2008)
(Heinz et al.,
2010)
(Robinson et
al., 2010)
(Risso et al.,
2014)
https://deeptoo
Is.readthedocs.
io/en/develop/
(Anders et al.,
2015)
https://cytosca
pe.org/

R version 4.0.0
v2.0.0
v&.0

v0.11.9

v0.39

v2.4.0

v2.7.0

v3.8.0

v1.12

v2.25.2

N/A

v4.11

v3.12

v3.12

v2.0

v0.11.1

v3.8.0
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https://www.r-project.org/
https://www.r-project.org/
https://fiji.sc/
https://www.graphpad.com/
https://www.graphpad.com/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.zotero.org/google-docs/?fFijeP
https://www.zotero.org/google-docs/?fFijeP
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
http://www.itksnap.org/pmwiki/pmwiki.php
http://www.itksnap.org/pmwiki/pmwiki.php
http://www.itksnap.org/pmwiki/pmwiki.php
http://www.htslib.org/
http://www.htslib.org/
https://github.com/broadinstitute/picard/releases/tag/2.25.2
https://github.com/broadinstitute/picard/releases/tag/2.25.2
https://github.com/broadinstitute/picard/releases/tag/2.25.2
https://github.com/broadinstitute/picard/releases/tag/2.25.2
https://www.zotero.org/google-docs/?UptjOM
https://www.zotero.org/google-docs/?UptjOM
https://www.zotero.org/google-docs/?wk4Wlk
https://www.zotero.org/google-docs/?wk4Wlk
https://www.zotero.org/google-docs/?cyDcyh
https://www.zotero.org/google-docs/?cyDcyh
https://www.zotero.org/google-docs/?GJXzLY
https://www.zotero.org/google-docs/?GJXzLY
https://deeptools.readthedocs.io/en/develop/
https://deeptools.readthedocs.io/en/develop/
https://deeptools.readthedocs.io/en/develop/
https://www.zotero.org/google-docs/?5qqTpI
https://www.zotero.org/google-docs/?5qqTpI
https://cytoscape.org/
https://cytoscape.org/

GSEA

BioMart

ChIPpeakAnno

Metagene2

BioRender

RNA-seq

ATAC-seq

CUT&RUN

(Subramanian
et al., 2005)
(Durinck et al.,
2009)
(Zhu et al.,
2010)
https://github.c
om/ArnaudDr
oitLab/metage
ne2
https://app.bior
ender.com/

Gene
Expression
Ominibus
Gene
Expression
Ominibus
Gene
Expression
Ominibus

Data Deposit
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v4.0.3

N/A

v2.0.5

v3.13

GSE173943

GSE173943

GSE161252


https://www.zotero.org/google-docs/?EOrXNj
https://www.zotero.org/google-docs/?EOrXNj
https://www.zotero.org/google-docs/?Ckb0Bm
https://www.zotero.org/google-docs/?Ckb0Bm
https://www.zotero.org/google-docs/?SU8yoq
https://www.zotero.org/google-docs/?SU8yoq

Table 2: Characterization of MytI/ Index patient.

Clinical Characteristic Proband
Mutation location i 18953.6897(()2% t?s )X§621 L
Social Responsiveness Scale-2 100
Developmental delay Yes

Speech delay Yes

ASD Moderate (age 4 Dx)
Intellectual Disability Yes

Eye contact Deficit
Repetitive behavior Yes

WASI-IT IQ 47 (56, verbal; 47 perceptual)
ADHD Yes

Depression and Anxiety Subtle Anxiety

BMI (no hyperphagia) 99th percentile
Seizure history No

MRI Normal
Dysmorphia No

We note that the index patient was a male who had been diagnosed with ASC in early
childhood; he exhibited sustained pathognomonic features of the condition including repetitive
thinking, subtle stereotypic motor mannerisms, deficiency in eye gaze, and interpersonal aloofness
when focused on the objects of his own mental pursuits, fully consistent with DSMS5 level 1
severity of impairment in function (“requiring support”). He required frequent verbal (rarely
physical) redirection for silliness, perseveration, or engagement in non-preferred tasks. His
stereotypic behaviors included repetitive hand wringing, body rocking, stereotypic tensing and
vocalizing behaviors. These ASC symptoms were out of proportion to social impairments that
would be attributable to the comorbid conditions of ADHD and mild ID with which he was also
diagnosed, and he displayed the compensatory strength of a distinct affability (at times to the point
of joviality) and enjoyment of social interaction despite the quality and consistency of social
interaction being compromised by his ASC symptoms. He required a full time paraprofessional in

his early school years, but responded significantly to the combination of clonidine and bupropion
184



for improvement in hyperactivity, impulsivity, and aggression, and over time he made incremental
gains in composure as well as improved impulse control. By early adolescence he had mastered
enough social interest and competency that he was described as “the mayor” of a summer camp,
and he was participating avidly in a musical band. He is able to read, and is very conversational;
he has a sense of humor, has made friends, and enjoys telling jokes; his interpersonal exchanges
remain silly at times, overly chatty, over-focused on topics of interest to him, and with marginal
eye contact and some degree of residual fidgetiness. Medical comorbidities have included obesity

and 1diopathic scoliosis of adolescence.
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