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Abstract

Many male-biased neurodevelopmental disorders (NDDs), including intellectual disability
(ID) and autism spectrum disorders (ASDs), are due to or associated with mutations in
chromatin regulators. However, it is unclear why chromatin regulation is so essential for
neurodevelopment and if this male-bias is due to male-specific functions. While this relation-
ship may be partially explained by their influence upon neuron-specific genes, loss of some
chromatin regulators can also lead to the misexpression of tissue-specific genes with unknown
consequences. My dissertation work aims to explore the impact of sex and cellular identity
in chromatin-linked NDDs by investigating sexually dimorphic transcription and germline
gene misexpression in mice lacking lysine demethylase 5¢c (KDM5C). Loss of KDM5C in male
and female mice and humans results in mild to severe intellectual disability and aberrant
aggression, yet it is unclear why KDM5C is required for neurodevelopment as it is ubiquitously
expressed. KDM5C is thought to suppress gene expression by erasing histone 3 lysine 4 di and
tri-methylation (H3K4me2/3), marks enriched at active gene promoters. mRNA sequencing
(mRNA-seq) of the male Kdm&c-knockout (-KO) brain surprisingly revealed widespread
misexpression of germline genes that have no known function in somatic tissues like the
brain. It is currently unclear how this ectopic expression of germline genes arises, if they
lead to functional consequences, if this phenotype is sex-specific, and whether this apparent
soma-to-germline transition contributes to Kdmébc mutant neuronal impairments.

To elucidate the shared and sex-specific consequences of Kdmdc loss upon neurodevelop-

ment, we performed mRNA-seq in the Kdmdc mutant male and female postnatal day 6 (P6)
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hippocampus and cortex. We found many sex-specific gene expression changes, including
genes relevant to neurodevelopment that may influence behavioral phenotypes. We addition-
ally found many genes dysregulated in both Kdm&dc mutant male and female brains, including
testis and ovary-enriched germline genes. These data indicate male and female somatic cells
lacking Kdmdc fail to decommission germline identity during early development. We then
assessed germline gene misexpression in male and female Kdm&c mutant epiblast-like cells
(EpiL.Cs), an in vitro model of when germline genes are typically decommissioned. Unlike in
the mature brain, Kdmdc mutant EpiL.Cs expressed master regulators of germline identity,
including Dazl, and their misexpression was exacerbated by the presence of retinoic acid.
These data, in conjunction with previous work, suggest germline gene misexpression in the
mature Kdmbc mutant brain is due to failure to suppress master regulators early in life.
In support of this, we found additional heterozygous loss of Dazl (Kdm5c-KO;DazI-HET)
ameliorated the transcriptional dysregulation observed in the Kdm&c-KO brain, including
rescue of non-germline genes. We additionally found early evidence that germline gene
misexpression leads to germline-like phenotypes in Kdmbc-KO somatic cells, such as the
dysregulation of genomic imprinting and transposable element expression. These preliminary
phenotypes offer promising avenues by which the somatic acquisition of germline identity
contributes to Kdmbc-KO neurodevelopmental impairments. Ultimately, this work provides
insight into the molecular demarcation of somatic and germline identity and offers a novel

route by which chromatin regulators are essential for proper neurodevelopment in both sexes.



Chapter 1 - Introduction

Shared and sexually dimorphic features of neurodevel-
opmental disorders.

Neurodevelopmental disorders (NDDs) are broadly classified as disorders that manifest during
early development, resulting in varying impairments in social and intellectual functions!.
As of 2020, approximately 2.9% of children are diagnosed with autism spectrum disorder
(ASD), 1.4% diagnosed with intellectual disability (ID), and 6.4% diagnosed with learning
disability in the United States?. Although highly prevalent, there are currently very few
options available to treat, care for, and support affected individuals.

It has become increasingly apparent that sex can influence the prevalence and manifes-
tation of NDDs. Males overall are more likely to be diagnosed with a NDD than females,
approximately 1.5-fold higher for ID and 4-fold higher for ASD?**. Biological differences
between individuals assigned female or male at birth, such as sex chromosomes and hormones,
may contribute to the male-biased prevalence of NDDs. For example, the X chromosome
harbors many genes that can cause intellectual disability when mutated, accounting for
approximately 16% of all males diagnosed with ID?. However, this discrepancy in NDD
prevalence may be partially due to sexually dimorphic manifestations of NDD phenotypes
that can hinder female diagnosis. For instance, females with ASD are more likely to inter-
nalize problems when conflicts arise (e.g. anxiety, depression) while males are more likely

to externalize their feelings (e.g. aggression), increasing the likelihood male children are



brought in for testing®. Females with ASD also frequently self-report “camouflaging” their
social phenotypes by learning and mimicking the social behaviors of their peers®. Failure to
diagnose females is additionally compounded by the fact that diagnostic criteria for NDDs are
primarily based on male patients. More recently studies on other NDDs have also reported
sex differences in phenotypic frequency, such as higher likelihood for macrocephaly in males
but higher rates of microcephaly in females”. However, research in this area overall has
been lacking given that many NDD studies are still exclusively conducted in males and the
National Institute of Health only required sex to be addressed in research proposals since 2016.
Therefore, there is a pressing need to characterize female pathology and phenotypes in NDDs,

as these differences will ultimately inform patient outcomes and intervention strategies.

Chromatin regulators, neurodevelopmental disorders,
and cellular identity

As next generation sequencing technologies improved, studies unexpectedly found many
NDDs are either caused by or linked to mutations in genes that regulate chromatin®1°.
Chromatin is the 3D structure of our genome, consisting of DNA wrapped around octamers
of histone proteins'!. Histone proteins can undergo covalent chemical modifications on their
N-terminal tails that can in turn influence DNA accessibility and gene expression'?!3. For
example, histone 3 lysine 4 (H3K4) can be mono-, di- or tri- methylated (H3K4mel-3), and
these marks are enriched at the enhancers and promoters of active genes. This dissertation
focuses on H3K4me3, a mark enriched at the transcription start site of active genes'415.
While H3K4me3’s precise role in gene expression is still under debate!®*®, there is compelling
evidence that it facilitates transcription through recruitment of TFIID - a member of the RNA
polymerase preinitiation complex'®?°. There is a strong link between H3K4me regulation
and NDDs, as mutation of 11 out of 15 genes that read, write, or erase H3K4 mono-, di-, and
tri- methylation result in varying neurodevelopmental impairments and syndromic NDDs?!.

Yet it is still unclear why regulation of H3K4 methylation is so crucial for neurodevelopment,

as most of H3K4 regulators are ubiquitously expressed across tissues, cell types, and lifespan.



To understand why chromatin regulators are essential for neurodevelopment, many studies
have understandably focused on their influence upon neuron-specific transcription, such
as genes required for synapse formation and function. Indeed, some chromatin modifiers
are now known to have neuron-specific roles in regulating gene expression and chromatin
architecture?* 2. However, loss of some chromatin regulators can also lead to the misexpression
of cell-type specific genes outside of their intended context. In fact, some of the first chromatin
regulators, Trithoraxr and Polycomb, were initially discovered for their influence on tissue
identity through guiding the expression of Hox genes during Drosophila development?28,
Only later was it discovered Trithorar and Polycomb are chromatin modifiers - Trithorax
group proteins place activating histone 3 lysine 4 methylation (H3K4me)?°3! while Polycomb
group proteins install repressive histone 3 lysine 27 methylation (H3K27me) or H2A lysine
119 ubiquitination (H2AK119ub)3? 3%, Decades of research in model organisms across taxa
have made it clear that chromatin regulation is central to Waddington’s proposed ‘epigenetic
landscape’, enabling a single genome to encode numerous discrete cellular identities®>.

As we now view chromatin modifiers as general regulators of transcription, their overarching
influence on cellular identity remains underexplored in many fields. While there are some well
documented cases of chromatin-linked NDDs with cellular identity defects within the same

3738 such as alterations in the neuron-glia developmental transition® or positional

cell lineage
neuronal identity?®, only a few researchers have explored the misexpression of non-neuronal,
tissue-specific genes*"*2. The impact of these aberrant transcripts on neurodevelopment and
their potential as therapeutic targets for NDDs remains unknown. Furthermore, it is unknown
if this erosion of tissue identity would manifest differently between males and females, as
even tissues without sexually dimorphic functions show sex-biased gene expression in normal

contexts* 42,



Lysine demethylase 5C (KDM5C) offers a window into
the influence of sex and cellular identity on neurodevel-
opment

This dissertation aims to explore the role of sex and cellular identity in chromatin-linked NDDs
by characterizing these features in a mouse model of Intellectual Developmental Disorder,
X-linked, Syndromic, Claes-Jensen Type (MRXSCJ, OMIM: 300534). Patients diagnosed
with MRXSCJ present with varying degrees of neurological impairments, but often display
intellectual disability, seizures, aberrant aggression, and autistic behaviors*48, MRXSCJ

4647 and is thought to account for approximately

was first characterized in the early 2000s
0.7%2.8% of all X-linked intellectual disability cases***°, but many more patients are now
being identified as exome sequencing becomes more routine in clinical settings. MRXSCJ is
caused by pathogenic mutations in lysine demethylase 5C (KDM5C, also known as SMCX
or JARID1C), a chromatin regulator that represses gene expression by erasing histone
3 lysine 4 di- and trimethylation (H3K4me2/3)%!. Pathogenic MRXSCJ mutations are
observed throughout KDM5C' and include nonsense, frameshift, and missense mutations
that are predicted to impair KDM5C protein production, chromatin binding, or demethylase
activity*®°?. However, some patients have missense mutations in unannotated regions with
unknown functions?® and more research is needed to understand how these variants lead to
MRXSCJ phenotypes.

KDM5C is an ideal candidate to investigate the impact of sex and cellular identity in
neurodevelopmental disorders, as there is accumulating evidence that KDM5C has both
sexually dimorphic functions and is involved in somatic tissue identity. In support of KDM5C
having distinct functions in females and males, complete loss of KDM5C in males results in

1°4. Female lethality

MRXSCJ phenotypes® while complete loss in females is embryonic letha
may be due to KDM5C’s role in the female-specific epigenetic process of X chromosome
inactivation (XCI)*, a dosage compensation mechanism in which almost all genes on one
X chromosome are silenced®°¢. Interestingly, KDM5C itself lies on the X chromosome but

escapes XCI in mice and humans, resulting in 1.2-2-fold higher KDM5C' expression in females



compared to males®™ %, KDM5C was also recently found to have distinct roles in adiposity®!

%2 in males versus females, indicating KDM5C has sexually dimorphic functions

and bone mass
beyond early embryogenesis. The manifestation of MRXSCJ is also sexually dimorphic, as
females with heterozygous, pathogenic mutations can either be cognitively normal carriers or
display phenotypes that are typically milder than their male counterparts®®53,

Key MRXSCJ phenotypes observed in both male and female patients are recapitulated in
mice harboring Kdmdbc null alleles, in which KDM5C’s catalytic activity and protein stability

253

is disrupted through deletion of exons 11 and 12°°. Male mice with hemizygous loss of Kdmac

(Kdmbc knockout, -KO) display learning impairments, heightened aggression and dominance

53,64 Female mice with heterozygous loss of Kdmbc (Kdmébe-

behaviors, and social impairments
HET) show impaired social interactions®® and milder learning and memory impairments
than knockout males*?. To elucidate why Kdmdc loss causes MRXSCJ phenotypes, studies
performed next generation RNA sequencing (RNA-seq) in the hippocampus®®%* and the
amygdala®®%4, two brain regions involved in the obsereved behavioral phenotypes. Surprisingly,
they found many of the dysregulated genes are typically only expressed in germ cells within
the testis and have no known function in the brain??. Ectopic expression of testis genes in
the Kdmbc-KO brain is potentially due to loss of KDM5C suppression during development,
resulting in failure to place repressive DNA methylation at germline gene promoters*?.
However, there is still much unknown about KDM5C’s role in testis-specific gene repression,
most pressingly is whether ectopic germline transcripts contribute to MRXSCJ phenotypes.
Additionally, it is currently unknown if this phenomenon also occurs in females, or if females
even display any gene expression changes distinct from males, as the Kdmbc-HET female
brain has never been sequenced.

This dissertation aims to address these gaps in knowledge by investigating KDM5C’s
roles in sexually dimorphic transcription and tissue identity. We aim to illuminate how these
factors may influence the manifestation of MRXSCJ phenotypes by addressing the following
questions: What is the impact of KDM5C loss on the female brain transcriptome? Does
KDM5C suppress other tissue-specific genes, particularly female-specific germline genes?
Is the misexpression of tissue-specific genes the same across sexes? Does the identity of

ectopic germline transcripts change over time? Is ectopic germline gene transcription unique



to the brain, or does it occur in other Kdmbc mutant tissues? Does tissue identity and
cellular environment influence germline gene misexpression? Finally and ultimately, do
ectopic germline transcripts have functional consequences that contribute MRXSCJ-related
phenotypes?

I will address these questions in the following chapters: In Chapter 2, I investigate
how KDMS5C loss has both a shared and sexually dimorphic consequences on the brain
transcriptome. I then characterize the ectopic expression of multiple tissue-specific genes
within the male and female Kdm&dc mutant brain, including the misexpression of germline
genes. In Chapter 3, I profile aberrant germline transcripts during male and female Kdmdc
mutant embryogenesis using an in vitro cell culture model. I then explore the influence of
tissue identity, development, and retinoic acid upon germline gene misexpression. In Chapter
4, T discuss our preliminary results on the functional impact of aberrant germline gene
expression in Kdmdc mutants, highlighting potential impairments in genomic imprinting and
transposable element regulation. I additionally show preliminary data indicating additional
genetic deletion of Dazl, a master regulator of germline identity, partially rescues the Kdmdc
mutant brain transcriptome. Finally, in Chapter 5 I explore the broader impact of this work,
including the evolution of sex and cellular identity, related neurodevelopmental disorders,

and other potential consequences of ectopic germline expression.



Chapter 2 - Materials and Methods

Mice

As previously described®, mice harboring the Kdm&5c-KO allele were generated by Cre-
mediated deletion of exons 11 and 12. For all postnatal day 6 (P6) RNA sequencing
experiments, the Kdm5c-KO allele was maintained on a mixed background of C57BL/6J and
129S1/SvImJ. Samples for sequencing were collected across 3 litters. Double mutant male mice
harboring both knockout of Kdm&c and heterozygous loss of Dazl (Kdmb5c-KO;Dazl-HET) were
generated by crossing female mice heterozygous for Kdmdbc loss with male mice heterozygous
for Dazl loss that were obtained from Jackson Laboratory (Jax Strain #023802). Sex was de-
termined through genotyping primers for Ubal on the X and Y chromosomes with the following
primers: 5-TGGATGGTGTGGCCAATG-3’, 5’-CACCTGCACGTTGCCCTT-3". Deletion
of Kdmbc was determined through the primers 5’-ATGCCCATATTAAGAGTCCCTG-3’,
5-TCTGCCTTGATGGGACTGTT-3’, and 5-GGTTCTCAACACTCACATAGTG-3" Dele-
tion of Dazl was determined through the primers 5-TGCCAAACTCTTGGAAATGA-3,
5-ACGTGGCTGCACATGATAAG-3’, and 5’-CGCCTTCTTGACGAGTTC-3. All mouse
studies complied with the protocols (PRO00010350) by the Institutional Animal Care & Use
Committee (IACUC) of The University of Michigan.



Cell culture

We utilized our previously established cultures of male and female wild-type and Kdmdc
mutant embryonic stem cells’®. Sex was confirmed by genotyping Ubal on the X
and Y chromosomes with the following primers: 5-TGGATGGTGTGGCCAATG-3’,
5-CACCTGCACGTTGCCCTT-3". Deletion of Kdmbc was confirmed through the primers
5-ATGCCCATATTAAGAGTCCCTG-3", 5-TCTGCCTTGATGGGACTGTT-3’, and
5’-GGTTCTCAACACTCACATAGTG-3.

Emrbyonic stem cells (ESCs) were initially cultured in primed ESC (pESC) media con-
sisting of KnockOut DMEM (Gibco#10829-018), fetal bovine serum (Gibco#A5209501),
KnockOut serum replacement (Invitrogen#10828-028), Glutamax (Gibco#35050-061), Anti-
Anti (Gibco#15240-062), MEM Non-essential amino acids (Gibco#11140-050), and beta-
mercaptoethanol (Sigma#M7522). They were then transitioned into ground-state “naive”
ESCs (nESCs) by culturing for four passages in N2B27 media containing DMEM /F12
(Gibco#11330-032), Neurobasal media (Gibco#21103-049), Gluamax, Anti-Anti, N2 supple-
ment (Invitrogen#17502048), and B27 supplement without vitamin A (Invitrogen#12587-010),
and beta-mercaptoethanol. Both pESC and nESC media were supplemented with the GSK3
inhibitor CHIR99021 (Sigma #SML1046-5MG), the MEK inhibitor PD0325901 (Sigma
#PZ0162-5MG), and leukemia inhibitory factor (LIF, Millipore#ESG1107).

nESCs were differentiated into epiblast-like cells (EpiL.Cs, 48 hours) and extendend
EpiL.Cs (exEpiL.Cs, 96 hours) by culturing in N2B27 media containing DMEM /F12, Neu-
robasal media, Gluamax, Anti-Anti, N2 supplement, B27 supplement (Invitrogen#17504044),
beta-mercaptoethanol, fibroblast growth factor 2 (FGF2, R&D Biotechne 233-FB), and
activin A (R&D Biotechne 338AC050CF). EpiLC media made with B27 without vitamin
A (Invitrogen#12587-010) was used to test the impact of retinoic acid on germlne gene
expression.

Immunocytochemistry of DAZL in EpiLL.Cs was performed by washing cells thrice with
phosphobuffered saline (PBS), fixing cells in 4% paraformaldehyde, washing thrice in PBS,
blocking in PBS containing 0.3% Triton X-100, and 5% fetal bovine serum for 1 hour, washing
thrice with PBS, and incubating in primary antibody (Rabbit anti DAZL, abcam ab34139,



1:200) in the blocking solution overnight at 4C. The next day cells were rinsed thrice with PBS,
incubated in secondary antibody (Alexafluor 488 Invitrogen #710369, 1:1000) in blocking
buffer, rinsed thrice in PBS, and then imaged. Images were taken blinded for genotype,

chosen based on similar levels of DAPI signal, and then quantified via ImageJ.

RNA sequencing

Published datasets

All published datasets are available at the Gene Expression Omnibus (GEO) https://ww
w.ncbi.nlm.nih.gov/geo. Previously published RNA sequencing datasets analyzed in this
study included the male Kdm5c-KO adult amygdala and hippocampus® (available at GEO:
GSE127722) and male and female Kdm&dc mutant EpiLCs® (available at GSE: GSE96797).
We have also published the the male and female Kdmdbc mutant P6 cortex and hippocampus

RNA-seq results regarding sexually dimorphic gene expression® and the data is avaialble at

GEO: GSE206346

RNA isolation and sequencing

For all P6 mouse RNA-seq experiments, we dissected out the liver and the brain and then
isolated the cortex and hippocampus through micro-dissection. For each animal study we
used three to four animals per genotype across at least 3 litters. Total RNA was purified and
DNAse-treated by the Qiagen RNEasy Midi Kit (Qiagen #75144) after homogenizing tissue
samples in Buffer RLT with an electric homogenizer. Purified RNA was sent to Novogene for
sample quality control and cDNA library preparation by poly A enrichment. Libraries were
prepared using the NEBNext Ultra™ II Directional RNA Library Prep Kit with oligo-dT
priming and sequenced through the Illumina NovaSeq 6000 sequencing platform to generate
paired-end 150 base-pair reads. For ESC, EpiLL.C, and exEpiLC cell culture experiments, total
RNA was purified and DNAse-treated by the Qiagen RNEasy Midi Kit and 151 basepair,
poly A-enriched libraries were prepared for Illumina NovaSeq 6000 sequencing. Library

preparation and next-generation sequencing for cell culture experiments was carried out in


https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo

the Advanced Genomics Core at the University of Michigan.

Alignment and analysis

After ensuring read quality via FastQC (v0.11.8), reads were then mapped to the mm10 Mus
musculus genome (Gencode) using STAR (v2.5.3a), during which we removed duplicates and
kept only uniquely mapped reads. Count files were generated by FeatureCounts (Subread
v1.5.0), and BAM files were converted to bigwigs using deeptools (v3.1.3) and visualized by
the UCSC genome browser. RStudio (v3.6.0) was then used to analyze counts files by DESeq2
(v1.26.0)% to identify differentially expressed genes (DEGs) with a g-value (p-adjusted via
FDR/Benjamini-Hochberg correction) less than 0.1 and a log2 fold change greater than 0.2.
For the male and female P6 experiment, the DEseq2 design included a grouping variable to
test the interaction between sex and genotype. For the P6 Kdm&bc-KO;Dazl-HET double
mutant experiment, DESeq2 design was based on genotype. Batch effect corrections were
not required for these two experiments as samples were purified together. For the ESC,
EpiLC, and exEpilL.C experiment, the DESeq2 design included batch effect correction and
grouping variable combining genotype, time point, and RA treatment. For all DESeq2
analyses, log2 fold changes were calculated with lfcShrink using the ashr package®”. MA-plots
were generated by ggpubr (v0.4.0), and Eulerr diagrams were generated by eulerr (v6.1.1).
Boxplots and scatterplots were generated by ggpubr and ggplot2 (v3.3.2). Heatmaps of gene
expression were generated using the base R functions scale and hclust and visualized using
the R package ComplexHeatmap. The Upset plot was generated via the package UpSetR
(v1.4.0)%8.

To quantify transposable element expression, reads were first aligned to mm10 using
STAR (v2.5.3a) with the flags “~winAnchorMultimapNmax 200 —outFilterMultimapNmax
100” to enable multiple alignments. Transposable element expression compared to wild-type
controls was then assessed through TEtranscripts (v2.2.3)% using the settings “~mode multi

—minread 1 -i 10 —padj 0.1".
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Chromatin immunoprecipitation followed by DNA se-
quecing (ChIP-seq)

We analyzed our previously published KDM5C ChIP-seq experiments in primary neuron
cultures from the cortex and hippocampus® (available at GEO: GSE61036) and EpiL.Cs®
(available at GEO: GSE96797). ChIP-seq of histone 3 lysine 4 dimethylation in male EpiL.Cs**
is also available at GEO: GSE96797. ChIP-seq of histone 3 lysine 4 trimethylation in the
male amygdala® are avilable at GEO: GSE127817.

ChIP-seq reads were aligned to mm10 using Bowtiel (v1.1.2) allowing up to two mis-
matches. Only uniquely mapped reads were used for analysis. Peaks were called using MACS2
software (v 2.1.0.20140616) using input BAM files for normalization, with filters for a q-value
< 0.1 and a fold enrichment >1. Common peak sets were obtained via DiffBind, and count
tables for the common peaks were generated with the Bedtools multicov command. We
removed “black-listed” genomic regions that often give aberrant signals. Enriched motifs were
identified using HOMER™. Gene ontology (GO) analyses were performed by Metascape™ at
http://metascape.org

Classifying tissue-enriched and germline-enriched genes

Tissue-enriched differentially expressd genes were determined by evaluating their classification
in a previously published list of genes enriched in 17 male and female mouse tissues™. This
study defined expression as greather than 1 Fragments Per Kilobase of transcript per Million
mapped read (FPKM) and tissue enrichment as at least 4-fold higher expression than any
other tissue.

We curated a list of germline-enriched genes using an RNA-seq dataset from wild-type
and germline-depleted male and female mouse embryos from embryonic day 12, 14, and 16
(unpublished data provided by Dr. Jacob Mueller, University of Michigan). Germline-enriched
genes met the following criteria: 1) their expression is greater than 1 FPKM in wild-type
germline 2) their expression in any wild-type somatic tissues™ does not exceed 20% of

maximum expression in wild-type germline, and 3) their expression in the germ cell-depleted
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(W/Wv) germline, for any sex or time point, does not exceed 20% of maximum expression
in wild-type germline. We then categorized germline genes as either female-biased (XX) or
male-biased (XY) by filtering for genes whose expression in the opposite sex, at any time
point, is no greater than 20% of the gene’s maximum expression in a given sex. Germline

genes that did not meet these criteria for sex-biased expression were classified as unbiased.
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Chapter 3 - Shared and Sexually
Dimorphic Gene Expression Changes

in the Brain with Kdm5c Loss

Introduction

Intellectual developmental disorder, X-linked, syndromic, Claes-Jensen Type (MRXSCJ,
OMIM: 300534) is caused by deleterious mutations in the chromatin regulator KDM5C.
When MRXSCJ was first described in the early 2000s, the majority of patients were males
who inherited causative mutations from cognitively normal carrier mothers*%4”. However,

d#8:6373 as rapid

many more women with MRXSCJ impairments have been recently identifie
improvements in sequencing technologies now allow for more routine exome sequencing.
Women heterozygous for deleterious KDM5C mutations can be unaffected carriers or present
with a wide spectrum of phenotypes, such as mild memory impairments, developmental
delay /intellectual disability, aberrant aggression, impaired language expression, and anxiety.
Most females are reported to have milder phenotypes than males, potentially due to skewed
X chromosome inactivation preferentially silencing the deleterious allele™.

Currently, very little is known about the biological phenomena that influences how

MRXSCJ pathology manifests in males and females. Interestingly, there is growing evidence

that KDM5C itself has sexually dimorphic functions (see Chapter 1) but it is unclear to
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what extent this is true in the brain. Patient data suggests at least some females require
more KDM5C than males for neurodevelopment, as heterozygous loss in females can result
in neuronal impairments, even though their KDM5C expression would be roughly equivalent
to unaffected males. Of note, it has been proposed KDM5C’s Y chromosome homologue,
KDMS5D, compensates for the lower KDM5C dosage in unaffected males as their structures
are highly similar®’. Nevertheless, their functions are likely divergent in the brain, as KDM5D
is insufficient to protect male MRXSCJ patients from deleterious KDM5C' mutations and
KDMS5D loss has never been linked to neurodevelopmental impairments. Although there is
accumulating evidence KDM5C is differentially regulated in females versus males, it remains
unclear if KDMb5C has sex-specific roles in neurodevelopment, as RNA sequencing has never
been performed in the Kdmbc mutant female brain. Uncovering these differences is crucial
to understanding how MRXSCJ manifests between the sexes and may ultimately inform
sex-specific intervention strategies.

A common model for investigating why KDM5C loss leads to neuronal impairments
is mice harboring Kdmdc loss-of-function mutations that recapitulate key phenotypes of
MRXSCJ%. Surprisingly, mRNA sequencing (mRNA-seq) of the male adult Kdm&c knockout
(-KO) brain revealed aberrant transcription of many genes that are typically only expressed in
the germ cells of the testis (e.g. sperm)*2. This opens an intriguing possibility that MRXSCJ
phenotypes are, in part, caused by impaired development of neuronal identity (see Chapter
5 and Conclusion). The impact of this phenomenon and whether it occurs in a sex-specific
manner, such as females expressing ovary-enriched genes, is unknown. Furthermore, whether
Kdmbc mutants express other tissue-specific genes or if aberrant expression is strictly limited
to the testis germline remains to be characterized.

To elucidate shared and sexually dimorphic consequences of KDM5C loss upon neurode-
velopment, we performed bulk mRNA sequencing (mRNA-seq) in the postnatal day 6 (P6)
hippocampus and cortex of Kdmdc mutant male and female mice. Of note, we compared

Kdmbc knockout males (Kdmbc-KO) and Kdmbc heterozygous females (Kdmbc-HET), as
these reflect patient genotypes since complete loss of Kdmébc in females is embryonic lethal®*
(see Chapter 1). We found Kdm&c mutants had both shared and sexually dimorphic gene ex-

pression changes within the brain, including novel genes with functions pertinent to MRXSCJ
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pathology that were not previously identified in adult males. Kdmbc-HET females had unique
changes in early developmental genes while knockout males had unique changes in genes
related to memory and aggression. In both male and female Kdm&c mutants, we observed
the ectopic transcription of many tissue-specific genes, the majority being testis-enriched
germline genes. Interestingly, Kdmbc mutant males and females also aberrantly expressed
ovary-enriched germline genes, suggesting KDM5C’s role in germline gene repression is
independent of organismal and gonadal sex. These results provide novel insight into the
development of male and female MRXSCJ pathology and characterize KDM5C’s role in

maintaining tissue-specific gene expression across sexes.

Shared and sexually dimorphic alterations in gene ex-

pression within the cortex and hippocampus with loss

of Kdmbc

To assess the role of KDM5C in neurodevelopment across sexes, we performed next-generation
mRNA sequencing in the male Kdm5c hemizygous knockout (XY Kdmbc-KO), female Kdmdc
heterozygous knockout (XX Kdmbc-HET), male wild-type (XY WT), and female wild-type
(XX WT) mouse brain. Currently all Kdm5c-KO brain sequencing and phenotyping has
been performed in adulthood**%3%4. Thus, it is unknown if KDM5C loss causes transient
developmental changes that contribute to phenotypes later in life, such as the reduction in
dendritic spine density observed in the Kdmdbe-KO adult male hippocampus and amygdala®3:64,
Therefore, we chose to assess gene expression changes in the postnatal day 6 (P6) hippocampus
and cortex since high rates of synaptogenesis and synaptic pruning occur during this period™.

We first evaluated sex-specific expression of Kdmdbc in the wild-type brain and found
females expressed 1.489-fold higher Kdm&c than males (p = 1.2e-05, T-test, XY WT versus
XX WT), consistent with previous reports in other tissues’™ % (Figure 1A). We next evaluated
the impact of Kdmbc loss on the male and female transcriptome by identifying genes that
were differentially expressed from their wild-type counterpart with DESeq2% (q < 0.1, log2
fold change > 0.2). In both Kdm5c-KO males and Kdmbc-HET females, the majority of
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differentially expressed genes (DEGs) were upregulated compared to wild type expression,
consistent with KDM5C’s proposed role in transcriptional repression® (Figure 1B). Kdméc-
KO males had an overall greater number of DEGs than Kdmbc-HET females and while some
genes showed significant changes in only one sex, most female upregulated DEGs were also
upregulated in males. To assess the impact of sex on the magnitude of a gene’s dysregulation,
we compared the log2 fold change (log2FC) from wild type of upregulated DEGs in males
versus females. We found that for both males and females, the DEGs with the greatest log2FC
were those significantly dysregulated in both sexes (Figure 1C, left). However, Kdm5c-HET
females exhibited approximately 40% of the extent of male dysregulation for these shared
DEGs (Figure 1C, right).

4 we found many novel genes

In comparison to our previous work in the adult brain®
dysregulated in the male Kdmbc-KO P6 hippocampus and cortex. Indeed, even with identical
experimental procedures, genetic mutation, and analytical pipeline, the number of Kdm&bc-KO
DEGs in the P6 cortex and hippocampus is over 3-fold larger than the adult hippocampus
(Male adult DEGs: 298, P6 DEGs: 1079). This suggests the brain’s transcriptome may be
particularly vulnerable to KDM5C loss during early stages of neurodevelopment. DEGs newly
identified in P6 included Gap junction protein (Gjb1), which had the greatest log2FC from
wild type in both male and female Kdm5c mutants (XX: Log2FC = 1.169; padj = 4.01e-37,
XY: Log2FC = 1.96; padj = 1.92e-82) (Figure 1D). Gjb1 encodes the protein connexin-32,
whose expression increases across postnatal cortical development™ to form gap junctions
in oligodendrocytes and neurons” and is implicated in epilepsy’®, a phenotype commonly
observed in male and female MRXSCJ patients® 48,

In addition to common gene expression changes, we also found 847 male-specific DEGs and
20 female-specific DEGs. Many male-specific DEGs overexpressed in Kdmbc-KOs have known
roles in aggression and memory. One example is phenylethanolamine N-methyltransferase
(Pnmt) (Log2FC = 0.849; padj = 3.18e-15), an enzyme that methylates norepinephrine to
form epinephrine™ and causes extreme aggression when overexpressed in male mice® (Figure
1E). Kdm5c-KO males also overexpressed galanin (Gal) (Log2FC = 0.373; padj = 0.00214),
a neuropeptide that can inhibit excitatory neurotransmission®' and whose overexpression is

linked to memory impairments®?# (Figure 1F).
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Figure 1: Kdm5c loss produces both shared and sexually dimorphic gene expression changes in
the hippocampus and cortex. A. Kdmbc expression in transcripts per million (TPM) in the wild-type
male (XY WT) and female (XX WT) brain. B. Overlap of upregulated (Up) and downregulated (Down)
differentially expressed genes (DEGs), with Kdm&bc mutant male DEGs in blue and female DEGs in pink. C.
Left — Scatter plot of Up DEGs comparing their log2 fold change from wild type in males (x-axis) versus
Right—Same as left but displaying only shared DEGs.
shared between males and females, Gjbl. E-F. Average bigwigs of male-specific DEGs, Gal and Pnmt. G-H.
Average bigwigs of female-specific DEGs, Jpx and Mdk.
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Contrastingly, Kdm5c-HET females uniquely displayed slight but significant overexpression
of genes important for early development. One DEGs of interest is JPX transcript, XIST
activator (Jpz) (Log2FC = 0.297; padj = 0.0879), a long non-coding RNA (IncRNA) crucial
for X chromosome inactivation (XCI), a females-specific epigenetic process that occurs during
early embryogenesis®>®® (Figure 1G). Of note, Jpz is typically expressed in both males and
females, but only promotes XCI in females through induction of Xist expression®®. Another
female-specific DEG, midkine (Mdk) (Log2FC = 0.305; padj = 0.0281), is a neurotrophic
factor expressed transiently during embryogenesis to promote neurite outgrowth®”%® (Figure
1H).

Altogether, these data demonstrate that loss of Kdmdbc has both shared and sexually
dimorphic consequences on brain transcription during neurodevelopment. We identified novel
genes dysregulated during male Kdmbc-KO development compared to previous studies in
adulthood that are relevant to MRXSCJ phenotypes. We additionally found heterozygous
loss of Kdmbc in female mice is sufficient to cause readily detectable gene expression changes,
even though they have milder behavioral phenotypes than male knockouts*?. We found many
Kdmbc mutant DEGs are shared between males and females but have a milder change from
wild type in females. While Kdm&bc mutant females displayed unique upregulation of early
developmental genes, mutant males uniquely upregulated aggression and memory-related
genes. These sexually dimorphic responses to KDM5C loss may ultimately contribute to how
MRXSCJ manifests in male versus female patients, such as contributing to higher symptom

severity in males.

Germline genes are aberrantly transcribed in the brain
of male and female Kdm5c mutants

Previous sequencing in the adult male Kdm&5c-KO brain surprisingly identified many genes
that are typically only expressed in germ cells of the male testis*?. It is currently unknown
whether Kdmbc mutants express other tissue-specific genes and if germline gene de-repression

is occurs in a sex-specific manner. We first broadly assessed de-repression of tissue-specific
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genes by evaluating whether DEGs upregulated in Kdm5c-KO males or Kdmbc-HET females
overlapped with mRNAs enriched in 17 male and female mouse tissues”. This study defined
tissue-specific enrichment as genes with more than 4-fold higher expression in a given tissue
over any other tissues. We found loss of Kdmdc in both males and females led to de-repression
of many tissue-enriched genes, with the majority of male and female DEGs belonging to the
testis (Figure 2A-B). Even though the testis has the largest number of tissue-specific genes
compared to any other tissue (2496 genes), testis enrichment was significant for Kdm5c-KO
male DEGs, although not female DEGs (P6 XY p = 2.09 x 10~%; P6 XX p = 0.37, Fisher’s
Exact). Testis genes were also significantly enriched in our previously published mRNA
sequencing of the mature Kdmbc-KO male hippocampus and amygdala (Adult XY Amygdala
p = 2.67 x 107°; Adult XY Hippocampus p = 1.1 x 107!, Fisher’s Exact, data not shown).
Of note, we did not observe enrichment of brain-specific genes in any of our Kdmb5c mutant
brain samples (P6 XY p = 0.136; P6 XX p = 0.186; Adult XY Amygdala p = 0.299; Adult XY
Hippocampus p = 0.564, Fisher’s Exact), even though the brain has the second highest total
number of tissue-enriched genes (708 genes). Together, these results suggest the high number
of testis genes expressed in the Kdmdc mutant brain are not due to random de-repression
of all genes. Many of Kdmbc mutant testis-enriched DEGs have functions specific to male
germ cell developmet, such as Transcription factor-like 5 (Tcfl5), a transcription factor that
promotes the meiotic gene expression in males® (Figure 2C-D). Interestingly, we also found
a few ovary-enriched genes expressed in Kdmdc mutant males and females, such as Zygotic
arrest 1 (Zarl) who was recently shown to sequester mRNAs in oocytes?™ (Figure 2E-F).
Currently, these testis and ovary-enriched genes have no known role in neurodevelopment,
even though some show weak expression in the wild-type brain (Figure 2C-F).

The testis contains both germ cells (e.g. spermatogonia) that undergo meiosis for re-
production as well as somatic cells (e.g. Leydig cells) that support hormone production
and germline functions. To validate if these testis DEGs are truly germline genes, we first
compared their expression in wild-type versus germ cell-depleted (W/Wv) mouse testes”!
(Figure 2G). We plotted all testis-enriched DEGs identified in our adult male Kdm&c-KO
brain sequencing along with our P6 male and female Kdm&dc mutant testis DEGs. We found

almost all testis-enriched DEGs lose their expression with germ cell depletion (Figure 2G). We
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Figure 2: Misexpression of tissue specific genes, including germline genes, with loss of Kdméjc
in males and females. A-B. The number of tissue-enriched differentially expressed genes (DEGs) in the
male (A) and female (B) Kdmbc mutant postnatal day 6 (P6) cortex and hippocampus. C. Bigwigs of an
example aberrantly expressed testis-enriched gene, Tclf5. D. Expression of Tcfl5 in wild-type tissues from
NCBI Gene, with testis highlighted in blue and brain tissues highlighted in red. (Legend continued on next

page.)
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Figure 2: Misexpression of tissue specific genes, including germline genes, with loss of Kdmsc
in males and females. (Legend continued.) E. Bigwigs of an example ovary-enriched germline DEG, Zar1
F. Expression of Zarl in wild-type tissues from NCBI Gene, with ovary highlighted in teal and brain tissues
highlighted in red. G. Expression of testis DEGs from the Kdmdc mutant adult male hippocampus, adult
male amygdala, P6 male hippocampus and cortex, and P6 female hippocampus and cortex in wild-type
versus germ cell depleted testis. Expression is in Fragments Per Kilobase of transcript per Million mapped
reads (FPKM) H. Number of testis DEGs that were classified as cell-type specific markers in a single cell
RNA-seq dataset of the testis. Germline cell types are highlighted in green, somatic cell types in black.

additionally assessed testis DEG expression in a published testis single cell RNA-seq dataset
that identified cell type-specific markers”?. We found some Kdmédc mutant testis DEGs
were classified as specific markers for multiple stages of germ cell development - including
spermatogonia, spermatocytes, round spermatids, and elongating spermatids - yet none
marked somatic cells (Figure 2H). Misexpression of germline genes appears to be independent
of germ cell sex, as male and female Kdmdbc mutant brains also express some ovary-enriched
germline genes, even though there are relatively few ovary genes (100 genes) compared
to the testis (2496 genes). Ovary genes included the aforementioned oocyte translational
regulator Zygote arrest 1 (Zar1)*® that is important for silencing ovarian transcription until
postfertilization (Figure 2E-F). Therefore, we concluded both male and female Kdm&c mutant
brains aberrantly express germline genes that have functions specific to both the male and

female germline.

Defining germline-enriched genes

To facilitate downstream analyses, we generated a list of male and female germline-enriched
genes by evaluating gene expression in wild-type and germline-depleted male and female
mouse embryos from embryonic day 12, 14, and 16 (unpublished RNA-seq data provided
by Dr. Jacob Mueller, University of Michigan). We defined genes as germline-enriched if
their expression met the following criteria: 1) their expression is greater than 1 FPKM
in wild-type germline 2) their expression in any wild-type somatic tissues does not exceed
20% of maximum expression in wild-type germline, and 3) their expression in the germ
cell-depleted (W/Wv) germline, for any sex or time point, does not exceed 20% of their

maximum expression in the wild-type germline. These criteria yielded 1287 germline-enriched
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genes. To more comprehensively assess the impact of sex on germline gene misexpression, we
additionally categorized if germline-enriched genes displayed female-biased (XX), male-biased
(XY), or unbiased expression. We defined sex-biased genes as those whose expression in the
opposite sex, at any time point, is no greater than 20% of the gene’s maximum expression in
a given sex. This yielded 65 XX-biased, 1023 XY-biased, and 199 unbiased germline-enriched
genes, which is consistent with the testis overall having a more unique transcriptome than

the ovary™.

Discussion

In the above work, we characterized gene expression changes in the male Kdmbc-KO and female
Kdmbc-HET brain during neurodevelopment. Our data indicate that the loss of Kdmdc leads
to both common and distinct gene expression changes between sexes, which may underlie
shared and unique manifestations of MRXSCJ phenotypes. We additionally found loss of
KDM5C in males and females led to the ectopic expression of many tissue-specific genes in
the brain, including the misexpression of both testis and ovary-enriched germline genes in
both male and female Kdmbc mutants.

This study provides the first RNA sequencing dataset of Kdmbc mutant brains during
neurodevelopment, enabling us to identify many dysregulated genes that were not previously
found in the mature brain. We found the male Kdmbc-KO P6 cortex and hippocampus
had over 3-fold more DEGs than previous reports in the mature hippocampus, indicating
that KDM5C may play an important role during early brain maturation. In support of
this, KDM5C’s global protein expression decreases as the brain matures®® and conditional
knockout of Kdmdc in adult excitatory neurons leads to far milder behavioral and gene
expression changes*?. However, experiments directly assessing the KDM5C'’s role over time
are warranted, as developmental decrease in KDM5C expression could be explained by the
increased ratio of astrocytes to neurons over development and decreased adult hippocampal
DEG number could be due to the P6 sequencing including the cortex. Nevertheless, many
of the novel DEGs we uncovered in the P6 brain had known functions related to MRXSCJ

phenotypes. Out of these genes we highlighted Gjb1, the most highly dysregulated gene in both
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Kdmbc-KO males and Kdmbc-Het females. GjbI encodes the protein connexin-32 that forms
gap-junctions in oligodendrocytes and neurons’”. While loss of Gjbl causes the sensorimotor
neuropathy Charcot-Marie-Tooth type 1%, upregulation of Gjb1 is associated with seizures,
since bicuculline-induced epileptic activity increases GjbI mRNA and connexin-32 protein
in the hippocampus™. Many male and female MRXSCJ patients have epileptic seizures*®
and Kdmbc-KO male mice have an increased propensity for kainic acid-induced seizures*?.
Further work is required to elucidate if developmental Gjb1 overexpression promotes seizure
propensity or if it is instead a consequence of a seizure-prone state. Additionally, it is currently
unknown if a developmental increase in GjbI expression occurs in human MRXSCJ patients.

This study also provided the first RNA sequencing dataset for the Kdmbc-HET female
brain, enabling us to characterize shared and sexually dimorphic gene expression changes.
Kdm5c-HET mice overall display milder behavioral phenotypes than knockout males*?, yet we
found readily detectable gene expression changes in the Kdmdc-HET brain. Along with many
genes dysregulated in both sexes, we also found some female-specific DEGs, such as Jpx and
Mdk, that are involved in early development. Female-specific dysregulation of developmental
genes may explain why homozygous loss of Kdmdbc in females is embryonic lethal and may
contribute to previously observed X chromosome inactivation defects®. Meanwhile, some
Kdmbc mutant male-specific DEGs, such as Pnmt and Galanin, have known roles in aggression
and memory - processes often impaired in MRXSCJ patients. Pnmt encodes an epinephrine-
synthesis enzyme and transgenic overexpression of Pnmt in mice results in elevated fighting
behaviors in males but no changes in female behavior®®. Galanin encodes a neuropeptide that
is thought to influence learning and memory, as it is overexpressed in the limbic system of
post-mortem Alzheimer’s disease patients® and galanin overexpression in the mouse forebrain
impairs spatial learning®?8*. Pnmt and Gal being male-specific DEGs imply that MRXSCJ
phenotypes common between the sexes, such as aberrant aggression and learning impairments,
may involve distinct mechanisms downstream of Kdmdc loss.

In both sexes, we identified widespread dysregulation of tissue-specific genes with Kdmdc
loss, indicating KDM5C plays a global role in tissue identity. While it is currently unknown
if these tissue-specific transcripts are translated into functional protein, they appear to be

processed into mature mRNAs, since they are spliced and polyadenylated. We found both sexes
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primarily expressed testis-enriched genes that have no known function in the brain, although
tissue-specific gene dysregulation was overall weaker in Kdmbc-HET females. Misexpression
of testis genes was initially described in the adult Kdméc-KO male hippocampus*?, in which
they identified many testis genes with functions specific to male gametogenesis, such as the
RNA helicase DNA segment, Chr 1, Pasteur Institute 1 (D1Pas1)* and the mitochondrial
gene Cytochrome c, testis (Cyct)’”. We confirmed these testis DEGs are in fact germline
genes through published RNA sequencing datasets since they are uniquely expressed in germ
cells and not somatic cells. Interestingly, we found both Kdm&c-HET females and Kdmbc-KO
males also aberrantly express a few ovary-specific germline genes, such as Zari. These results
indicate KDM5C role in germline gene repression is both independent of organismal sex
and independent of the gonadal sex in which the genes typically function. However, if this
erosion of brain tissue identity contributes to MRXSCJ impairments is currently unknown

(See Chapter 5 and Conclusions).

24



Chapter 4 - Characterization of
KDM5C-Mediated Germline Gene

Repression in Males and Females

Introduction

While aberrant germline transcripts are found in all Kdmbc mutant mouse brain datasets

42,53,64.65 very little is known about the underlying mechanism. KDM5C

generated thus far
likely contributes to germline gene repression during early development, as KDM5C occupancy
at germline gene promoters decreases across cellular differentiation and Kdmbc-KO neuron
cultures fail to suppress germline genes when KDM5C is restored??. These data indicate
the sustained expression of germline genes within the Kdmbc mutant brain is due to a
failure to fully demarcate somatic (i.e., non-meiotic cells) and germ cell identity during early
embryogenesis.

Germ cells are typically distinguished from somatic cells soon after the embryo implants
into the uterine wall®®®. Around embryonic day (E) 6.5 in mice, a subset of epiblast stem
cells proximal to the extra-embryonic ectoderm receive bone morphogenic protein signals,
such as BMP4, that initiate their development into primordial germ cells (PGCs). While the

remaining epiblast differentiates into the ectoderm, mesoderm, and endoderm to form the

body’s somatic tissues'”’, PGCs migrate to the genital ridge which sends signals to commit
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PGCs to a germ cell fate. When male and female germ cells arrive at the genital ridge
around E11, they express Dazl, an RNA binding protein that regulates the translation of

01 Once germ cells express DAZL, retinoic acid can then trigger

germline-specific genes!
them to undergo meiosis by turning on the transcription factor Stra8'°?1%. Up until this
point, germ cells are bipotential and can become oocytes or spermatocytes, regardless of
chromosomal sex. Germ cells become sexually dimorphic around E12.5, when female germ
cells initiate meiosis while males undergo mitotic arrest and postpone meiosis until postnatal
day (P) 101927194 This difference in meiotic timing is due to differential regulation of retinoic
acid signaling: embryonic male germ cells express the enzyme CYP26B1 to degrade retinoic
acid and block the meiotic signal until after birth!02-104,

Researchers investigating the molecular mechanisms behind somatic versus germ cell
specification often employ an in vitro model of early embryogenesis, in which embryonic
stem cells (ESCs) are differentiated into post-implantation epiblast-like stem cells (EpiLCs).
Chromatin regulators play a key role in decommissioning germline genes as ESCs differentiate
into EpiLLCs by placing multiple repressive chromatin marks at germline gene promoters. In
ESCs, the non-canonical polycomb repressive complex 1.6 (PRC1.6) places repressive histone
H2A lysine 119 monoubiquitination (H2AK119ub1)'% and SET domain bifurcated histone
lysine methyltransferase 1 (SETDB1)!% along with euchromatic histone methyltransferase 1
and 2 (EHMT1/2 also known as GLP/G9a)% place repressive histone 3 lysine 9 trimethylation
(H3K9me3). When ESCs become EpiLCs, DNA methyltransferase 3A and B (DNMT3A /B)
place repressive DNA CpG methylation to enable long-term silencing of germline genes'?6-108,
It has been proposed KDM5C may be important for this DNA methylation placement,
as KDM5C’s substrate (H3K4me3) is known to impair DNMT3A enzymatic activity'%?,
DNMT3A binds unmethylated H3K4'*°, and DNA methylation is eroded at the promoters
of at least two germline genes in the Kdmbc-KO hippocampus*?. However, the dynamics
behind this interaction and when KDM5C is required have yet to be elucidated.

As aberrant germline gene expression has yet to be characterized during Kdm&5c mutant
embryogenesis, it is currently unclear how KDM5C loss impacts the somatic transcriptome

across time. For example, are the same germline genes constitutively dysregulated or do

they change depending upon cellular context? It is also unclear if embryonic dysregulation
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will be the same between Kdmdbc mutant males and females, as some germline genes, like
Stra8, are differentially regulated during male and female embryonic germline development.
Furthermore, if germline genes are aberrantly expressed during Kdmdc mutant embryogenesis,
it is unclear if long-term misexpression is unique to the brain or found throughout somatic
tissues. As transcription early in life sets the stage for later brain development, identifying
which germline genes are dysregulated and when will offer insight into their potential impact
upon Kdmdbc mutant neurodevelopment and possibly reveal novel avenues for therapeutic

intervention.

Master regulators of germline identity are aberrantly
expressed during Kdmbc mutant embryogenesis

We first assessed transcription of germline genes in Kdmdbc mutant mouse epiblast-like cells
(EpiLLCs), an in wvitro model of epiblast stem cells within the post-implantation embryo
(Figure 3A). EpiL.Cs are an ideal model for interrogating embryonic misexpression of germline
genes, as some germline-enriched genes are also expressed in embryonic stem cells (ESCs) but
are silenced as they differentiate into EpiL.Cs'%. Using our previously published RNA-seq

dataset®®

, we assessed differential expression of germline genes in Kdm&c mutant male (XY)
and female (XX) EpiLCs in comparison to wild-type controls through DESeq2. Because
complete loss of KDM5C in females it not lethal at this time point, we were able to characterize
germline transcripts in both Kdmbc heterozygous (XX Kdmbc-HET) and homozygous null
(XX Kdmbc-KO) female EpiLCs.

We found both XX and XY Kdmdc mutant EpiLL.Cs aberrantly express many germline
transcripts and many are shared between all mutants (Figure 3B-C). Interestingly, female
heterozygous and homozygous mutants expressed about twice as many germline genes than
Kdmb5c¢-KO males (XX Kdmbc-HET: 212 XX Kdm5¢-KO: 186, XY Kdmbce-KO: 90), potentially
suggesting they are more prone to adopting a germ cell-like state (Figure 3C). We then asked

if the identity of ectopic germline transcripts was influenced by Kdmdbc mutant sex, as some

germline genes show biased transcription in the wild-type XX or XY gonads (see Chapter 3).
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We found XX Kdmbc-HET, XX Kdmbc-KO, and XY Kdmbc-KO EpiL.Cs all expressed similar
proportions of XX-biased, XY-biased, and unbiased germline genes that roughly reflected the
proportion of genes shared and unique within the male and female wild-type gonads (In WT
gonads: 6% XX-biased, 79% XY-biased, 15% unbiased) (Figure 3D). This suggests KDM5C
is particularly important for embryonic repression of germline genes in females, however the
identity of aberrant germline mRNAs is largely independent of sex.

To evaluate whether germline mRNAs are constitutively dysregulated or change over the
course of development, we compared Epil.C germline DEGs to those expressed in the Kdmac
mutant brain. The majority of EpiLLC germline DEGs were not dysregulated in the brain,
with only a few shared across sequencing datasets (Figure 3E). Only two germline genes were
consistently misexpressed in all male and female datasets, DNA segment, Chr 1, Pasteur
Institute 1 (D1Pas1) and Testis expressed gene 14 (Tex1j). Surprisingly, germline DEGs
unique to Kdmbc mutant EpiLCs included master regulators of germline identity, such as
Stra8 and Dazl (Figure 3F). As discussed above, these genes are typically expressed during
embryonic germ cell development to commit PGCs to the germline fate, but they are also

1027104 © Stra8’s expression is

expressed later in life to trigger meiotic gene expression programs
typically sexually dimorphic, as female germ cells initiate meiosis during embryogenesis while
males begin meiosis after birth!°21%4, Yet we found both XX and XY Kdmd&c mutant EpiL.Cs
ectopically express Stra8 RNA. XX and XY Kdmdbc mutants also aberrantly express Dazl, a
translational regulator essential for germ cell function!®!. Interestingly, a significant portion of
germline transcripts expressed in Kdmdc mutant EpiL.Cs are known binding targets of DAZL,
including Stra8'! (XY Kdmbc-KO EpiL.Cs p = 1.698¢-07, Fisher’s Exact Test). This suggests
expression of DAZL protein would enable the translation of other aberrant germline transcripts,
influencing their ability to impact on Kdmdbc mutant cellular function. Therefore, we then
stained XY Kdmbc-KO Epil.Cs for DAZL protein expression through immunocytochemistry
(Figure 3G). We found about 25% of Kdmbc-KO EpiL.Cs expressed DAZL protein in their
cytoplasm (p = 0.0015, Welch’s t-test, XY KO versus WT), consistent with the subcellular
localization observed when DAZL is stained in spermatogonia!'!. Expression of DAZL protein

in EpiLCs gives credence to the possibility that ectopic germline transcripts have functional

consequences within Kdmbdc mutant cells. However, their impact may be limited to early
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Figure 3: Male and female Kdm5c mutant epiblast-like cells express master regulators of
germline identity. (Legend continued.) E. Upset plot displaying the overlap of germline DEGs expressed
in male and female Kdm&dc mutant EpiLC and brain RNA-seq datasets. F. Expression of genes key for early
germ cell development in Kdmbc mutant EpiL.Cs in transcrips per million (TPM) with p-values for Welch’s
t-test compared to wild type of the same sex. G. Immunocytochemistry of DAZL in male wild-type (WT)
and Kdm5c¢-KO (5CKO) EpiLCs.

development, as we did not observe aberrant Dazl expression in the Kdmdbc mutant brain.

KDM5C is recruited to germline genes during early
embryogenesis

To further characterize the mechanism behind KDM5C-mediated germline gene repression, we
evaluated the accumulation of KDM5C’s substrates, histone 3 lysine 4 di and tri-methylation
(H3K4me2/3), at germline gene promoters using our previously published chromatin immuno-
precipitation followed by sequencing (ChIP-seq) datasets® %4, In Kdmébc-KO male Epil.Cs,
we observed aberrant accumulation of H3K4me2 at transcription start site (T'SS) of many
germline genes (Figure 4A). Accumulation of H3K4 methylation was even more apparent
in the adult Kdmbc-KO male amygdala, where we observed ectopic peaks of H3K4me3 at
germline TSSs that are completely absent in the wild-type brain (Figure 4B). Together,
these data indicate KDM5C loss can lead to aberrant accumulation of H3K4 methylation at
germline gene promoters that can last across the lifespan.

To evaluate KDM5C'’s role in germline gene repression across development, we compared
KDM5C binding in Epil.Cs and primary neuron cultures from the cortex and hippocampus
(PNCs) using our previously published ChIP-seq datasets®®5*. Although we identified many
KDM5C ChIP-seq peaks in both cell types (EpiL.Cs: 2,437, PNCs: 1,610), KDM5C was
only bound to germline gene promoters in Epil.Cs and not in PNCs (Figure 4C). In EpiLCs,
KDM5C was bound to germline genes transcribed in Kdmbc-KO Epil.Cs as well as those
dysregulated in the brain, such as D1Pas! (Figure 4C). This indicates long-term misexpression
of germline genes is due to developmental loss of KDMb5C suppression. KDM5C was also
bound to some germline gene promoters that are only transcribed in Epil.Cs, such as the

master regulator Dazl (Figure 4C). To further delineate KDM5C’s role in suppressing germline
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Figure 4: KDM5C binds to and represses germline gene promoters during embryogenesis. A.

Bigwigs of chromatin immunoprecipitation followed by DNA sequencing (ChIP-seq) for histone 3 lysine 4
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and Kdmbc-KO EpiLCs (purple) and primary neuron cultures from the hippocampus and cortex (blue).

(Legend continued on next page.)
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Figure 4: KDM5C binds to and represses germline gene promoters during embryogenesis.
(Legend continued.) D. Metascape gene ontology analysis of all genes with KDM5C-bound promoters in
XY EpiLCs (top) and primary neuron cultures (PNCs, bottom). Germline-relevant ontologies highlighted
in green. E. Left - diagram of polycomb repressive complex 1.6 (PRC1.6) members. Right - Two motifs
enriched from HOMER analysis of KDM5C-bound promoters in EpiL.Cs, E2F6 and Max.

identity, we assessed the function of all genes with KDM5C bound to their promoter in EpiLLCs
and PNCs through gene ontology (GO) analysis (Figure 4D). We found KDM5C-bound genes
in EpiL.Cs are significantly enriched for ontologies related to meiosis, including meiotic nuclear
division (G0O:0140013) and synaptonemal complex assembly (GO:0007130). Contrastingly,
KDM5C appears to have a distinct, non-germline function in PNCs and regulates genes
involved in heterocycle synthesis (GO: 0018130) and pyrimidine metabolism (GO: 0072527).

Although KDM5C is bound to germline genes in Epil.Cs, it is unclear how KDM5C is
recruited to these loci as KDM5C itself does not contain domains known for sequence-specific
binding. Some evidence suggests KDM5C is recruited by PRC1.6, as KDM5C binds to
PRC1.6 members in HeLa cells''? and co-immunoprecipitates with PRC1.6’s core member
(PGCF6) in ESCs!'3. To elucidate the means by which KDM5C is recruited to germline
genes, we evaluated which transcription factor motifs are enriched among KDM5C-bound
genes through HOMER (Figure 4E). We found KDM5C-bound genes in EpiL.Cs, but not
PNCs, displayed significant enrichment of MAX and E2F6 motifs, two transcription factors

with known roles in germline gene repression!!411%

and are the DNA-binding members of
PRC1.6105:16.117 = Altogether, these results indicate ectopic transcription of germline genes in
the mature Kdmdc mutant brain is due to loss of KDM5C repression during embryogenesis,
in concordance with previous findings*?. Additionally, we found KDM5C suppresses many

meiotic genes during early embryogenesis that are not transcribed in the Kdmdbc mutant

brain, incidcating they are suppressed through secondary, KDM5C-independent mechanisms.
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Germline gene misexpression occurs in multiple Kdmbc-
KO somatic tissues and is influenced by retinoic acid

Our in witro results in EpiLCs indicate germline genes are aberrantly expressed very early on
in Kdmbc mutant embryogenesis. As epiblast stem cells give rise to all somatic cells in the
body, we then wondered if germline mRNAs are found in other Kdmdc mutant somatic tissues
or if the brain is uniquely sensitive. To compare germline gene expression directly between
neural and non-neural tissues in an unbiased manner, we then performed mRNA sequencing
in the Kdmbc-KO male P6 liver along with the cortex and hippocampus harvested from the
same animals (Figure 5A). The Kdm5¢-KO brain had many more DEGs than the liver overall,
(Brain: 1,079, Liver: 70), supporting KDM5C’s uniquely important role in neurodevelopment
(Figure 5B). While we found aberrant germline transcripts in both tissues, the majority
of germline DEGs were tissue-specific with only one gene dysregulated in both datasets
(Testis-expressed gene 14, Tex14) (Figure 5C). The liver had far fewer germline DEGs than
the P6 brain and had the lowest number of germline DEGs when compared to all of our
previous RNA-seq studies in Kdm5c-KO males (Figure 5D). Germline gene misexpression
was highest in EpiL.Cs (when KDM5C is bound to their promoters), second-highest in the
P6 brain, and further decreased in the adult amygdala and hippocampus. Of note, the
number of germline DEGs identified in each tissue is likely influenced by cell heterogeneity,
as bulk sequencing can mask discordant, cell type-specific changes. Yet, we found many
more germline DEGs in the P6 hippocampus and cortex than in the liver, even though these
brain regions contain a many more distinct cell types than the liver. Altogether, these results
demonstrate the identity of germline genes that are misexpressed long-term is tissue-specific
and the brain may be particularly sensitive to long-term, aberrant germline gene expression
with Kdmbc loss.

Differential misexpression of germline genes within Kdmdbc-KO somatic tissues suggests
cellular environment greatly influences how this phenotype manifests. We were particularly
interested in the contribution of retinoic acid (RA) on long-term germline gene misexpression,
as it is already known to regulate the expression of some germline genes'??, including the

meiotic transcription factor Stra8. RA also influences body patterning and tissue specific
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Figure 5: Misexpression of germline genes in the male Kdmb5c-KO postnatal day 6 (P6)
brain and liver. A. Diagram of tissues harvested for RNA sequencing. B. Total number of all up and
downregulated differentially expressed genes (DEGs) in the P6 brain (purple) and liver (orange). C. Scatter
plot of germline-enriched DEGs comparing the log2 fold change (L2FC) from wild-type in the respective tissues.
Only one gene, Tex14 was dysregulated in both tissues. D. Histogram of the number of germline-enriched
DEGs in all male Kdm5c-KO RNA-seq datasets analyzed in this study.
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gene expression for many other organs, including neural differentiation and anterior-posterior
neural patterning!'®1? To assess the if RA promotes the aberrant transcription of germline
genes, we differentiated wild-type and Kdmdc-KO male ESCs into Epil.Cs in media with
or without vitamin A, the precursor for RA (Figure 6A). Naive, “ground-state” ESCs
were cultured using serum-free media and thus only exposed to vitamin A upon Epil.C
differentiation. We performed mRNA-seq on cells differentiated for either 0 hours (ESCs,
no RA), 48 hours (EpiLCs), or 96 hours (extended Epil.Cs, exEpiL.Cs) to evaluate RA’s
influence over time. We then called genes differentially expressed between Kdmdbc-KO and
wild-type cells exposed to the same conditions using DESeq2 (q<0.1, log2 fold change > 0.5)
and filtered for germline-enriched genes. We found that ESCs and EpiL.Cs differentiated
for 48 hours had a similar total number of germline DEGs regardless of RA status (Figure
6B). However, at 96 hours Kdm5c-KO exEpiL.Cs cultured with RA had almost double the
number of DEGs than exEpiLLCs cultured without RA, with 116 germline genes uniquely
dysregulated when exposed to RA long-term.

To evaluate the global impact of RA on germline gene misexpression, we performed
hierarchical clustering of germline DEG expression in Kdm&5c-KO cells at each time point
and RA condition (Figure 6C-E). This clustering included all germline genes that were called
as significantly different from wild-type controls for any time point or RA status. Based on
their relative difference in expression (calculated in transcripts per million, TPM) across
differentiation and RA exposure, RA exacerbated the expression of genes in clusters 1, 2, or 4
at one or multiple time points (Figure 6C-D). Genes in cluster 1 showed increased expression
at 48 hours regardless of RA presence, but only displayed sustained activation at 96 hours
with RA (Figure 6E, top left). This cluster included the meiotic gene Sycp3, an essential
component of the synaptonemal complex'??. Contrastingly, RA transiently promoted the
expression of genes in cluster 2 at 48 hours, but their expression was dampened by 96 hours
independent of RA (Figure 6E, top right). Cluster 2 included the meiotic transcription factor
Stra8, which is known to be induced by RA. The majority of RA-influenced germline DEGs
fell into cluster 4 and showed highest expression at 96 hours with RA (Figure 6E, bottom
left). Interestingly, this cluster included some germline genes that are de-repressed in the

mature Kdmbdc-KO brain, such as Spag16, that were not previously identified in 48 hour

35



C

20
=
=
10
Genotype/RA
~o~ 5CKO RA - 0
~+~ 5CKORA +
- WTRA-
—+ WTRA+

#1 - RA Dependent

Sycp3 Ddx4

0 48 96 0 48 96
hrs differentiation hrs differentiation

#4 - RA Dependent

Spag16

0 48 96
hrs differentiation

36

'mww .

ESC @ # Germline DEGs # of genes per cluster
0hr
(-RA) 200 1501
-RA 8 @
"'@ 8 150 s 138 D
2 111 114 1001
EpiLC 5 10 £
48 hrs e £
® 50 S 501
-RA Y
@ |8 : l
enic 06 S 3
96 hrs +@ +@ Cluster #
D Scaled TPM of germline DEGs in 5CKO Z-score TPM
3 4 5 6 w
—2 101 2
nﬁ'ﬁ%% B e ey

&0
@

%

#2 - RA Dependent

Stra8
3] 50
Iy 40
21
= ; s 30
o PR AN &
= 7 N 20
1 //,’ LN
s
3 10
04 == 0
0 48 96

hrs differentiation

Mael

0 48 96
hrs differentiation

#3 - RA Independent

Dazl
60

40

TPM

20

0 48 96
hrs differentiation

D1Pas1

0 48 96
hrs differentiation

Figure 6: Retinoic acid promotes the prolonged misexpression of germline genes in Kdm5c-KO
epiblast-like cells. A. Diagram of male embryonic stem cell (ESC, yellow) differentiation into epiblast-like
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cell types and culture conditions. C. Hierarchical clustering of germline gene expression in Kdmbc-KO cells,
the number of genes in each cluster identified. (Legend continued on next page.)



Figure 6: Retinoic acid promotes the prolonged misexpression of germline genes in Kdm5c-KO
epiblast-like cells. (Legend continued.) D. Heatmap of germline DEG expression in Kdm5c-KO (5CKO)
cells at different differentiation time points and culture conditions, grouped by hierarchical clustering. Colors
indicate the scaled transcripts per million (TPM) expression of germline DEGs, with red being highest
expression and blue being lowest. E. Line plots of example germline genes in each cluster, displaying their
TPM at the different time points. Black - wild-type cells differentiated without retinoic acid, dark pink -
wild-type cells differentiated with retinoic acid, gray - Kdm5c¢-KO cells differentiated without retionic acid,
pale pink - Kdm5c¢-KO cells differentiated with retinoic acid.

EpiLLCs. Surprisingly, many germline genes within clusters 1, 2, and 4 also displayed increased
expression in wild-type cells at 48 hours, with or without RA, but are then repressed by
96 hours. This suggets differentiation itself turns on germline gene expression programs in
wild-type cells that are then decommissioned with prolonged differentiation. KDM5C appears
to be involved in this decommissioning process, as Kdmdc-KO exEpiLCs either fail to turn of
germline genes entirely (clusters 1 and 4) or have dampened but significant germline gene
overexpression compare to wild-type cells (cluster 2). Combined, clusters 1, 2, and 4 contained
about half of all Kdm5c-KO germline DEGs (RA-dependent: 159 genes, RA-independent:
149 genes), indicating RA greatly influences the manifestation of Kdm5c-KO germline gene
misexpression. However, we also found many germline DEGs whose aberrant expression
is independent of RA. Cluster 3 was the single largest cluster identified and these genes
decreased their expression across cellular differentiation regardless of RA status, but were
still significantly upregulated from wild-type cells at 96 hours (Figure 6E, bottom right).
Cluster 3 included germline genes that were only dysregulated in Kdmbc mutant Epil.Cs,
such as Dazl, but also germline DEGs expressed in Epil.Cs and the mature brain, like D1Pas]1.
Therefore, additional, unknown mechanisms influence which germline genes display long-term

de-repression in the Kdmbdc mutant brain and which are ultimately silenced.

Discussion

In the above work we characterized germline gene misexpression in Kdmdc mutants during the
embryonic period when the soma-germline boundary is typically established using an in vitro
cell culture model. This work supports previous evidence that proposed KDM5C suppresses

germline genes during embryogenesis due to loss of KDM5C binding at germline gene
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promoters in differentiated cell types*?. However, embryonic germline gene misexpression
had not yet been characterized in Kdmbc mutants and it was unclear if the identity of
misexpressed germline transcripts would change over the course of development. Additionally,
it was unknown if the impact of Kdmébc loss during embryogenesis would be the same in
males and females, since the expression of some germline genes is sexually dimorphic during
typical embryonic germ cell development. Furthermore, it was unknown if tissue identity and
cellular environment influences the manifestation of germline gene misexpression in Kdmbc
mutants. Characterizing these distinctions through the experiments above illuminates the the
molecular mechanisms underlying this unique phenotype. These results not only elucidate
fundamental mechanisms governing germline and somatic identity but also provides the
intellectual framework for testing the functional consequences of germline gene misexpression
(see Chapter 5).

Unlike our findings in the brain, we found female Kdmbc mutant Epil.Cs misexpressed
about twice as many germline genes than Kdmbc-KO males. Females expressing more
germline genes than males during embryogenesis then fewer later in life could be due to
the cells that are most severely impacted failing to survive and proliferate. Higher rates
of cell death in Kdmbdc mutants could also explain why we observe many meiotic genes
dysregulated in male and female EpiLLCs but not in the brain. While we currently do not
know if Kdmbc mutant cells have increased rates of cell death, it has been observed in ESCs
lacking the transcription factor Maz''*, which aberrantly express many of the same germline
genes as Kdmbc mutant ESCs and EpilLCs. In addition to Kdmdc mutant EpiL.Cs expressing
a handful of germline genes also found within the brain, we found both male and female
EpiLLCs expressed Stra8 and Dazl, two master regulators of germline identity and meiosis.
Excitingly, we found Dazl is translated into protein that is localized to the cytoplasm within
male Kdmbc-KO EpiLLCs, supporting our hypothesis that aberrant germline transcripts can
be functional. However, their functional impact may be limited to early development, as
DAZL regulates the translation of other germline transcripts and we did not observe Dazl
expression in the brain. If germline gene misexpression does contribute to MRXSCJ-related
phenotypes, further work determining if germline genes are translated within the brain will

ultimately inform the therapeutic window for treatment intervention.
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Of note, some germline genes, including DAZL, are also expressed in the 2-cell embryo,
the first developmental stage after fertilization when cells are still totipotent!*?. One recent
publication screening for suppressors of the 2-cell state in ESCs through a Dazl reporter
and also identified KDM5C as a DAZL suppressor along with other novel proteins''®. While
Kdmbce-KO ESCs primarily displayed overexpression of germline genes, some of which are
also expressed in the 2-cell state, they also found misexpression of a few 2-cell state-specific
genes. Kdmbc-KO DEGs specific to the 2-cell state included the transcription factor Duz, a
key regulator of totipotency in mice. However, unlike the three other 2-cell regulators they
investigated, misexpression of Dazl in Kdmbc-KOs was independent of Dux expression. We
did not observe Dux dysregulation in our Kdmdc-KO ESC or EpiLC RNA-seq datasets, but
we did observe overexpression of Zscanja-f in EpiLLCs, a group of 2-cell genes that are also
expressed in the mouse ovary and testis (data not shown). Altogether, these data indicate
KDM5C primarily acts as a suppressor of germ cell genes, but the overlap between 2-cell and
germ cell genes can also lead to a 2-cell-like state in ESCs with Kdmdc loss.

Interestingly, this study also found KDM5C’s suppression of DAZL in ESCs was indepen-
dent of its catalytic activity''®. Dazl, along with other germline genes, is initially silenced in
ESCs by repressive histone 2A lysine 119 monoubiquitination (H2AK119ub1) and histone 3
lysine 9 trimethylation (H3K9me3), but then later fully decommissioned in EpiLCs by de
novo DNA methylation by DNMT3A and B!%1%_ Since KDM5C’s substrate (H3K4me3)
can repress de novo DNA methylation!'?, KDM5C’s catalytic activity may only be required
once ESCs undergo differentiation for long-term silencing. Indeed, another study found DNA
methylation is eroded at the promoter of at least two germline genes transcribed in the mature
Kdm5c-KO brain?. If this is the case, the observed rescue of Dazl repression by catalytic
dead KDM5C in ESCs could be due to KDM5C stabilizing the binding of other chromatin
regulators at DAZL’s promoter. Further experiments testing catalyitic dead KDM5C during
ESC and EpiLLC differentiation are required to tease apart these two possibilities. Nevertheless,
we did observe aberrant accumulation of H3K4me2/3 at Kdm5c-KO germline gene promoters
in EpiLL.Cs and in the mature amygdala, suggesting KDM5C typically erases these marks in
wild-type cells. However, it is still unclear if this H3K4me2/3 accumulation directly impairs

long-term germline gene silencing or if their transcriptional repression occurs independent of
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KDM5C’s catalytic activity.

We additionally demonstrated misexpression of germline genes during Kdmbc mutant
embryogenesis leads to their transcription in multiple Kdmbc-KO somatic tissues later in
life, indicating all somatic tissues and cell types are impacted to some degree. Out of all
our Kdmbc-KO RNA-seq datasets, we observed the most robust dysregulation of germline
transcripts in EpiLCs. The P6 forebrain had the second highest number of germline-enriched
mRNAs and this further decreased in the adult Kdmbc-KO brain. The P6 liver had the lowest
number of germline DEGs, potentially suggesting the brain is more sensitive to prolonged
germline gene misexpression. While cell heterogeneity likely masks the dysregulation of some
germline DEGs given that RNA sequencing was done in bulk, it is striking that very few
germline DEGs were shared between datasets. These results suggest developmental cues can
greatly influence the long-term misexpression of germline genes. We tested the influence of
vitamin A, the precursor for retinoic acid (RA), as it is an important morphogen for cell
growth and differentiation in multiple tissues'!®!? RA exacerbated the misexpression of
many germline genes at one or multiple time points as Kdmdc-KO ESCs differentiated into
exEpiLL.Cs, including the meiotic genes Stra8 and Sycp3. Interestingly, some germline DEGs
that we had previously classifed as brain-specific were expressed only when Epil.Cs were
exposed to RA for 96 hours, like Spag16. However, many germline DEGs also displayed a
steady decrease in expression over the course of ESC to exEpiLLC differentiation regardless
of RA exposure. While these genes included some that are not dysregulated later in life,
like Dazl, it also included genes consistently misexpressed in the Kdmdc mutant brain, like
D1Pas1. Thus, other, unknown cues influence which germline genes persist expression over
the course of Kdmdbc mutant development and which were decomissioned. Meiotic genes in
particular were almost exclusively observed in EpilL.Cs and not identified in later Kdmdc
mutant tissues. Given the misexpression of these genes can lead to genome instability'?!, their
loss later in life could be due to repression by unknown, secondary surveillance mechanisms

or death of the cells the most severely impacted, as discussed above.
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Chapter 5 - Consequences of Ectopic
Germline Gene Expression Upon

Neurodevelopment

Introduction

“Structure dictates function” is a foundational principle of biology that also holds true for
the chromatin landscape. Chromatin marks across the genome influence which genes are
transcribed, ultimately determining what tasks a cell can perform and how a cell responds
to external stimuli'*!2. Germ cells have a highly specialized transcriptome™12? because of
their unique functions, including but not limited to the meiotic reorganization of genetic
material, maintaining genome integrity for future generations, and re-establishing sex-specific
genomic imprinting. Ectopic transcription of germline genes with the loss Kdmdc suggests
the chromatin landscape in somatic cells has fundamentally shifted towards a germline fate.
Therefore, this deviation in chromatin structure opens the possibility that Kdmbdc mutant
somatic cells acquire aberrant germline related functions. It is currently unknown if ectopic
germline genes cause functional changes in Kdm&c mutant cells and if these changes impact
the development of the Kdmdbc mutant brain’s transcriptome.

While the vast majority of germline genes have never been studied in neurodevelopment,

some studies have investigated their functional consequences when expressed in other, non-
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traditional contexts. In ESCs, loss of the transcription factor Myc-Associated factor X
(MAX), a key member of the PRC1.6 complex'%, results in aberrant transcription of Stra8,
Dazl, and Sycp3'**. These genes are fundamental for meiosis in germ cells and are also
expressed in Kdmbc mutant ESCs and EpiLLCs. Even in stringent culture conditions to
maintain ESC identity, Maz-null ESCs displayed meiotic leptotene and zygotene-like SYCP3
staining, increase in the double strand break marker gamma H2AX, and the increased rates
of apoptosis!'4. Interestingly, additional loss of Stra8 in Maz-null ESCs rescued both meiotic
morphology and cell survival''4, demonstrating that the additional loss of master germline
regulators can rescue the deleterious effects caused by misexpression of germline genes. A few
studies in non-mammalian models have also observed functional consequences to germline
gene misexpression outside of early embryogenesis. In Drosophila and C. elegans, somatic cells
repress germline gene expression through the chromatin-regulatory complex Drosophila RBF,
E2F, and Myb or Myb-MuvB (dREAM/MMB)!?. Loss of dREAM/MMB complex members
in C. elegans results in the somatic misexpression of P granule genes'?*, a subcellular RNA
and protein structure unique to germ cells that are essential for germline specification in
C. elegans?>12%. These somatic cells also displayed germline-like features such as enhanced
RNA interference (RNAi) activity'?!, a mechanism of genome defense abundant within germ
cells'”. In Drosophila, loss of AREAM/MMB complex member lethal (3) malignant brain
tumor (1(3)mbt) leads to brain tumors that express germline-specific proteins, such as PIWI,
VASA, and AUB!8. Additionial deletion of these germline genes suppressed tumor growth,
suggesting the runaway proliferation of these cancerous cells is due to acquisiion of ectopic,
germline-like proliferation and immortality. Together, these studies indicate misexpression of
germline-enriched genes can manifest germline-like functions within somatic cells which can
then be rescued by their suppression. However, it is currently unknown if somatic acquisition
of germline characteristics contributes to neurodevelopmental impairments, as the impact of
ectopic germline transcription has yet to be investigated within the mammalian brain.

In the preliminary work below, we interrogated manifestation of two germline-like char-
acteristics within Kdmbc mutant somatic cells - dysregulation of genomic imprinting and
transposable element repression. Canonically imprinted genes are those exclusively tran-

scribed from either the maternal or paternal chromosome and this expression pattern is
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established in the germline through imprint erasure and then placement of sex-specific DNA
methylation'?®. We observed widespread dysregulation of imprinted gene expression within
the Kdmbc mutant Epil.Cs and brain tissues, including some whose dysregulation is linked
to MRXSCJ-reminiscent phenotypes. Our ongoing work will investigate if overexpression of
imprinted genes is caused by a germline-like loss of genomic imprinting or upregulation of the
already expressed allele through allele-specific RNA sequencing. We additionally found Kdmac
mutant cells also express germline genes important for the biogenesis of PIWI-interacting
RNAs (piRNAs), a class of short, non-coding RNAs enriched in germ cells. piRNAs are
thought to help maintain germ cell genome integrity by repressing the expression of transpos-
able elements (TEs), stretches of DNA that can move throughout the genome. We found male
Kdmb5c-KO EpiLLCs displayed global downregulation of TEs, indicating hyperactivity of the
piRNA pathway. Surprisingly, Kdm&5c mutant females showed both up and downregulation of
TEs. Ongoing work will evaluate if piIRNAs themselves are overexpressed in male and female
Kdmbc mutant EpiLCs and determine if TE dysregulation is due to aberrant germline gene
expression through shRNA knockdown of the master regulator Dazl.

Finally, assessed the overall impact of aberrant germline gene expression upon the Kdmdc-
KO brain transcriptome by genetically blunting the translation of germline mRNAs through
additional Dazl deletion. We found the additional heterozygous loss of Dazl during Kdmbc-
KO development ameliorated the transcriptional dysregulation caused by Kdmdc loss alone.
We found this rescue was not specific to germline transcripts, indicating Kdmbc-KO;Dazl-
heterozygous double mutation partially restored the brain’s overall developmental trajectory.
We are currently investigating if this transcriptional rescue ameliorates Kdmbc-KO neuronal
impairments, such as impaired dendritic arborization, homeostatic synaptic plasticity, and
MRXSCJ-related behavioral changes. Ultimately, the completion of this work will provide
insight into the consequences of blurring the soma-germline boundary and potentially provide
the intellectual basis for pursuing novel therapeutic interventions for MRXSCJ and related

NDDs.
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Dysregulation of genomic imprinting and transposable

element expression with Kdmbc loss

Genomic imprinting

One potential consequence of somatic cells adopting a germ cell-like fate is the misexpression
of imprinted genes. In somatic cells, canonically imprinted genes are expressed exclusively
from either the maternal or paternal chromosome through the placement of allele-specific DNA
methylation!??. This parental-specific expression is achieved by erasing previous genomic
imprints in germ cells and establishing sexually dimorphic DNA methylation at 20 imprinting
control regions (ICRs). Tight regulation of imprinted gene expression is particularly crucial for
proper neurodevelopment, as dysregulation of genomic imprinting at one or multiple loci can
cause severe NDDs, such as Angelman’s syndrome and Prader-Willi syndrome!®. Therefore,
misregulation of imprinted genes offers a clear route by which germline-like characteristics
could contribute to neurodevelopmental impairments.

We first globally evaluated imprinted gene expression in our Kdmdc mutant bulk RNA
sequencing datasets. We found significant dysregulation of imprinted genes in all of our
Kdmbc mutant brain datasets, however Epil.Cs displayed the most widespread dysregulation
(Figure 7A). While imprinted DEGs were primarily upregulated in male and female brain
samples, XX and XY EpiLLCs showed significant up and downregulation of many imprinted
genes. Both XX and XY Kdmdc mutant EpilL.C and brain samples showed dysregulation of
maternally and paternally expressed genes, indicating their dysregulation is independent of
organismal sex. We then evaluated which imprinted DEGs were shared or unique between
Kdmbc mutant RNA-seq datasets. Epil.Cs displayed unique dysregulation of many famous
imprinted genes, including H19 and Igf2 (Figure 7B). Imprinted genes upregulated across
multiple Kdm&bc mutant datasets included Dik1 and Cdknlc (Figure 7C-D), two genes with
reported neuronal functions'! 133

Because H3K4me3 can impair the placement of de novo DNA methylation, imprinted
genes could be upregulated due to KDM5C loss directly rather than due to somatic acquisition

of germline identity. To evaluate if KDMb5C plays a direct role in genomic imprinting, we
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Figure 7: Dysregulation of imprinted genes in Kdm5c mutant males and females. A. Canonically
imprinted genes dysregulated in our Kdmbc mutant RNA-seq datasets. Paternally expressed genes are in blue
and maternally expressed genes in pink. B. Bigwigs of two imprinted genes dysregulated in Kdmdc mutant
Epil.Cs, H19 and Igf2. Wild-type and Kdmbc mutant tracks are overlaid, with the wild-type being the
darker color for each sex and sample. C. Bigwigs of DIk1, a paternally expressed imprinted genes significantly
dysregulated in Kdm5c-KO male EpiL.Cs, Kdm5c-HET female Epil.Cs, and the adult male Kdmbc-KO
hippocampus. (Legend continued on next page.)
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Figure 7: Dysregulation of imprinted genes in Kdmb5c mutant males and females. (Legend
continued.) D. Bigwigs of Cdknlc, a maternally expressed imprinted genes significantly dysregulated in
Kdmbc-KO male EpiLCs, Kdm5c-HET female EpiLL.Cs, and the postnatal day 6 male and female Kdmbc
mutant cortex and hippocampus. E. Heatmap of KDM5C ChIP-seq signals in EpiLCs (left, purple) and
primary neuron cultures (PNCs, right, blue) at imprinting control regions (ICRs) in wild-type and Kdmbc-KO
(5CKO) negative controls. Graphs generated by deeptools.

assessed KDM5C binding at cannonical imprinting control regions (ICRs), the 20 central
hubs that are differentially methylated in the male and female germline to regulate imprinted
gene expression (Figure 7E). KDM5C ChIP-seq in male EpiL.Cs and primary hippocampal
and cortical neuron cultures (PNCs) revealed some modest enrichment of KDM5C at ICRs
in EpiLCs but not PNCs. However, we did observe high background KDM5C signal in
Kdmbc-KO EpiLC negative controls. These results indicate KDM5C may have a modest role
in regulating ICRs during early embryogenesis. However, further experiments and analyses
are warranted to distinguish if Kdmdc mutant imprinting dysregulation is a direct effect of
KDMS5C loss, reflecting a shift towards germline-like identity, or a combination of the two.
If imprinted gene dysregulation in Kdmbc mutants is truly a consequence of germline-like
identity, we would rescue of imprinted gene dysregulation when germline genes are suppressed
through alternative mechanisms, such as Dazl shRNA knockdown. Of note, all of our current
Kdmbc mutant RNA-seq datasets cannot distinguish if upregulated imprinted genes are
biallelically expressed or due to upregulation of the already active allele. Therefore, we are
currently generating F1 hybrids of JF1 and C57/BI6 mice, which have frequent SNPs that
enable sensitive, allele-specific RNA sequencing, to elucidate if genomic imprinting is truly

lost in the Kdmdbc¢ mutant brain.

piRNAs and transposable elements

Another avenue by which germline genes could impact Kdm&bc mutant somatic cell function
is through the aberrant regulation of PIWI-interacting RNAs (piRNAs). piRNAs are short
non-coding RNAs (24-32 nucleotides long) that are highly enriched in the germline and were

134 However, emerging evidence suggests piRNAs are

originally considered germ cell-specific
lowly expressed in somatic cells, including neurons. piRNAs are thought to promote genome

intergity by repressing the expression of transposable elements (TEs), selfish pieces of DNA
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that can move and replicate throughout the genome. When germ cells reset the chromatin
landscape, the genome becomes highly vulnerable to TE expansion and deleterious insertions
could be inherited in future generations. We found multiple regulators of piRNA biogenesis
are aberrantly expressed in Kdmdbc mutant EpiLCs and a few are also dysregulated in brain
samples (data not shown). Both male and female Kdm&c mutant Epil.Cs also aberrantly
express many well known regulators of piRNA biogenesis, including Piwil2, and Mael'3

(Figure 8A-B, only male exEpiLC data shown).
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Figure 8: Aberrant expression of piRNA regulatory factors and transposable elements in
Kdmb5c mutant male and female EpiLCs. A. Bigwigs of Piwi Like RNA-Mediated Gene Silencing
2 (Piwil2, also known as Mili) expression in male wild-type and Kdmbc-KO extended epiblast-like cells
(exEpiLCs). B. Bigwigs of Maelstrom spermatogenic transposon silencer (Mael) expression in male wild-type
and Kdmbc-KO extended epiblast-like cells (exEpiL.Cs). C. MA plots of transposable element expression in
male and female Kdmbc mutant EpiLCs.

Since piRNAs are known to repress TEs in germ cells, we then assessed TE expression in
Kdmébe mutant cells through TEtranscripts® (Figure 8C). While we did not observe significant
changes in TE expression in any of our brain RNAseq datasets (data not shown), we did find
widespread dysregulation of TEs in Kdm&dc mutant EpiLCs. Interestingly, Kdmdc-KO male

EpiLCs displayed global downregulation of TE expression, consistent with our prediction
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of piRNA hyperactivity. However, the impact of Kdmébc loss on TE expression is sexually
dimorphic, as Kdmbc-HET and KO females showed both up and downregulation of TEs.
Further investigation is required to determine if dysregulation of TE expression in Kdmdc
mutants is a true reflection of germline-like features, a distinct phenotype caused by KDM5C

loss, or a combination of the two.

Amelioration of Kdmb5c-KO brain transcriptome dysreg-

ulation through genetic deletion of Dazl

To test if misexpressed germline genes negatively impact Kdm&c-KO neurodevelopment as a
whole, we blunted the impact of ectopic germline transcripts through the genetic deletion of
Dazl. As discussed above, DAZL is an RNA binding protein that regulates the translation

101 and we found its protein is aberrantly expressed

of many germline-specific transcripts
in Kdmbc mutant EpilL.Cs. Since a significant portion of Kdm5c-KO germline DEGs are
DAZL targets (see Chapter 4), we predict loss of DAZL will prevent their translation into
protein, ultimately dampening their impact upon somatic cell function. We generated double
mutant male mice harboring both knockout of Kdm&c and heterozygous loss of Dazl (Kdm&c-
KO;Dazl-HET) by crossing female Kdmb5c-HET mice with male Dazl-HET mice obtained
from Jackson Laboratory (Jax: 023802) (Figure 9A). Double mutant mice generated from
this cross have decreased expression of DAZL throughout life, including during the embryonic
time period when we predict DAZL protein to be aberrantly expressed based on our results
in EpiLCs (see Chapter 4).

We assessed the impact of additional Dazl loss on the Kdm&bc-KO brain’s transcriptome by
performing RNA-seq in the P6 cortex and hippocampus of male wild-type (WT), Kdm5c-KO
(5C), Dazl-HET (DZ), and Kdmb5c-KO;Dazl-HET double mutant (DM) mice. We then
identified which genes are differentially expressed from wild type in each mutant genotype
using DESeq2 (q < 0.1, log2 Fold Change > 0.2). As predicted given that Dazl has no known
function in the brain, we saw very few changes in mice with heterozygous loss of Dazl alone.

However, heterozygous loss of Dazl coupled with Kdm5-KO blunted the transcription of
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Figure 9: Additional heterozygous loss of Dazl ameliorates the transcriptional dysregulation in
the Kdm5c-KO male cortex and hippocampus. (Legend continued.) E. Bigwigs of the gene Aebp!
that is downregulated in the Kdmd&c-KO brain but shows rescue in the double mutant brain. F. Bigwigs of
the upregulated imprinted gene DIk! that shows rescue in the double mutant brain.

many Kdmbc-KO germline DEGs (Figure 9B).

To assess the overall impact of Dazl mutation upon the Kdmbc-KO brain transcriptome,
we performed hierarchical clustering on all Kdmbc-KO DEGs to assess how their relative
expression changes in the four genotypes (Figure 9C). Excitingly, we saw global amelioration of
Kdmbc-KO transcriptional dysregulation in Kdmbc-KO;Dazl-HET double mutants, including
suppression of non-germline genes upregulated upregulated within the brain. Most surprisingly,
genes downregulated in the Kdmbc-KO brain showed the most robust shift towards wild-
type expression levels (Figure 9C-E). Dampening of non-germline genes downregulated and
upregulated in the Kdmbc-KO brain indicates additional heterozygous loss of Dazl partially
restores the Kdmdbc-KO brain’s somatic identity and shifts its development towards a typical
wild-type course. In support of Dazl loss restoring the Kdmbc-KO brain’s somatic identity,
we also observed partial rescue of overexpressed imprinted genes (Figure 9F). However, more
experiments are required to determine if this rescue truly reflects a restoration of somatic
cellular identity or just further rescue of neurodevelopment, as DIkI can be biallelically

33 Nevertheless, these results do suggest

expressed in wild-type hippocampal neurons'
aberrant germline genes contribute to Kdm&dc mutant neurodevelopmental impairments, as
DAZL itself has no known function in the brain yet dysregulation of non-germline transcripts
was dampened with additional heterozygous loss of Dazl. Ongoing experiments will determine
if this transcriptional rescue is sufficient to ameliorate previously characterized Kdmbc-KO

neuronal phenotypes, such as reduced dendritic spine density and behavioral impairments3-%4,

Discussion

In the above work we provide the first, preliminary evidence that aberrant transcription
of germline genes can lead to functional consequences within Kdmdc mutant cells. We

first characterized the manifestation of two germline-related phenotypes: dysregulation
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of genomic imprinting and transposable element expression. Many canonically imprinted
genes are dysregulated in Kdmdc mutant EpilL.Cs and some of these genes show sustained
upregulation in the developing and mature Kdmbc mutant brain (Figure 7). Imprinted
genes uniquely dysregulated in EpiL.Cs included H19 and Igf2, which oppose one another to
regulate body weight?. Many imprinted genes are also known to play important roles in
neurodevelopment!3” and dysregulation of genomic imprinting causes the NDDs Angelman’s
syndrome and Prader-Willi syndrome!*°. Among imprinted DEGs genes was cyclin-dependent
kinase inhibitor 1c (Cdknic), a paternally imprinted gene that encodes the cell cycle regulator

7RIP2131 - Tnterestingly, mice with global, transgenic overexpression of Cdknic have pheno-

po
types similar to Kdmbc-KO mice, including small body size and enhanced social dominance
in the tube test’®. Another imprinted DEG consistently dysregulated across datasets is
Delta-like homolog 1 (DIk1), encodes a transmembrane regulator of cell growth and differenti-
ation. However, its possible DIk1 overexpression in our brain bulk RNA-seq data reflects a
developmental stage transition in the brain rather a dysregulation of genomic imprinting itself,
given that DIkI is biallelically expressed in neurons during hippocampal development!?3. Our
ongoing work employing allele-specific RNA sequencing will help distinguish these possibilities.
Nevertheless, known roles for imprinted DEGs in neurodevelopment makes loss of genomic
imprinting a plausible route by which Kdmbc mutant germ cell-like characteristics could
functionally impact neurodevelopment.

We also found Kdmdc mutant cells aberrantly expressed many regulators of piRNA
biogenesis (Figure 8). piRNAs highly expressed in germ cells where they maintain genome
fidelity by repressing transposable element (TE) expression**139. However, some TEs are
expressed during germ cell development in a sexually dimorphic manner and may actually aid
in germ cell development!4?. We found that while TEs were unchanged in the Kdm&c mutant
brain, Kdmbc mutant EpiLLCs displayed widespread dysregulation of TEs. Interestingly,
TE dysregulation appears to be sexually dimorphic, as we found global suppression of
TE expression in Kdmbc-KO males while Kdmbc-KO and HET females had both up and
downregulated TEs.

Although piRNAs are heavily enriched in the germline, emerging evidence suggests weak

piRNA expression in somatic cells, including neurons. One study found neuronal piRNAs
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influence synaptic plasticity in Aplysia'*!, although to what extent this is true for mammalian

142 'While there is currently very little known about the relationship

neurons remains unclear
between piRNAs, TEs, and neurodevelopment, some studies have implicated piRNA and
TE dysregulation in NDDs'#3#4  Independent studies have found piRNAs are aberrantly
expressed in people with ASD'# and Rett Syndrome, another X-linked NDD caused by
loss of a chromatin regulator'#®. It is currently unknown if piRNA dysregulation is a cause
or consequence of neurodevelopmental impairments, as their roles in unimpaired neurons
are still unclear. One hypothesis linking piRNAs to neurodevelopment proposes that wild-
type neurons actually permit TE expression during neurodevelopment to generate beneficial
genetic diversity'4"!48. However, this strategy is risky as too much TE expression can lead to
deleterious mutations that impair neuronal function. Active research is ongoing to untangle
the role of piIRNAs and TEs in neuronal development and further characterization of their
expression in Kdmdc mutants may shed light onto this phenomenon.

Importantly, although these results provide early evidence of impaired genomic imprinting
and TE regulation in Kdmb5c mutant somatic cells, it is currently unclear if these germline-
related phenotypes are due to the misexpression of germline genes, a direct consequence of
KDM5C loss itself, or a synergistic effect between the two. Both genomic imprinting and TE
repression depend upon de novo placement of CpG DNA methylation, which can be blocked
by KDM5C’s substrate H3K4me3. While it is unknown if DNA methylation is impacted at
Kdmbc mutant ICRs or TE repeats, DNA methylation is lost at the promoters of at least two
germline genes in the Kdmbe-KO brain*?. Additional experiments are required to tease apart
these contributions, such as investigating imprinted gene and TE expression when germline
genes are repressed in Kdmbdc-KO cells through alternative approaches.

We also evaluated the overall impact of germline gene misexpression upon the developing
Kdmbc¢-KO brain transcriptome by performing RNA-seq on the postnatal day 6 hippocampus
and cortex of Kdmbc-KO;Dazl-HET double mutant mice. Given that DAZL promotes
the translation of many Kdmbc-KO germline DEGs, we predicted additional Dazl loss
would blunt the impact of aberrant germline transcripts during Kdmbc-KO development.
We found Kdmb5c-KO;Dazl-HET double mutation globally ameliorated the transcriptional

dysregulation caused by Kdmbc-KO alone, dampening the dysregulation of both germline and
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non-germline DEGs. Suprisingly, Dazl loss appeared to have the strongest effect upon genes
downregulated in the Kdmbc-KO brain. As KDM5C is primarily viewed as a transcriptional
repressor®!, downregulated genes are thought to be caused by secondary effects of KDM5C
loss. Therefore, their rescue in Kdmdc-KO;Dazl-HET double mutants suggests Dazl loss
shifted the Kdmb5c-KO brain towards a wild-type developmental trajectory. Dazl mutation
also dampened the overexpression of the imprinted gene DIk1, indicating blunting germline
gene misexpression can potentially rescue Kdmbc-KO germline-related phenotypes. However,
it is currently unknown if this partial restoration of the Kdm&c-KO brain transcriptome is
sufficient to rescue Kdmdbc-KO neuronal phenotypes. We have previously shown Kdmdc-KO
mice have decreased dendritic arborization in the amygdala and hippocampus and have
behavioral impairments in learning and memory, dominance and aggression, and social
interactions®%. The manifestation of these phenotypes in Kdm&5c-KO;Dazl-HET double
mutants and whether germline gene de-repression occurs in human patients will ultimately
inform the therapeutic potential of suppressing germline genes in MRXSCJ patients and
related disorders. Additionally, because our data suggests DAZL is only expressed very
only in Kdmbc mutant development, therapeutic inverventions would likely involve targeting
particularly harmful germline genes expressed in the brain later in life. Given these germline
genes have no function in the brain, future work identifying particularly harmful germline

genes could offer ideal drug targets with little predicted off-target effects.
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Chapter 6 - Conclusions and Future

Directions

The above work interrogates the impact of sex and cellular identity in chromatin-linked
neurodevelopmental disorders through the investigation of KDM5C. We found KDM5C
loss impacts the expression of both shared and distinct genes within the male and female
mouse brain. Some genes with sexually dimorphic dysregulation have known roles in learning
and aggression and may impact the manifestation of MRXSCJ-related phenotypes between
males and females. We additionally found both male and female Kdmdbc mutant brains
misexpress multiple tissue-specific genes, many of which only have known functions in germ
cells of the testis and ovary. Misexpression of germline genes within in the brain is due to
loss of KDMb5C-mediated germline gene suppression during early embryogenesis, resulting
in the aberrant expression of master regulators of germline identity in male and females.
This embryonic dysregulation of germline genes is exacerbated by retinoic acid signaling,
leading to germline gene misexpression in multiple Kdmbc mutant somatic tissues in a
tissue-dependent manner. We provided early evidence of germline-like phenotypes within
Kdmbc mutant somatic cells, including the dysregulation of imprinted genes and transposable
element expression. Finally, we found additional loss of the germline master regulator Dazl
dampened the transcriptional dysregulation observed in the developing Kdm&bc-KO brain,
including rescue of non-germline genes. The culmination of this work demonstrates KDM5C

loss leads to both shared and sexually dimorphic consequences during neurodevelopment,
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provides insight into the demarcation between somatic and germline identity, and offers a
novel route by which chromatin regulators are essential for neurodevelopment through their
maintenance of tissue identity.

Shared and distinct gene expression changes between Kdmdc mutant males and females
highlights the unique relationship between the X chromosome, sexual dimorphism, repro-
duction, and neurodevelopment. The mammalian X and Y chromosomes evolved from an
ancestral autosomal pair that diverged and acquired sex-influencing genes over time, such as
the Y chromosome gene Sry that triggers testis development®®. Given only males inherit the
Y chromosome, it is not surprising many genes beneficial for male-specific development were
fixed on the Y chromosome across evolution. However, genes important for male-specific
reproduction are also enriched on the X chromosome, including genes fundamental for the
early stages of spermatogenesis. One potential explanation for male gene enrichment on the
X chromosome is hemizygous exposure - newly evolved recessive genes beneficial for male
reproduction are exposed in XY males but would be masked by the dominant allele if evolved
on autosomes'®®. These genes can then become rapidly fixed on the X chromosome due to
improved male reproductive fitness. However, genes don’t have to have sexually dimorphic
functions to become fixed on the X chromosome. While most genes are distributed among
the autosomes at random, genes important for brain function in both males and females are
also significantly enriched on the X chromosome!®. Mammals harboring novel mutations
that improve cognition would also have improved reproductive fitness due to enhanced social
communication and problem solving. X chromosome hemizygosity in males increases the
likelihood that these brain genes cause phenotypic consequences, enabling positive selection
to occur more rapidly and ultimately become fixed within the genome!2. Therefore, both
sex-specific and sex-independent genes that are beneficial for fitness and reproduction can
quickly accumulate on the X chromosome. Enrichment of both reproductive and neuronal
genes on the X chromosome may explain why KDM5C, the only H3K4 demethylase on
the mammalian X chromosome, has evolved to regulate these processess. Further work
investigating the evolution of KDMbs and whether ancestral KDM5C initially emerged on
the X chromsome or autosomes will further illuminate this relationship.

Due to erosion of the Y chromosome over evolution, relatively few X chromosome genes
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have surviving Y chromosome homologs. However, the functions of X-Y pairs are not always
conserved over time and their divergence could contribute to sexual dimorphism. For example,
KDM5C’s Y chromosome homolog, KDM5D'3, is a much weaker H3K4 demethylase than
KDM5C?. Additionally, if KDM5D has a role in neurodevelopment, its function is likely
distinct from KDMb5C given that is is unable to compensate for hemizygous loss of KDM5C
in males with MRXSCJ. Differences in function between KDM5C and KDM5D makes
KDM5C’s partial escape from X chromosome inactivation particularly interesting. Since
KDMS5D is unable to compensate for KDM5C loss in males, increased KDM5C expression in
females suggests females require more KDM5C than males for normal brain function. This is
supported by the fact that heterozygous loss of KDM5C in females results in gene expression
changes and behavioral phenotypes, even though their KDM5C level should be equivalent to
unaffected males. Females also appear to require more KDM5C than males for germline gene
repression, since Kdmbc-HET female EpiLL.Cs have about double the number of germline DEGs
than Kdmbc-KO males, even though they still express some functional KDM5C. Interestingly,
this indicates female EpilL.Cs require more KDM5C to maintain somatic cellular identity
and are therefore more prone to transitioning to a germ cell-like state than males. Thus,
KDM5C’s repression of germline identity may be directly linked to its sexually dimorphic
expression.

While KDM5C does have some sexually dimorphic functions, our data indicates KDM5C
acts during early embryogenesis in both males and females to repress germline genes when
the initial soma-germline boundary is established in epiblast stem cells. Intriguingly, KDM5C
was recently demonstrated to facilitate X chromosome inactivation (XCI) in females during
this developmental stage through the activation of an Xist enhancer®. Expression of both X
chromosomes in female Kdmdc -KO cells could itself be a germline phenotype, as female germ
cells re-activiate their inactive X chromosome to undergo meiosis?®. Thus, KDM5C may act a
central repressor of the germ cell state within somatic tissues, rather than germline phenotypes
being a secondary consequence of somatic cells expressing germ cell gene expression programs.
Elucidating if KDMb5C plays direct roles in imprinted gene regulation and transposable
element silencing will shed light on this distinction. Of note, even though many germline

genes are on the X and Y chromosomes, germline DEGs in both males and females are
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were found on sex chromosomes and autosomes. This indicates germline genes expression in
Kdmbc mutant females is not simply a consequence of failed XCI. If KDM5C does repress the
germ cell state, KDM5C should either be unexpressed in germ cells or its function changed
through alternative splicing or association with distinct co-factors compared to somatic cells.
Further investigation into KDM5C’s role in somatic versus germ cells may illuminate key
mechanisms underlying multicellularity and help improve in vitro germ cell culture models
and fertility treatments.

KDM5C’s role in tissue identity is not limited to germline gene repression, as we observed
the misexpression of many other somatic tissue-specific genes within the male and female
Kdmbc mutant brain. Interestingly, neurons and germ cells are currently the only known
cell types with a specific mechanism to prevent their genes’ ectopic transcription. Analogous
to PRC1.6’s role in decommissioning germline genes, neuronal genes are actively repressed
outside the nervous system by the REST (RE-1 silencing transcription factor) complex!5415%,
The importance of decommissioning neuronal and germline genes may lie in the fact that
the brain and the testes have the two most specialized transcriptomes in the body™>!22,
and thus all the other organs may suppress these germline or neuronal genes for proper
tissue function. Alternatively, other tissue or cell-specific complexes may exist but have
gone unnoticed given the misexpression of their relatively few genes would be less apparant
compared to neuronal and germline genes. Nevertheless, our data indicates KDM5C plays
a pivotal role in suppressing multiple tissue-specific genes. In support of this, KDM5C is
also associates with the REST complex to repress neuronal genes in non-neuronal cells!!2.
Therefore, KDM5C may have a currently unexplored, ancestral role in the development of
tissue identity and multicellularity.

Currently, the most pressing question unaddressed by the above work is: does loss of
KDM5C leads to germline gene misexpression in humans? Ongoing experiments in our
lab aim to address this question through MRXSCJ patient blood samples and human ESC
cultures. While it is unclear if KDM5C’s role in germline gene repression is conserved between
mice and humans, there are other chromatin-linked neurodevelopmental disorders that display

misexpression of germline genes in humans!®. Loss of the de novo DNA methyltransferase

DNMT3B causes the NDD Immunodeficiency, Centromere instability, Facial anomalies
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syndrome 1 (ICF1 MIM: #242860)'%7. Phenotypes of ICF1 are highly heterogeneous with
varying degrees of penetrance but commonly include facial dysmorphism, recurrent infections,

158,159~ Mouse models of ICF syndrome have ectopic germline

and intellectual disability
gene expression throughout the body, including the brain!®?, and ICF1 patient blood cells
show hypomethylation and expression of several meiotic germline genes. Aberrant germline
transcripts are also found in other mouse models of chromatin-linked NDDs, such as Mecp?2,
GYa/Glp'%5. However, it is currently uknown if these aberrant germline transcripts contribute
to patient symptoms or mouse phenotypes. Thus, elucidating the impact of ectopic germline

transcripts with loss of KDM5C will provide a novel lens with which to view these related

disorders.
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