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Chaper 1

The brain and causes of neurodevelopmental disorders

The brain lies at the foundation of what makes us human, as it not only regulates
most of our body functions, but it is also central to our cognition and thoughts,
defining our personalities, behavior and social interactions. How such a complex
organ is formed during development has fascinated biologists for centuries, and we
are now living in a technology driven era where knowledge gained through various
disciplines such as medicine, biotechnology, computational biology and neurosci-
ence enables us for the first time to get a glimpse on how these intricate processes
are genetically regulated. Understanding the developmental biology of the human
brain is not only of utmost importance for satisfying our own natural curiosity of
what makes us human, but also promises improvements and therapeutic options for
various disorders that affect the human brain, including neurodevelopmental and
neurodegenerative diseases, which, together, are a burden on society and have a
negative effect on the quality of lives of individuals'~.

One of the traditionally best studied parts of the human brain is the cerebral cor-
tex, which is responsible for cognition and sensorimotor activity. The development
of the cerebral cortex is a complex and dynamic process organized in three major
steps: (I) neural stem cell proliferation, (II) neuronal migration towards the cortical
plate, and (IIT) post-migratory organization (for further review see*?). Alterations in
any of these complex developmental stages can be responsible for the development
of neurodevelopmental disorders (NDDs), which are a heterogeneous group of dis-
orders, affecting more than 3% of children worldwide®’. Disorders belonging to
this group present with various clinical features, that include amongst others neuro-
developmental delay, intellectual disability, autism, epilepsy and malformations of
cortical development®’.

Although the list of causes of NDDs is long, and covers a wide spectrum ranging
from various environmental exposures including infections, to injuries to the central
nervous system such as perinatal asphyxia and traumata, many NDDs have a geneti-
cally encoded cause. These can vary from chromosomal aneuploidies, microdeletion
and duplication syndromes, polygenic and oligogenic causes, as well as monogenet-
ic diseases following all possible modes of Mendelian inheritance”!?. Establishing
a genetic diagnosis is crucial, as this allows counseling about the disease and its
prognosis, offers reproductive choices to parents and family members, and increas-
ingly more often leads to changes in clinical disease management, enabling tailored
care and personalized medicine’. Potential disease-causing genetic alterations can be
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detected using SNP-arrays that allow the detection of chromosomal imbalances, by
targeted analysis of genes that are high in the differential diagnosis, and by whole
exome sequencing (WES), an agnostic method of sequencing all protein-coding ex-
ons in a genome, that enables the detection of disease-causing variants in virtually
all protein-coding genes. Although the implementation of WES in the diagnostic
process improved the diagnostic yield of Mendelian disorders to ~25-30%'" and has
greatly accelerated disease gene discovery'®!>!7  still many cases of NDDs remain
genetically unexplained, which is a major problem in the field of human genetics.
This holds true even for cases where multiple affected individuals are found in the
same family, or other environmental causes have been excluded, strongly hinting at
a genetic cause.

A particular relevant group of NDDs where this applies to are developmental and ep-
ileptic encephalopathies (DEEs), which are a large group of individually rare, severe
genetic disorders, presenting with intractable seizures, severe to profound develop-
mental impairment (with an IQ usually below 40) and a wide range of comorbidities,
including psychiatric, sleep, gastrointestinal and gait disorders'®. Patients are typi-
cally empirically treated with multiple anti-seizure drugs, which are associated with
substantial toxicity'. Studies of DEEs limited to onset under age 18 months found a
combined incidence of 1:2,000 births?*?!. Currently, according to Online Mendelian
Inheritance in Man (OMIM) (https://omim.org/), more than 300 genes are known to
cause DEEs, many of which have been identified in the last decade using WES'*'5-22,
Despite each of these separate disease entities being extremely rare*, DEEs as a
group are the cause of significant morbidity affecting quality of life**?* and mortality
in childhood, with approximately 20% dying by 20 years. If newborn onset, 53%
of infants die by 2 years of age?’*. Furthermore, DEEs pose a significant economic
burden on communities with most patients being dependent on daily care requiring
lifelong support, thereby accounting for example for a major portion of the estimated
$12.5 billion epilepsy cost to Australia®**!, with a similar impact per capital in EU
countries®***. Progress has been made with personalized medicine and tailored ther-
apies, but to fully exploit these promises, accurate and early diagnosis of all patients
is needed. It thus remains crucial to determine the genetic cause of DEEs, as this is
the requisite first step towards development of tailored treatments that specifically
target the disease cause and not just address the symptoms3®>-4,

Given the genetic heterogeneity of DEEs, state-of-the-art genetic diagnostic tools
that are applied include gene-panel based and whole exome sequencing (WES) and,
less frequently, whole genome sequencing (WGS). Previous works?”#“** have shown
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that the diagnostic yield in DEE is at best between 30-55% even when using WGS,
leaving currently more than half of affected individuals without a genetic diagnosis,
and thereby excluding them from personalized treatments that require the genetic
cause to be known?**4° A lack of a genetic diagnosis also makes patients ineligi-
ble for precision medicine trials, excludes their parents from genetically informed
reproductive choices, and prevents accurate estimation of epilepsy causes. It is thus
of utmost importance to increase the diagnostic yield amongst these rare disease
patient groups, to increase options for treatments and tailored care, but also to better
understand the natural histories of defined genetic DEE entities and thereby improve
prognosis prediction and counseling.

Currently, even though WGS is increasingly being used in DEE diagnostics, analysis
of clinical WGS remains exome-focused, as protein-coding exons remain by far the
most knowledge-dense areas of our genome despite only comprising ~2% of all our
genetic information. Increasing evidence supports that genomic alterations outside
coding genes, located within the 98% of non-coding genome can cause genetic dis-
ease*>? and thus likely explain at least part of the missing heritability (e.g. the lack
of finding a disease-causing genetic variant despite the high suspicion of a genetic
disorder). This includes 1) deep intronic variants affecting mRNA splicing; 2) single
nucleotide variants (SNVs), insertions and deletions (indels), copy number (CNV)
and structural variants (SVs) disturbing the regulatory landscape of protein-coding
genes; 3) alterations affecting the expression and function of long non-coding RNAs
(IncRNAs) that can either be directly implicated in disease or indirectly affect regu-
lation of disease implicated genes®'*?; and 4) epigenetic alterations such as aberrant
DNA-methylation leading to gene expression perturbation. However, none of these
non-coding mechanisms of genetic disease are currently routinely assessed in DEE
diagnostics, or in the diagnostics of other NDDs, and this in fact might explain at
least part of the missing heritability that is observed in the clinical genetics field.

The hypothesis that disease-causing variants might be located in non-coding regions
of the genome, in particular those involved in regulation of protein-coding genes,
is supported by several arguments. First, genome-wide association (GWAS) studies
on multiple diseases have shown that more than 90% of disease-associated single
nucleotide polymorphisms (SNPs) are located outside of coding genes™, therefore
potentially in regions involved in transcriptional regulation. Second, the last decade
has witnessed enormous progress in our understanding of mechanisms involved in
gene regulation that find their origin in the non-coding genome, and it has become
clear that aberrant gene regulation can cause a variety of genetic disorders*’**>, Key

10
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elements in the non-coding genome such as promoters, insulators, and enhancers,
the latter also referred to as non-coding regulatory elements (NCREs), ensure that
genes are turned on or off at the right moment in time. When this tight spatio-tem-
poral regulation is disturbed, gene expression can be affected, resulting in a genetic
disorder. Although only very few large-scale genetic studies have investigated the
role of the non-coding genome in genetic disorders®*** it is clear from the number of
excellent studies that have recently been published>*-®, that the non-coding genome
plays an important role in health and disease. Finally, one and the same mutation can
show different degrees of severity in different patients, and this phenotypic variabil-
ity could likely be influenced by genetic variations outside of coding genes influenc-
ing gene expression®>’*7. Therefore, it thus remains crucial to gain more detailed
information on the functional relevance of the non-coding genome and its variants
from a basic science point of view, which promises translational progress leading
to improved diagnostics for NDDs and new avenues leading to future therapy de-
velopment. In the following paragraphs, I will discuss the role of the non-coding
genome in gene regulation (with a particular focus on enhancers), provide examples
of non-coding alterations causing genetic diseases, and review recently developed
technologies and computational approaches that facilitate current and future investi-
gations of the non-coding genome.

The non-coding genome and non-coding regulatory elements

According to the central dogma of molecular biology, there are three main processes
taking place in the cell: replication of the genetic information, transcription of DNA
into RNA, and translation of the RNA molecule into the final functional product,
the protein’. As one of the main surprises from the Human Genome Project, it is
now well established that more than 98% of the human genome does not encode
proteins’. These non-protein-coding regions were initially considered as junk DNA,
which was assumed to be redundant and under no selective pressure, thus allowing
for the accumulation of mutations without any harm to the organism’®”’. However,
several structural elements of non-coding DNA have now been described that regu-
late gene expression, by determining the 3D genomic organization critical for cor-
rect gene regulation. Regulation of gene transcription is particularly crucial during
embryonic development, when a single cell needs to differentiate into distinct cell
types and to establish diverse gene expression programs in order to acquire a broad
range of phenotypes, while maintaining the same genotype. This is achieved by a
tight spatiotemporal regulation of gene expression, that allows the transcription of
the right gene, at the right level, in the right cell type, and is executed by the interplay

11
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between enhancers and gene promoters confined to the “playfield” established by the
3D organization of the genome. It is important to keep in mind in the following para-
graphs that gene regulation, unlike coding DNA, needs to be seen from a non-linear,
3D perspective where regulatory elements need to interact with target genes on long
distances.

Chromatin organization

Genomic organization comprises efficient DNA packaging in the limited space of the
nucleus while allowing for DNA replication and gene expression. First, nucleosomes
are formed, in which 147 base pairs of DNA are wrapped around 8 histone proteins
linked to each other by DNA stretches of various lengths. This beads-on-a-string or-
ganization forms the basis of a 10-nanometer chromatin fiber that is typical of open
chromatin, also known as euchromatin. This differs from tightly packaged heteroch-
romatin, where multiple histones wrap into a 30-nanometer fiber consisting of nucle-
osome arrays in their most compact form. As a result of this, chromatin is organized
into active and inactive compartments that are either open or condensed and which
vary in size between 1 to 10 megabases (Mb). Inactive compartments are often found
in association with the nuclear lamina, whereas active compartments are more likely
to be found in other regions of the nucleus’™. Regulatory elements such as enhancers
and promoters and actively transcribed genes are located in open-chromatin regions,
so that they are accessible for the transcriptional machinery. Various post-transla-
tional epigenetic modifications of histones put in place by chromatin modifying en-
zymes can alter the accessibility of chromatin and can thereby influence how chro-
matin is packaged and whether it is more or less likely to be active. For example,
histone acetylation results in increased chromatin accessibility and makes chromatin
more available for the binding of regulatory proteins, such as transcription factors
(TFs). Many studies focused on a wide variety of histone modifications”*, and have
led to a draft of a histone code, where various histone modifications are indicative of
the functional role that the chromatin has at those places that are modified. For ex-
ample, putative enhancers are enriched in chromatin regions surrounded by histone
3 lysine 4 monomethylation (H3K4mel) and lysine 27 acetylation (H3K27ac), while
promoters are marked by histone 3 lysine 4 trimethylation (H3K4me3). Insulators
are responsible for organizing chromatin at a sub-compartment level. They are often
bound by the TF CTCF (also known as 11-zinc finger protein or CCCTC-binding
factor)® and establish the boundaries of so-called topologically associating domains
(TADs). TADs are usually <1 Mb in size and delineate those regions of our chro-
mosomes in which sequences interact preferentially with each other rather than with

12
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elements in other regions of the genome. The prevailing model is that these TADs are
formed by the dimerization of two CTCF molecules binding the boundaries of a TAD
and are stabilized by the interaction with the ring-shaped cohesin complex through
a process called loop extrusion®*, Inside TADs, smaller DNA loops are formed to
allow enhancer-promoter interactions and thus regulation of transcription®*#>. These
enhancer-promoter loops, similarly to the CTCF-mediated loops, are thought to be
established by the binding and dimerization of the TF YY1 and its interaction with
the cohesin complex (Figure 1),

Figure 1: Regulatory enhancer-promoter interactions are restricted within the TAD region. The
genome (here represented as a black line) is tightly packaged and organized in topologically associating
domains (TADs) established by the binding of CTCF to insulator elements, followed by dimerization
and interaction with the cohesin complex. In order to establish the enhancer-promoter loops required
for transcriptional regulation, enhancers and their target gene should reside in the same TAD. These
regulatory loops are formed by the dimerization of YY1 and its interaction with cohesin. The enlarge-
ment is a simplified scheme of transcription initiation (the size does not reflect the actual dimension
of each component). Transcription factors (TFs) bind on the enhancer element, while the pre-initiation
complex formed by the RNA Pol II and the general TFs assembles at the promoter region. Mediator
establishes the connection between enhancer and promoter via interactions with TF and pre-initiation
complex components, without binding to DNA. Mediator regulates the phosphorylation of the RNA Pol
II in order to release it from the promoter and start transcription.

Enhancers and their role in gene regulation

Correct spatiotemporal gene expression is ensured by the activity of promoters and
enhancers, two crucial classes of cis-regulatory elements. Promoters are located
around the transcriptional start site (TSS) of genes and are essential to initiate tran-
scription. Enhancers are positive regulators of transcription®®, whose location rela-

13
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tive to the TSS of the gene they control varies from adjacent to the promoter, to many
kilobases (kb) upstream or downstream of it, and can even be located in introns,
also of other genes. Moreover, besides acting in a position-independent manner, en-
hancers can regulate transcription irrespective of their orientation. A classic example
of a long-range regulatory element is the limb SHH enhancer, which is located ~1
Mb away from its target gene®. In addition, one enhancer can regulate several genes,
and at the same time each gene can be regulated by multiple enhancers. This creates
redundancy in the system that results in phenotypic robustness, and probably gives
advantages during evolution®. Therefore, the positions, identities, and arrangements
of enhancers ultimately determine the time and place that each gene is transcribed.
On a mechanistic level, enhancers directly influence the recruitment of the transcrip-
tional machinery to the TSS of genes®*®'. Crucial for this long-range control of gene
expression by enhancers is the formation of enhancer-promoter loops which prefer-
entially occur within the neighborhood of a TAD, by DNA bending. The general TFs
and the RNA polymerase Il bind to the promoter sequence, whereas the enhancer
sequences are bound by TFs, which orchestrate the rate of transcription initiation.

Transcription factors

TFs are proteins that regulate gene transcription. TFs have binding domains that
allow them to bind to specific DNA sequences. Enhancers include TF binding sites
(TFBSs) that typically consist of DNA motifs found at multiple sites in the genome,
but that are not necessarily all equally likely to be bound by the recognizing TF*2.
To provide higher than background activity, homotypic or heterotypic dimerization
of transcription regulators increases their DNA binding affinity and specificity (Fun-
nell and Crossley, 2012). TF binding itself can also be influenced by DNA methyla-
tion, which is established by DNA methyltransferases (DNMTs)*”. Moreover, if TF
binding prevents the DNA from re-wrapping around the nucleosome, it increases
the likelihood that a second transcription regulator binds the DNA, increasing the
cooperative effect to the extent of displacing the histone core of the nucleosome® .
Multiple TFs have been found to bind cooperatively in TF binding site “hotspots™®,
later called stretch enhancers® or super-enhancers (SEs)’®. The latter are described
as long regions with an increased density of enhancer elements characterized by a
strong enrichment of H3K27ac, and of TFs and Mediator binding®®*. On the one
hand, several studies suggest that SEs represent a novel class of NCREs that main-
tain, define, and control mammalian cell identity and whose transcriptional regula-
tory output is larger than that of the individual enhancer constituents'®-!%2, On the
other hand, an increasing number of studies have challenged this view and consider

14
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super-enhancers as a collection of normal enhancers that together do not have a larg-
er activity than the sum of the individual parts'®'*. Therefore, the debate on whether
SE is a new class of NCREs or whether they simply reflect a clustering of normal
NCREs within proximity remains to be settled.

What is clear from the above, is that our knowledge of complex gene regulatory
mechanisms has increased dramatically over the last decade and has provided in-
sights into many sophisticated processes that need to occur correctly for develop-
ment to proceed normally. Aberrations in many of the steps described above can
result in genetic disorders. For example, in recent years a large number of disorders
have been described that are caused by mutations in chromatin modifying enzymes
or proteins involved in 3D chromatin regulation!®-1%, Given the complexity of gene
regulation and the many contributing factors acting at different stages of this process,
it seems likely that many more will be discovered in the near future.

Enhancer in the context of genetic disease

As discussed, an increasing number of studies suggests that a high fraction of caus-
ative mutations in neurodevelopmental disorders such as intellectual disability and
autism, belong to pathways of transcriptional regulation and chromatin remodel-
ing'%319.11 Besides mutations in trans-acting factors such as TFs or chromatin mod-
ifiers, also mutations of NCREs in cis have been proven to be causative of disease
in an increasing number of cases. Since 1983, when an enhanceropathy causing the
mis-regulation of the B-globin gene in patients with B-thalassemia was reported ',
many disease-causing enhancer alterations have been reported, examples include
phenotypes, as diverse as ranging from oncology to limb malformations®6%-112-120,
This wide range of NCRE alterations can vary from point mutations affecting the
binding of crucial TFs, deletions or duplications of NCRE sequences, shuffling of
the genomic location of NCREs affecting their function (e.g. enhancer adoption),
or alterations in the global chromatin landscape disrupting borders of TADs, just to
mention a few. In the following, I will discuss some of these disorders, mainly those
affecting the brain, caused by alterations to NCREs (Table 1).

15
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Table 1: Alterations of non-coding regulatory elements in diseases related to the central nervous system

Disease Mutation Affected gene Ref
Holoprosencephaly Point mutation SHH 121
Aniridia Point mutation PAX6 122
Polymicrogiria in the Sylvian fissure Deletion GPRS56 123
Parkinson’s disease SNP SNCA 124
Schizophrenia Tandem duplications VIPR2 125

Adult-onset demyelinating leukodys- Deletion of TAD boundary LMNBI 126,127

trophy and deletions

Intellectual disability CNV ARX 128

A classic example is a pre-axial polydactyly caused by alterations of the zone of
polarizing activity regulatory sequence (ZRS), a long-distance enhancer that reg-
ulates Sonic hedgehog (SHH) expression in the embryonic limb**!?°, Next to point
mutations, also copy number variations (CNVs) such as duplications'’, and inser-
B31in this region have all been shown to cause polydactyly phenotypes, illustrat-
ing the wide range of alterations that can affect enhancer function and thereby result

tions

in a phenotype. Holoprosencephaly, a neurodevelopmental disorder characterized
by craniofacial malformations, can be caused by coding mutations in the SHH gene.
However, a point mutation in the SHH Brain Enhancer 2 (SBE2) was identified,
located 460 kb upstream of the SHH gene in a patient with an identical phenotype''.
This mutation was found to be disease-causing, as it disrupts the binding site of the
TF SIX3, thereby leading to reduced forebrain SHH expression. In agreement, muta-
tions in SZX3 can lead to holoprosencephaly'*2. A disease-causing enhancer mutation
is also found in the congenital eye malformation aniridia, that is often caused by
haploinsufficiency of the TF PAX6, that also plays crucial roles in neural stem cells.
A point mutation in the PAX6 eye-enhancer was found to disrupt PAX6 binding,
thereby affecting PAX6 expression'??. In another example, a 15-base pair deletion
in a regulatory element upstream of an alternative transcript of GPR56 was found
in 5 individuals from 3 families'?*. GPR5 mutation leads to widespread cobblestone
malformation with cerebellar and white matter abnormalities. In the patients car-
rying the 15-base pair regulatory element deletion, polymicrogyria was bilaterally
restricted to the Sylvian fissure, leading to a phenotype of speech delay, intellectual
disability and refractory seizures without further motor involvement. The authors
could show that the deletion disrupts an RFX binding site, and thereby specifically
alters the expression of GPRS56 in the perisylvian and lateral cortex, including the
Broca area that is the primary language area.

16



Introduction

Besides influencing disorders presenting early in life, diseases emerging later in life,
such as neurodegenerative disorders and schizophrenia, are increasingly linked to
NCREs variants. For example, a risk variant in an enhancer regulating a-synuclein
expression was recently shown to affect gene expression by altering the binding
of the TF EMX2 and NKX6-1'** and in another study, an Alzheimer’s disease-risk
variant overlapped with the microglia-specific BIN1 enhancer!**. In addition, tandem
duplications of the non-coding upstream region of V/PR2 have been observed in
cases of schizophrenia and resulted in upregulated VIPR2 expression'*. Also, CNVs
overlapping with NCREs in other schizophrenia related genes might be implicated
in the disease pathogenesis, influencing the disease vulnerability'**.

Multiple CNVs have also been associated with periventricular nodular heterotopia
(PNH), a brain malformation in which nodules of neurons are ectopically retained
along the lateral ventricles'®. Besides changing gene dosage, CNVs can also change
the dosage and position of NCREs, as well as the higher-order chromatin organiza-
tion of a locus*”-*¢. Similarly, copy-number-neutral structural variants, such as inver-
sions and translocations, can disrupt coding sequences or create fusion transcripts,
but these types of variants can also disrupt or create new enhancer landscapes and
chromatin domains, resulting in regulatory loss or gain of function. A clinical ex-
ample of such a structural variant that changes the 3D architecture of the genome is
the deletion of a TAD boundary at the LMNBI locus, which causes an enhancer to
regulate a gene that is normally not regulated by that enhancer (so-called enhancer
adoption). In this case, the enhancer adoption leads to adult-onset demyelinating
leukodystrophy (ADLD), which is a progressive neurologic disorder affecting the
myelination of the central nervous system'?’. More recently, deletions upstream of
LMNBI, varying in size from 250 kb to 670 kb, occurring in repetitive elements,
have revealed increased LMNBI expression and an atypical ADLD phenotype!?.
Other rare inherited structural variants in cis-regulatory elements might influence the
risk for children of developing autism spectrum disorders (ASDs), depending on the
parental origin of the structural variant'’’. Another study on autism using WGS on
more than 2000 individuals found that probands carry more gene-disruptive CNVs
and SNVs resulting in severe missense mutations and mapping to predicted fetal
brain promoters and embryonic stem cell enhancers'*. In addition, CNVs covering
the regulatory elements of the ARX gene might cause an intellectual disability pheno-
type!?®, and rare non-coding CNVs near previously known epilepsy genes were en-
riched in a cohort of 198 individuals affected with epilepsy compared to controls'¥.
Similar findings are reported for multiple system atrophy'*’ and non-coding variants
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might influence the expression of GLUT causing epilepsy'*'.

Two large-scale analyses focused on NCREs and their role in neurodevelopmen-
tal disorders have recently been performed. Using a targeted sequencing approach,
Short and colleagues studied de novo occurring genomic variants in three classes
of putative regulatory elements in 7,930 individuals suffering from developmental
disorders from the Deciphering Developmental Disorders (DDD) study and their
parents®®. The three classes of regulatory elements that they assessed consisted of
4,307 highly evolutionarily conserved non-coding elements'¥?, 595 experimental-
ly validated enhancers'¥, and 1,237 putative heart enhancers'*, together covering
4.2 Mb of genomic sequence. In the 6,239 individuals in which exome sequencing
did not find a disease cause, they found that conserved non-coding elements were
nominally significantly enriched for de novo variants, whereas in experimentally
validated enhancers, heart enhancers, and intronic controls de novo variants were
not enriched. When focusing only on conserved non-coding elements that had ev-
idence of activity in the brain, they observed an even stronger enrichment. Based
on their analysis, the authors estimate that only around 1-3% of exome-negative
individuals will be explained by de novo variants in fetal brain-active regulatory
elements. However, as in this study only de novo variants were assessed, and only
a limited set of regulatory elements was used which were already defined in 2010,
this is likely an underestimation of the possible impact of the non-coding genome
on neurodevelopmental disorders. Doan and colleagues performed a similar target-
ed sequencing approach assessing so-called human accelerated regions (HARs)*.
HARs are conserved regions with elevated divergence in humans and this might
reflect potential roles in the evolution of human-specific traits. This study provides
evidence that HARs can function as regulatory elements for dosage-sensitive genes
expressed in the central nervous system. Using data from a large cohort study in-
vestigating 2,100 sibling cases of autism spectrum disorder (ASD), they found that
de novo CNV’s affecting HARs, or HAR-containing genes, could be implicated in
up to 1.9% of ASD cases in simplex families. They then analyzed consanguineous
ASD cases using WGS from 30 affected and 5 unaffected individuals and designed a
custom capture array to sequence HARs in another 188 affected and 172 unaffected
individuals. Individuals with ASD exhibited an excess of rare (AF <0.5%) bi-allelic
HAR alleles (43% excess compared to unaffected, p=0.008), and this enrichment
further increased when only taking HARs into consideration that were likely active
as regulatory elements in brain. Using massively parallel reporter assays (MPRA),
343 bi-allelic HAR variants were functionally tested, and 29% of these were shown
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to alter the regulatory activity of the reference sequence. Therefore, the enrichment
of regulation-altering variants in HARs with predicted activity suggests that many
may contribute to the pathogenesis and diversity of ASD. They further functionally
validated their findings in three examples of bi-allelic variants in HARs identified
in ASD families, regulating the genes CUX!, PTBP2 and GPC4, further providing
evidence that the investigation of HARs is promising to solve currently genetically
unexplained disease cases.

Together, these examples support the increasing relevance of understanding NCREs
and their location in the non-coding genome from a disease point of view. In the
next sections, I will discuss technologies that are used to annotate and identify these
non-coding regulatory elements.

Genome-wide identification of putative enhancers

As introduced, transcriptional enhancers were first described as DNA sequences that
are able to enhance gene expression on an episomal plasmid (e.g. a non-integrating,
extra chromosomal circular DNA), irrespective of their location and orientation rel-
ative to the TSS31%; thus, enhancer identification was first limited to low-throughput
reporter assays, where small fragments of DNA were tested for regulatory activity
influencing reporter gene expression. The most widely applied experimental tech-
niques for genome-wide identification of putative enhancers at the endogenous ge-
nomic locus today do not rely directly on this functional property, but rather on fea-
tures that distinguish enhancers from non-regulatory regions at the chromatin level.
Indeed, enhancers are bound by TFs and transcription coactivators and are located
in open chromatin regions that are depleted from nucleosomes. The surrounding nu-
cleosomes have specific histone tail modifications, such as H3K4mel and H3K27ac.
Moreover, some enhancers are bi-directionally transcribed in so-called enhancer
RNAs (eRNAs). However, even though these features correlate with enhancers, oth-
er genomic regions share the same chromatin characteristics, and more functional
tests are required to prove that putative enhancers are indeed having a direct func-

tional role in gene regulation'*

. This led to the development of high-throughput
functional screenings, overall known as MPRAs that quantify the enhancer activity
of millions of sequences. In the next paragraphs, I will discuss the most widely used
techniques to identify putative regulatory regions (Figure 2, Table 2), and in the

following section, I will focus on high-throughput functional screens.

19



Chapter 1

A TF B
\
o~ ) Proximity \J
eRNA Fragmentation ligation
TF-ChIP-seq | ‘
TAD

Histone-ChIP-seq |M
ATAC-seq ‘ m

= 0O £ <o
AN

insulator ~ enhancer promoter insulator

GRO-seq |

Figure 2: Overview of the main techniques currently used to identify putative enhancer sequences
and their interacting genes. (A) Schematic drawing on a TF-bound enhancer, located in nucleosome
depleted DNA from which eRNA is transcribed. Below are representative genome browser tracks shown,
illustrating expected profiles for the same genetic region. Histone-ChIP-seq is illustrative for marks such
as H3K27ac and H3K4mel. (B) Cartoon representing the main steps of the workflow of Chromosome
conformation capture technologies: nuclei are cross-linked, chromatin is then digested and re-ligated by
proximity ligation. The two stretches of DNA that are normally located far away from each other (yellow
and green), are now ligated together and can be tested by PCR or sequencing. In the bottom part is indicat-
ed the output of the experiment, with which TADs and enhancer-promoter interactions can be identified.

20



Introduction

Table 2: Methods for the identification of non-coding regulatory elements (NCRE).

Method Description Advantages Disadvantages

ChIP-seq - Chromatin immunoprecipita- | -  Determines  ge- | - Not all enhancers are
tion of histone-modifications or | nome-wide  binding | marked by H3K27ac
Tfs coupled with NGS. patterns of protein of | or H3K4mel, or tested

interest TFs.
- Requires availability
of ChIP-grade antibod-
ies.
- Cannot determine en-
hancer activity.
- Cannot identify target
gene.

ATAC-seq - Identification of open chro- | - Fast. - Other elements are
matin regions by the trans- | _ Requires a low num- located in open chro-
poson TnS, that cuts the DNA | por of cells. matin regions.
and inserts sequencing adapt- | No need for any a pri- | - Cannot d.et.ermine en-
ers. ori knowledge. hancer activity.

- Cannot identify target
gene.

eRNA detec- |- Detection of the bidirec- | - Identifies enhancer - Not all active

tion tionally transcribed eRNA by | transcription enhancers are tran-

sequencing the nascent RNA scribed.
through techniques such as
GRO-seq or CAGE.

Chromosome | - Detection of topological in- | - Identifies en- | - Cannot determine en-

conformation | teractions between two loci | hancer-target gene in- | hancer activity.

capture (3C) or genome-wide (4C, 5C, | teractions.

Hi-C).

STARR-seq |- Identification of functional | - Identifies functional | - Episomal.
enhancers by a massively par- | enhancers. - Highly complex plas-

allel reporter assay where ac-
tive enhancers drive their own
transcription.

- Quantitatively mea-
sures enhancer activity.

- High-throughput.

mid libraries requiring
substantial number of
cells for transfection.

- Possible false nega-
tive results.

CRISPR-Cas9
screenings

- Endogenous manipulation of
enhancers to force their activa-
tion or inactivation.

- Identifies functional
enhancers.

- Can be high through-
put.

- Determines the en-
dogenous effect of en-
hancer manipulation.

- Off-target activity.

- Possible false nega-
tive results.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was first introduced more than 30 years ago
to study protein-DNA interactions'¥” and it follows three basic steps. First, proteins
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are covalently cross-linked to their DNA binding site by treating cells with form-
aldehyde. Chromatin is then sheared, and protein-DNA complexes are selectively
co-immunoprecipitated with an antibody against the protein of interest. Finally, the
cross-linking is reversed, and DNA is isolated and tested to identify the binding sites
of the protein of interest. In more recent years, the emergence of NGS technologies
allowed genome-wide mapping of these protein-DNA binding sites (ChIP-seq)'**!4.
ChIP-seq is now primarily used to identify putative enhancers across the entire
genome by immunoprecipitation of TFs, specific histone-tail post-translational mod-
ifications, including H3K4me1'*® and H3K27ac"!, and transcriptional coactivators,
such as the histone acetyltransferase p300/CBP'>? and Mediator®®. However, neither
the binding of a TF nor the presence of histone modifications provides definitive
evidence that a sequence acts as a transcriptional enhancer. For example, tissue-spe-
cific enhancers can have a certain degree of H3K27ac enrichment in tissues where
they are not active'>
activity when functionality tested'*. Several studies have used ChIP-seq for histone
modifications to predict enhancers during human brain development!'>>!5¢ and in the
adult brain'*""'°, and some have made direct comparisons to brains from other pri-
mates, providing important insights in the evolution of humans'>>!7.

, and not all H3K27ac marked DNA sequences show enhancer

Identification of open chromatin regions

As abovementioned, cis-regulatory sequences like enhancers are enriched in chro-

matin regions depleted from nucleosomes'®'!

162

, as nucleosomes would impede TF
binding'®®. These accessible DNA regions can be identified in a genome-wide fash-
ion thanks to several techniques such as DNase-seq, FAIRE-seq and ATAC-seq.
DNase-seq takes advantage of the hypersensitivity of open chromatin to nuclease
digestion. Briefly, cell nuclei are isolated, and DNA is digested with limiting con-
centrations of DNase 1. Fragments of about 500 bp are then selected and used for
library preparation and sequencing'®. FAIRE-seq (Formaldehyde-Assisted Isolation
of Regulatory Elements) is based on the separation of free and nucleosome-bound
DNA. Chromatin is cross-linked with formaldehyde to covalently bind nucleosomes
to the DNA, and then sonicated and purified by phenol-chloroform extraction. Nu-
cleosome-bound DNA is sequestered to the interphase, while accessible DNA can
be recovered from the aqueous phase and sequenced'®. Finally, the most recently
developed method ATAC-seq (Assay for Transposase Accessible Chromatin with
high-throughput sequencing) exploits the preference of transposons to land in open
chromatin regions. Shortly, the transposon Tn5, loaded with sequencing adapters,
is able to simultaneously cut the DNA and insert the adapters in a process known
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as tagmentation. The open chromatin regions where the transposon preferentially
inserts are then amplified with primers binding to the adapters and sequenced. Com-
pared to DNase-seq and FAIRE-seq, ATAC-seq is a simple and fast method that
requires less starting material and does not require gel-purification or cross-link-
ing reversal steps and is therefore less prone to loss of material'®. However, other
regulatory elements such as insulators or promoters are also located in accessible
chromatin'®'. Therefore, ATAC-seq should be used in combination with other tech-
niques that are more selective for enhancers. Moreover, these methods qualitatively
identify putative enhancers and do not allow the quantification of their activity; in-
deed, also inactive enhancers can be in open-chromatin regions'**'%. A major ad-
vantage of all techniques assessing chromatin accessibility compared to ChIP-seq is
that they screen for putative regulatory regions in an unbiased way, not requiring a
priori knowledge of enhancer binding factors and not being restricted to the use of
available ChIP-grade antibodies. A recent study has used ATAC-seq and RNA-seq
to determine open chromatin regions and gene expression at different gestational
weeks, and in different areas of the brain, i.e. the ventricular zone and the neuronal
layers, providing the first glimpse of open chromatin dynamics during fetal brain
development'’.

eRNA

Transcription of enhancer sequences was first reported in the early nineties in the Lo-
cus Control Region (LCR) of the B-globin gene cluster'®®17°, where it was found that
the expression of the LCR is restricted to the erythroid lineage. Later, transcription
of regulatory elements into enhancer RNAs (eRNAs) was validated genome-wide
with sequencing, at first, of total neuronal RNA'"', followed by sequencing of na-
scent RNA (GRO-seq, CAGE) in different cell types'”>'”*. Enhancer RNAs are gen-
erally bidirectionally transcribed and not polyadenylated'”" but reports of unidirec-
tional transcription and polyadenylation of eRNAs exist'”®. Enhancer transcription
was shown to correlate with the presence of other enhancer marks such as histone
tail post-translational modifications and p300/CBP and RNApollI binding!’>'", but
whether their expression is a cause, or a consequence of gene transcription is still
debated'””. If eRNA transcription has a direct functional role and is not just noise due
to the recruitment of RNApolll, the effect can either be mediated by the transcription
process itself or by the transcript produced upon transcription, which might have di-
rect cis-regulatory activity similar to other non-coding RNAs such as those involved
in X chromosome inactivation'’®!””, However, even if eRNA presence correlates
with enhancer activity at some loci, it seems that it is neither required nor sufficient
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in all instances'*. For example, a recent study assessing eRNAs in the brain only
found that around 600 intergenic and intronic enhancers are transcribed in eRNAs,
and this number even further decreased when considering only those eRNAs rep-
licated in an independent data set or overlapping with enhancer-associated histone
modifications'®, The FANTOM project has found a similar small number of eRNAs
in the brain, although the majority of those are not overlapping with those from Yao
and colleagues'”. The number of predicted brain-related enhancers based on other
assays by far outnumbers this rather small set of transcribed enhancers, indicating
that methods that just take eRNA transcription into account may oversimplify the
identification of putative enhancers and may not catch the complete regulatory land-
scape.

Long-distance chromatin interactions

All methods described until now identify putative enhancers but understanding
which genes they regulate remains a challenge. Indeed, despite often regulating
nearby genes, enhancers can also be found at long distances from the TSS of their
target gene. Moreover, it is becoming more and more clear that chromatin organiza-
tion plays an important role in transcription and, as abovementioned, enhancers and
promoters need to be brought in close proximity in order for transcription to take
place. In the past ~20 years several techniques have been developed to address this
question (reviewed in'*!'*?). The pioneering method, on which all the later develop-
ments are based, is known as chromosome conformation capture (3C) and relies on
the formaldehyde cross-linking of chromatin within nuclei, followed by restriction
digestion of chromatin and re-ligation by proximity ligation. The obtained fragments
represent the junction of two chromatin regions that are normally located far away
from each other on the linear genome, but are in close proximity in 3D space, and
these junction products can be quantified by PCR'®. 3C was developed to study
whether two known regions are interacting with each other and is thus described as a
“one vs one” method'®!. Further advances in 3C-based techniques allowed the iden-
tification of increasing numbers of contacts; for example, 4C, “one vs all”, allows the
identification of all the regions interacting with a specific site of interest'®*'®, while
5C, “many vs many”, investigates all contacts that are happening in a specific lo-
cus'®. Finally, high-throughput contact identification became possible with Hi-C'®".
Hi-C allows the identification of genome-wide interactions thanks to the introduc-
tion of biotin-labeled nucleotides at the sites of restriction-digestion. The ends are
then ligated, the chromatin is sheared, and the junctions are enriched by streptavidin
pull-down and sequenced. By the application of an algorithm on Hi-C data, TADs

24



Introduction

can be defined. To investigate all the genome-wide interactions involving a specific
protein of interest, HIChIP was developed, by introducing a chromatin immunopre-
cipitation step'®s. This method has the advantage that it requires less input material

and less sequencing reads. A conceptually similar method is called PLAC-seq'®.

Despite their capacity to identify enhancer-promoter interactions and thereby pieces
of chromatin with putative regulatory roles, chromatin conformation techniques have
the disadvantage of not directly measuring functional regulatory activity. Moreover,
in most cases, interactions are determined on a population level on a high number
of cells, which might only provide a snapshot of dynamic regulatory interactions.
Finally, the spatial resolution at which interactions can be determined is heavily
influenced by the sequencing depth of Hi-C experiments. Hence, there remains a
need for more functional tests to validate the regulatory activity of the identified
interactions. A recent study has generated Hi-C maps from cortical plate (CP) and
germinal zone (GZ) of the human fetal brain and from gestational weeks 17-18 of
human brain development, a critical time period for cortex development', permit-
ting the large-scale annotation of previously uncharacterized regulatory interactions
relevant to the evolution of human cognition and disease. For example, the results
of this study have linked several non-coding variants identified in GWAS to genes
and pathways involved in schizophrenia, highlighting novel mechanisms underlying
neuropsychiatric disorders.

High-throughput functional identification of enhancers

As previously highlighted, most of the commonly used techniques to identify regu-
latory elements are merely predictive, and do not directly measure enhancer activity.
Although there is no doubt that techniques such as ChIP-seq, open chromatin map-
ping and expression analysis have been of tremendous use to globally characterize
the gene regulatory landscape of the non-coding genome, it is still clear that there is
a need for improved techniques. In many instances, the identified putative enhancer
sequences fail to perform as enhancers in functional validation experiments, giving
rise to false positive enhancer predictions''; see'” for an excellent review). More-
over, the resolution of commonly used techniques usually allows the identification
of regions in the range of 500-1000 bp as potentially including an enhancer. But this
makes it difficult to pinpoint those nucleotides that are of real functional relevance
within a given predicted enhancer sequence, and this complicates, for example, the
assignment of functional roles of nucleotide variants found in the human popula-
tion. Finally, many of the currently used techniques take into consideration previ-
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ously identified knowledge on associations between epigenetic marks and putative
enhancers. This potentially excludes other regions of the genome to be functionally
assessed as they lack these associations but might nevertheless be functionally rel-
evant'®. Direct high-throughput functional tests of enhancer activity, such as mas-
sively-parallel reporter assays and CRISPR-Cas9 based screens have the potential to
address these shortcomings (Figure 3), as | will explain in this section.
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Figure 3: Methods for functional identification of enhancers. (A) Massively parallel reporter as-
says (MPRA) to test enhancer activity in an episomal setup. The putative enhancer sequence is cloned
upstream of a minimal promoter that drives the expression of a reporter gene and a unique barcode.
(B) With STARR-seq the putative enhancer sequence is cloned downstream of the reporter gene and
upstream of the polyA signal. When the enhancer sequence is active, it can drive the expression of the
reporter (green) and of itself. In both MPRA and STARR-seq, the mRNA is sequenced to identify the
active enhancers. (C) Cas9 can be used to knock out an enhancer at the endogenous genomic locus to
assess its effect on the target gene transcription. (D) A catalytically inactive Cas9 (dCas9) can be fused
with activators (A: VP64; TET1; p300) or repressors (R: KRAB; SID4X; DNMT3A; KDM1A). (E)
Cas9 screens can be combined with high-throughput screenings by targeting Cas9 expressing cells with
a lentiviral library of gRNA at a low MOI. By doing so, each cell will express a single gRNA and by
different selections, such as drug resistance or reporter gene expression, it is possible to investigate the
effect of the ablation of a large number of putative enhancers on gene expression in parallel.

Most traditional functional tests for enhancer activity are based on reporter assays,
in which a putative enhancer sequence is cloned into a vector with a reporter gene
driven by a minimal promoter that alone is not sufficient to induce reporter gene
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expression. The vectors are then transfected into a cell line or organism of interest,
and the reporter gene expression is determined®. MPRAs are high throughput re-
porter assays where DNA sequences are inserted before the minimal promoter of
a vector with a specific barcode sequence downstream of the open reading frame,
which allows the simultaneous assessment of thousands of sequences for enhancer
activity in parallel®®!19¢1419 After cell transfection, RNA can be purified and se-
quenced. If the sequence cloned into the vector is a functional enhancer it drives the
expression of the corresponding barcode. An adapted approach is Self-Transcribing
Active Regulatory Region (STARR) sequencing'®. STARR-seq takes advantage of
the fact that enhancers act in a position-independent fashion. Indeed, differently from
other MPRAs, STARR-seq does not rely on barcodes, but the candidate sequences
are cloned downstream of the TSS and, when active, drive their own transcription.
With this assay, millions of sequences can be tested in a single experiment. In both
cases, the activity of the enhancer can be measured by the relative abundance of
the barcode/sequence transcript from RNA-seq, in comparison to sequencing of the
input plasmids. Similar episomal high-throughput approaches have recently been
developed to also measure promoter responsiveness to enhancers** and autonomous

promoter activity?'.

The major advantage of these tests is that they are unbiased, since they are not based
on any a priori hypothesis about TF binding or histone modifications. Nevertheless,
the size of the human genome requires the construction and transfection of large
plasmid libraries, and thus substantial numbers of cells and deeper sequencing and
might therefore lead to a lower resolution. To overcome this limitation, it is possible
to focus STARR-seq only on putative enhancers, testing only the sequences identi-
fied with ChIP'>*, ATAC*? or other techniques®*?%. In our laboratory’s application,
we have combined ChIP with STARR-seq to generate genome-wide enhancer activ-
ity maps in various types of human embryonic stem cells'*.

Despite being incredibly useful to test millions of sequences for enhancer activity
in a high-throughput manner, reporter gene assays may have several limitations.
First, enhancer activity is tested most often on an episomal background, which might
not completely reflect endogenous gene regulation in its native genomic context?®,
Interestingly, recent studies suggest that the effects of this might be less strong than
initially suggested, as there is a high correlation between episomal enhancer activ-
ity and endogenous gene regulation when assessed by CRISPR-based deletions'™,
or when a set of enhancers is assessed on both plasmids and integrated at multiple

genomic locations®. Second, MPRAs may potentially give false negative results.
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Indeed, if a sequence is found inactive in a reporter assay, this does not exclude that
it is active as an enhancer in a different cell type, in a different moment in time or
has another, but still biologically relevant, role independent on enhancer activity®"’.

One way to overcome these possible limitations of transgenic reporter assays, is to
use the recently developed CRISPR-Cas9 system to manipulate NCREs at the en-
dogenous chromatin context. Cas9 is an RNA-guided DNA endonuclease that is able
to induce double-strand breaks that, in the absence of a donor template for homology
directed repair, are repaired by the error-prone non-homologous end-joining (NHEJ).
The enhancer sequence can thus be deleted, by targeting Cas9 with guide-RNAs
(gRNAs) flanking the enhancer sequence or be mutated by the introduction of indels
via NHEJ, allowing to test the effect of the enhancer ablation on gene expression in
the endogenous chromatin environment. Whereas this approach can be used to study
a selected enhancer of interest, as our laboratory did studying enhancers involved in
pluripotency of human embryonic stem cells'>, it can also be used in high-through-
put screenings with large libraries of gRNAs that are introduced in cells expressing
Cas9. Lentiviral transduction of gRNAs at a low multiplicity of infection can result
in a single gRNA integration per cell, and in combination with various means of
positive or negative selection, such as drug selection or assessment of reporter gene
expression, this can be used to investigate in parallel and on a large scale the effect
of multiple putative enhancer ablations on gene expression. To this end, large popu-
lations of cells are transduced, and the quantitative presence of gRNAs is determined
by next generation sequencing of isolated DNA prior and after a selection. If a se-
quence has an important role in gene regulation, the ablation of that sequence is ex-
pected to result in disadvantage for the cells, and therefore gRNAs targeting relevant
functional NCREs will be depleted over time. By comparing sequencing reads after
and prior to the selection, it is possible to determine which gRNAs are lost over time,
and as the targets of the gRNAs are known, the relevant NCRE can be identified. In
one of the first applications, DNA regions around the 7P53 and ESR! gene loci were
investigated, and it was shown that this approach was feasible to identify function-
al enhancers and, furthermore, using a dense CRISPR-Cas9 gRNA tilling screen,
functional domain within these enhancer sequences were precisely mapped®®. Us-
ing a similar approach, more than 18,000 gRNAs were used to test around 700 kb
of sequence flanking genes involved in BRAF inhibitor resistance in melanoma,
finding non-coding regions involved in gene regulation and chemotherapeutic resis-
tance?”. Other studies investigated putative enhancers involved in oncogene induced
senescence?!?, regulation of the HPRT gene involved in Lesch-Nyhan syndrome?!!
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and regulation of the POUSFI gene in embryonic stem cells?'>?"® | amongst oth-
ers?!*217, Besides genome engineering, CRISPR-Cas9 can also be applied to edit the
epigenome, and also this can be coupled to high-throughput screening. Indeed, by
fusing a catalytically dead Cas9 (dCas9), that lacks endonuclease activity, to various
functional domains it is possible to alter the status of a NCRE forcing its activation
or inactivation, referred to as CRISPRa and CRISPR, respectively. Functional addi-
tions to dCas9 leading to NCRE activation include transcription activating domains
such as multiple repeats of the herpes simplex VP16 activation domain (VP64)?1821%,
the nuclear factor-kB (NF-«kB) trans-activating subunit activation domain (p65) and
human heat-shock factor 1 (HSF1)*, the ten-eleven translocation methylcytosine
dioxygenase 1 (TET1)**!, and the p300 acetyltransferase*2. Opposingly, transcrip-
tion repressive domains that can be used to silence NCREs include Kriippel-associ-
ated box (KRAB) domain®*2?*, four concatenated mSin3 domains (SID4X)**, cy-
tosine-5-methyltransferase 3A (DNMT3A)*¢, Histone deacetylase 3 (HDAC3)*,
and the lysine-specific histone demethylase 1A (KDM1A), called dCas9-LSD1%%,
Several of these dCas9 fusion have been used to activate or repress NCREs, and a
number of studies have used them in high-throughput screening approaches, most
of which focused on NCRE repression*”-23? but some included also NCRE activa-
tion?323, It seems only a matter of time till more similar studies editing NCREs in
various cell types using the full CRISPR-Cas9 toolbox will be published. Obviously,
as all experimental approaches, also CRISPR-Cas9 has its pitfalls and is still far
from perfect. For example, reduced on-target activity and off-target effects of gR-
NAs can introduce experimental noise, and it remains essential that screening results
are validated independently. Also, it remains to be seen whether subtle enhancer ef-
fects on gene expression, that might still be of biological relevance, can be detected
using CRISPR-based screens.

Computational enhancer prediction

As it has become clear from the discussion above, currently used enhancer predic-
tion techniques heavily depend on computational data analysis, most often involving
the analysis of next-generation sequencing data. Besides the direct use of compu-
tational analysis for biological data processing, more and more efforts are being
undertaken to use computational power to predict functional NCREs in silico. We
broadly summarized these methods applied for genome-wide enhancer prediction in
three topics, focusing on 1) comparative genomics and evolutionary conservation, 2)
clustering of motifs and epigenome features and machine learning approaches, and
3) techniques that deal with the processing of data obtained in functional genomic
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screens. Here, we mainly focus on the advantages and disadvantages of some of
these methods and highlight several resources that can be used to obtain information
on genomic enhancer locations. We refer those readers who are interested in a more
detailed discussion on the various options for machine learning and other prediction
tools to a number of excellent recent reviews?>23%,

Comparative genomics and evolution in enhancer prediction

Functional sequences are expected to be more conserved compared to DNA stretch-
es that are not expected to have any role, as changing of nucleotide composition is
expected to alter function. This characteristic is exploited by comparative genomics
approaches that aim to identify enhancers by looking at the most conserved sequenc-
es across different species. This was one of the first computational approaches to
identify NCREs*%*, Nevertheless, different studies showed how some NCREs are
strongly conserved, while others are rapidly changing also in closely related-species,
rendering the solely use of comparative genomics techniques insufficient. For exam-
ple, Arnold and colleagues®! showed by STARR-seq of different Drosophila species
how, in the majority of the cases, enhancer function is conserved across species, and
the highly conserved enhancers are thought to play an important role during key
processes such as embryonic development, and especially in the developing nervous
system?°. However, several other studies suggest that a portion of enhancers under-
go rapid evolution, and that this might be a crucial driver of human evolution®*>%, A
subset of active enhancers in human embryonic stem cells is even enriched in human
specific transposable elements, and those functional regions would be missed if one
were to use only conservation as a key feature for enhancer selection'>*. Therefore,
although sometimes useful, evolutionary conservation alone for the discovery of
NCRE is not recommended as a sole criterion, as it would miss all the newly evolved
enhancers. Another extreme example of this are so-called ultraconserved elements,
stretches of DNA sequences that are more than 200 bp long and that are 100% iden-
tical in multiple species, such as human, rat and mouse**. Whereas some of these
sequences were shown to play a role as enhancers?7?#, others can be removed from

2% and it is speculated that some of these

the genome without an obvious phenotype
sequences might contribute to genome stability*°. Enhancers can also be identified
by the presence of specific TFBS, as TF binding is a key characteristic of these reg-
ulatory sequences. Indeed, combining conservation with TFBS site discovery can
further increase the predictive power of comparative genomic approaches. However,
even this does not guarantee enhancer identification, as during evolution novel TFBS

can appear which execute similar functions as the ones in the ancestry sequence®’.
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Enhancer prediction algorithms

Several types of enhancer predicting algorithms have been developed for integrating
multiple types of data, such as TF motifs, ChIP-seq, DNase-seq, ATAC-seq, and
P300 binding data sets for enhancer prediction by using clustering and machine
learning approaches, which include supervised and non-supervised algorithms. Su-
pervised machine learning algorithms rely on high-confidence positive and negative
training sets (e.g. known- and non-enhancers) to build models that can maximize
the differentiation between enhancer and non-enhancer sets. Examples of super-
vised algorithms that can identify enhancers include CSI-ANN?2, ChromaGenS-
VM3 RFECS**, EnhancerFinder*®, DEEP*’, DELTA*, PEDLA?’, REPTILE*®,
eHMM?* ~ PREPRINT?® CoRE-ATAC?*! PEREGRINE?® EnhancerPred?®,
GenoSTAN?*, CRUP2, DBN?% and ReFeaFi**’. Unlike supervised methods, unsu-
pervised methods do not require any training data and can identify hidden and un-
known patterns directly from data. Unsupervised algorithms such as Segway®*® and
ChromHMM?% integrate multiple types of epigenome data to define chromatin seg-
mentation that can be used to assign functional roles for various parts of chromatin.
Also other machine learning models based on convolutional neural networks have
been developed which identify and classify enhancers based on their strength such
as iEnhancer-2L%"°, iEnhancer-EL?"!, iEnhancer-ECNN?"2, iEnhancer-EBLSTM?7,
iEnhancer-GAN?’* and iEnhancer-RD?”.

One of the main problems of all these prediction programs is that we still lack a
detailed understanding of the underlying regulatory code in the non-coding genome.
Despite all the advances made over the last decade, we are yet to pinpoint a fea-
ture that can identify enhancers (and their activity) in all cell types. As most pro-
grams rely on previously generated training sets or on static features such as DNA
sequence motifs which by their own do not necessarily predict enhancers in each
instance, it is more than logical that despite the large number of efforts that are un-
dertaken, enhancer prediction programs are far from perfect. For example, although
chromatin segmentation is very intuitive and access to these segments can be easily
obtained from the UCSC genome browser, it is rather worrying that a recent study
testing more than 2000 sequences classified as enhancers using these methods did
not detect regulatory activity in 74% of the sequences tested!®!. Also, the overlap
between individual predictions from various programs is rather poor?’. Quite in-
tuitively, programs that take into account multiple features for enhancer prediction
tend to perform better?>52%8276 Therefore, it is tempting to speculate that future large-
scale meta-analyses of all currently available enhancer data might enable the further
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fine-tuning of enhancer prediction tools in the near future.

Another area where further progress needs to be achieved is the prediction of en-
hancer-promoter (E-P) interactions that can be used to assign NCREs to their target
genes. Recent advances in high-throughput experimental technologies such as HiC'®7,
ChIA-PET?"” and promoter capture Hi-C?"8, have been developed to assess E-P in-
teractions. However, the genomic resolutions to study E-P interactions are often low
and performing these approaches are technically challenging in some tissues and cell
types?”. An alternative to these experimental approaches are computational meth-
ods that predict E-P interactions based on either epigenomic data-based methods
or DNA sequence-based characteristics?’>?%, To the former group belong algorithms
such as ELMER 2 and InTAD. ELMER 2 computes the correlation between the en-
hancer and target genes by combining both DNA methylation and gene expression
data derived from the same dataset®™!, but is limited by the fact that correlations are
restricted to the closest neighboring gene, which does not necessarily present the real
biological relevant target gene®2. InTAD is a tool to detect genes located upstream
and downstream of the enhancer in the same TAD boundary and it can support
different types of data as input. The TAD information comes from available Hi-C
datasets®®, but the currently available ones have a low resolution and, until now,
have included only a limited number of cell types. Other epigenomic data-based
machine learning methods are RIPPLE?*, TargetFinder?®, EpiTensor?¢, JEME?¥
and FOCS?, which were trained using combinations of chromatin accessibility
data, histone modifications, and gene expression data to predict E-P interactions.
DNA sequence-based methods such as PEP?, EPIVAN?®, SEPT?”, SPEID*° and
EP2vec®!, identify E-P interactions by training different statistical models based on
DNA sequence features of given enhancers and promoters in one cell type, and allow
to predict possible E-P interactions in other cell types. Although these methods can
provide insights into putative E-P interactions, there are still a number of limitations.
These algorithms can work well when both training and test data come from the
same experiment, but perform worse when this is not the case. In addition, many of
the required input data for these tools are only available for a limited number of cell
lines or tissues, limiting their utility. One approach would be to integrate all avail-
able data from different tissues or cell lines to improve the above limitations, but
the redundancy of data among cell types, how to integrate experimental data from
different biological experiments and DNA sequence features into a single prediction
model, or how to optimize feature distribution across various cell types, are still
major challenges. Recently, using such a holistic approach, an Activity-by-Contact
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(ABC) model was established that allows to identify both enhancers and their target
genes based on chromatin accessibility (ATAC-seq), histone modifications (H3K-
27ac), and chromatin conformation (HiC)*2. This method first defines enhancers
based on ATAC-seq and H3K27ac ChIP-seq data, and subsequently predicts E-P
interactions based on HiC data. But given that the presently available HiC data have
low resolution and have so far only been generated for a limited number of cell
types, also such a combined model remains with its limitations. Furthermore, despite
that ATAC-seq and H3K27ac ChIP-seq data can predict putative enhancers, defining
those that show enhancer activity is still an additional challenge. Therefore, to fully
identify enhancer-promoter interactions, it will be important to come up with novel
experimental procedures that will enable us to directly test the biological relevance
of enhancer-promoter predictions.

Finally, several programs have been developed that aim to predict the functional
relevance and possible pathogenicity of variants in NCREs. These include, amongst
others, RegulomeDB?*?, HaploReg®*, CADD?*>, GWAVA?*®, GenoCanyon®’, Ge-
nomiser®®, and INFERNO?”. In addition, several databases have been generated,

392 which have collected

including HEDD*®, DiseaseEnhancer’”’ and EnDisease
NCRE:s that are related to diseases based on the current literature. It will be crucial
to further expand and curate these collections of disease-relevant enhancers in the
future, and combine them with improved ways of variant interpretation, to fully ex-

ploit the relevance of the non-coding genome in disease.
Enhancer databases

As the available information on the non-coding genome is increasing rapidly over
the last decade, more and more resources are available online that can help to lo-
calize NCREs and to interpret their functional roles. In the next part, [ summarize a
selection of databases and resources that are currently available and can be used to
find NCRE:s of relevance for brain development (Table 3).

Table 3: Enhancer databases

Database Source
VISTA http://genome.lbl.gov/vista/index.shtml
EnhancerAtlas 2.0 http://www.enhanceratlas.org/
FANTOMS http://slidebase.binf.ku.dk/human_enhancers/presets
PsychENCODE http://development.psychencode.org/
dbSUPER http://asntech.org/dbsuper/

33



Chapter 1

One of the first resources of experimentally tested NCREs was the Vista enhancer

database'*?

. Based on comparative genomics, a large selection of putative NCREs
from mouse and human was selected and tested in transgenic mouse embryo assay,
to determine their in vivo enhancer activity, as determined by LacZ expression. The
database provides detailed information on the genomic localization of the tested se-
quences, likely associated genes, and images of transgenic mouse embryos identi-
fying the localization of enhancer driven LacZ expression. Based on the 14/07/2022
update, this database contains 550 tested enhancers active in human forebrain, hind-
brain and midbrain. In addition, the VISTA tool portal can be used as a comparative
tool and users can submit their own sequences to conduct comparison against multi-

ple species'®, thereby possibly identifying conserved functional NCREs.

EnhancerAtlas 2.0 is a database that has collected putative NCREs based on pub-
licly available data obtained from ChIP-seq for different histone modification, TFs,
EP300, and POLII, CAGE and eRNA expression, interaction studies by ChIA-PET
(a method that combines 3C with chromatin immunoprecipitation) and chroma-
tin accessibility as determined by FAIRE and DNase-seq. Each putative enhancer
is supported by at least three independent high-throughput data sets although the
database does not contain any direct functional validations. It contains more than
4,506,217 putative enhancers from 8,573 datasets of 179 human tissue/cells, which
through an interactive website can be easily accessed. The 49,925 human fetal brain
and 17,103 cerebellum enhancers were predicted using DHS, CAGE, and H3K4mel
and H3K27ac deposition®®.

The FANTOMS database is the latest version of the FANTOM project, that aims to
generate an atlas of mammalian regulatory elements, transcriptomes and long-non-
coding RNAs. NCREs are predicted from sequencing data from Cap Analysis of
Gene Expression (CAGE) along with RNA-Seq data from multiple tissues and cell
types from different developmental time points!’. In total, the database contains
more than 43,000 putative enhancers, of which 639 are expressed in the brain and
376 were found in neuronal stem cells.

Recently, the PsychENCODE consortium has released data from a large multi-cen-
ter effort trying to map NCREs during brain development'**'**!1°, Using analysis
of transcriptome, methylation status, histone modifications and even single cell/nu-
cleus-level (transcriptome) genomic data, NCREs were discovered across multiple
brain regions over the entire span of human neurodevelopment and from adult brains,
and an integrative data analysis was performed. These data, generated from age- and
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often donor-matched samples, represent the most comprehensive multi-platform
functional genomic analysis of the developing human brain performed so far. The
analysis resulted in 79,056 enhancers identified from adult brains enriched for H3K-
27ac and depleted for H3K4me3'®. In addition, 96,375 enhancers were shown to
interact with protein-coding genes during fetal brain development and during in vitro
differentiation of brain organoids'*®. Of the latter, 46,735 enhancers were active only
in the fetal cortex.

Several super-enhancer databases have been generated such as dbSUPER3%, SEA3%,
and SEdb’® providing annotation, genomic coordinates and length of super-en-
hancers, and their possible associated genes. Among those, dbSUPER is one of
the most popular databases with 82,234 super-enhancers from multiple human and
mouse cell types. In this database, there are 6,002 and 1,114 super-enhancers detect-
ed by H3K27ac enrichment from seven human and three mouse brain tissues and cell

types, respectively>*.

Finally, GeneHancer is a database of human enhancers and their inferred target
genes®”. Integrating enhancer predictions from ENCODE, Ensembl, FANTOM and
VISTA yielded more than 280 thousand candidate regions that were assigned to their
target genes based on co-expression correlation, expression of quantitative trait loci
and capture Hi-C.

Although all of these databases can easily be accessed and are user-friendly, it is
important to realize when using them that it is still difficult to judge which of the
sources provides the user with those sequences that are indeed most likely to be of
functional biological relevance. To illustrate this, it is interesting to compare the
overlap between predicted enhancers from the various resources. When we compare
putative brain enhancers from VISTA, EnhancerAtlas 2.0, FANTOMS, PsychEN-
CODE and dbSUPER, the overlap between the various enhancer predictions is rather
limited, even when considering a single nucleotide as the required overlap (Figure
4A). The same holds true when assessing the overlap between ChIP-seq peaks for
H3K27ac from key adult brain related data sets (Figure 4B). Intuitively, one would
expect that those NCREs that are found in multiple data sets are more likely to have
a true biological role, although this might be an oversimplification, as the brain is a
very heterogeneous organ with many different cell types that might differ in NCRE
landscape, and technical limitations might still hinder us from detecting all rele-
vant NCRE:s in each cell type. Ideally, future studies should generate genome-wide
functional activity maps of NCREs for all cell types during brain development.
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Figure 4: Overlap between brain enhancer databases. (A) Venn diagram showing the overlap
between brain enhancers (in genome build hg19) from different databases as collected on 2019: VISTA
(n=542)", dbSUPER (n=6,002)*", FANTOMS (n=639)'”°, PsychENCODE (n=46,731; the 46,735
enhancers mentioned in the text are in genome build hg38 and the difference of 4 loci is due to liftover
to hg19)'* and EnhancerAtlas 2.0 (n=49,925)3%. (B) Venn diagram showing the overlap between ChIP-
seq peaks for H3K27ac from adult brain, as identified in three studies: Sun (n=56,503)'%, Vermunt
(n=83,553)"57 and Wang (n=12,4437)'®. The intersection between different sources (in the same order
as above) was performed using bedops and bedtools. In both graphs, the minimum overlap of a single
nucleotide is required.

A challenge that is probably easier to address on paper than in practice in the near
future.

The future ahead

As I have discussed in this introduction, our understanding of gene regulation has
deepened over the last decade. NCREs have been identified as crucial modifiers of
gene expression, and more and more examples of their involvement in human ge-
netic disorders, when mutant, are being reported. In routine clinical practice, genetic
analysis has mainly focused on the ~2 percent of the genome that directly encodes
for proteins. Most of the non-coding part has been instead neglected, and only re-
cently we could witness a shift of attention towards these sequences. It seems intui-
tive that, if human evolution resulted in a large and subsequently maintained expan-
sion of the non-coding genome, this should have a functional role, and alterations of
these sequences should influence their function and lead to genetic disorders. Given
the fact that NDDs are often genetically unexplained despite the routine use of WES,
it would be surprising if, in the near future, no genetic alterations of non-coding se-
quences will be identified in those currently unexplained patients. In order to achieve
this, it is crucial to develop novel diagnostic approaches focusing on non-coding
regions. Will WGS be useful to find disease causes in those unexplained NDD pa-
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tients in a clinical setting? Theoretically yes as it will enable the identification of all
detectable variants genome-wide, but our current understanding of genomic varia-
tion outside exons severely hampers its routine implementation. As a matter of fact,
most studies that have used WGS in a clinical setting, have limited their analysis to
those nucleotides covering exons, deep intronic variants not covered in WES and
copy number and structural variants®®=3!!, Therefore, it remains crucial to gain more
detailed information on the functional relevance of NCREs and their variants from
a basic science point of view. Although the characterization of epigenomic marks
such as histone modifications has shown to be useful to identify functional NCREs,
it is clear from the discussion above that there are still some pitfalls, as we still lack
the perfect mark to identify relevant and active NCREs. One particular concern is
that many studies assume that investigating a single histone modification, such as
H3K27ac, gives sufficient evidence to call a region a functional NCRE, but this is
certainly an oversimplification. As I have argued above, predicted NCREs should re-
main classified as putative NCREs till they are functionally validated, or at least pre-
dicted in multiple studies ideally using different techniques to obtain a higher level
of confidence in their function. In current studies, functional validations of putative
NCREs are often performed only for a selected number of regions of interest and
results of these few validations are extrapolated to the complete data set generated.
Even though this is understandable from a pragmatic experimental point of view, it
might be one of the reasons for the broad level of variation between predicted en-
hancers from different sources. Hence, it is crucial to further develop high-through-
put approaches for functional validation studies so that more sequences and their
variants can be directly functionally tested, leading to a higher confidence in the data
resources. The future application of direct functional assays, such as MPRAs and
CRISPR-Cas9 based screens, is expected to further add on to our current understand-
ing, even though also these methods are far from perfect yet. Besides these emerging
experimental techniques, it is also crucial to develop novel computational tools that
outperform currently available programs for NCRE prediction and disease annota-
tion. Similarly, it is also important to further improve the linking between NCREs
and their target genes, going beyond the current resolution of chromatin conforma-
tion capture or correlation between activity of putative enhancers and expression of
possibly linked genes. Until we will have all these ideal tools widely available, in
our opinion the best practice to study the role of the non-coding genome in genetic
disorders such as NDDs is to study genetic variation outside exomes in well-defined,
exome-negative patients and preferably combine this with a direct readout of gene
expression in a disease-relevant tissue. For the functional annotation of the non-cod-
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ing variants found in patients, it is essential to use as many sources of information
as possible, enabling the highest level of confidence in defining a certain region a
regulatory sequence. And last but certainly not least, a detailed clinical phenotyping
of patients prior to any genetic investigation remains crucial as it allows the compar-
ison of patients with similar non-coding variants and shared phenotypes. Even in an
era where it is cheap to sequence a whole genome, reverse phenotyping of patients
remains essential to learn more about the consequences of the genetic variants and
to further mature our understanding of the non-coding genome beyond the borders
of the exome.

Aim of this thesis

As mentioned, about 50% of individuals affected by neurodevelopmental disor-
ders still do not have a molecular diagnosis. In addition, around 98% of the human
genome is non-coding and contains regulatory elements such as enhancers but is
currently not assessed in clinical routine diagnostics. Genetic variants in these en-
hancers might cause disease and explain part of the missing heritability observed in
clinical genetics. Investigating these enhancers and their non-coding variants might
therefore help to improve molecular diagnosis of currently genetically unexplained
patients. However to achieve this, first, we need to obtain an improved functional
annotation of non-coding genomic regions. Studies in this thesis focus on two main
subjects aiming to reduce missing heritability in neurodevelopmental disorders, by
1) identifying new disease genes and deciphering their regulation by non-coding
sequences, and 2) by investigating putative functional enhancers in fetal brain and
neural stem cells, which might provide new targets to explain causes of currently
unexplained neurodevelopmental disorders.

Part 1

In chapter 2A, we focus on the identification of a novel cause of developmental and
epileptic encephalopathy, due to a homozygous variant in the UDP-glucose pyro-
phosphorylase (UGP2) gene. This variant causes a start-loss of the shorter UGP2
isoform, which is the only isoform expressed in brain, and therefore causes the
brain-specific absence of this essential protein in the brain of patients with epileptic
encephalopathy. Using bioinformatics approaches, we identify additional genes, of
which the isoform-specific loss of an essential protein is predicted to cause human
disease. In chapter 2B, we focus on the molecular mechanisms underlying the gene
regulation of the long and short UGP2 isoforms by the non-coding genome in dif-
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ferent cell types, using targeted chromatin conformation capture (T2C) technologies
and multi-omics.

Part 2

In chapter 3, we present a computational method to define putative functional
enhancers during the developmental stages of the human fetal brain by integrating
all previously published enhancer and epigenome data, identifying ~39 thousands
enhancers that show dynamic epigenome rearrangement during development of
which many are linked to human disease genes. Chapter 4 provides a genome-wide
identification of active functional enhancers in neural stem cells by combining chro-
matin immunoprecipitation with the massively parallel reporter assay STARR-seq
(ChIP-STARR-seq). In chapter 5, we present a graphical interface application to
visualize in a user-friendly manner all enhancer-related information obtained from
chapters 3 and 4.

Finally, Chapter 6 provides a general discussion of our findings in the context of
recent literature.
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Chapter 2A

Developmental and/or epileptic encephalopathies (DEEs) are a group of dev-
astating genetic disorders, resulting in early onset, therapy resistant seizures
and developmental delay. Here we report on 19 individuals from 12 families
presenting with a severe form of intractable epilepsy, severe developmental de-
lay, progressive microcephaly and visual disturbance. Whole exome sequencing
identified a recurrent, homozygous variant (chr2:64083454A>G) in the essential
UDP-glucose pyrophosphorylase (UGP2) gene in all probands. This rare variant
results in a tolerable Met12Val missense change of the longer UGP2 protein iso-
form but causes a disruption of the start codon of the shorter isoform. We show
that the absence of the shorter isoform leads to a reduction of functional UGP2
enzyme in brain cell types, leading to altered glycogen metabolism, upregulated
unfolded protein response and premature neuronal differentiation, as modelled
during pluripotent stem cell differentiation in vitro. In contrast, the complete
lack of all UGP?2 isoforms leads to differentiation defects in multiple lineages
in human cells. Reduced expression of Ugp2a/Ugp2b in vivo in zebrafish mim-
ics visual disturbance and mutant animals show a behavioral phenotype. Our
study identifies a recurrent start codon mutation in UGP2 as a cause of a novel
autosomal recessive DEE. Importantly, it also shows that isoform specific start-
loss mutations causing expression loss of a tissue relevant isoform of an essential
protein can cause a genetic disease, even when an organism-wide protein ab-
sence is incompatible with life. We provide additional examples where a similar
disease mechanism applies.

56



Loss of UGP2 in brain leads to a severe DEE

Introduction

Developmental and/or epileptic encephalopathies (DEEs) are a heterogeneous group
of genetic disorders, characterized by severe epileptic seizures in combination with
developmental delay or regression'. Genes involved in multiple pathophysiologi-
cal pathways have been implicated in DEEs, including synaptic impairment, ion
channel alterations, transporter defects and metabolic processes such as disorders of
glycosylation®. Mostly, dominant acting, de novo mutations have been identified in
children suffering from DEEs?®, and only a limited number of genes with a recessive
mode of inheritance are known so far, with a higher occurrence rate in consanguine-
ous populations®. A recent cohort study on DEEs employing whole exome sequenc-
ing (WES) and copy-number analysis, however, found that up to 38% of diagnosed
cases might be caused by recessive genes, indicating that the importance of this
mode of inheritance in DEEs has been underestimated’.

The human genome contains ~20,000 genes of which more than 5,000 have been
implicated in genetic disorders. Wide-scale population genomics studies and CRIS-
PR-Cas9 based loss-of-function (LoF) screens have identified around 3,000-7,000
genes that are essential for the viability of the human organism or result in profound
loss of fitness when mutated. In agreement with that they are depleted for LoF vari-
ants in the human population®. For some of these essential genes it is believed that
LoF variants are incompatible with life and are therefore unlikely to be implicated in
genetic disorders presenting in postnatal life’. One such example is the UDP-glucose
pyvrophosphorylase (UGP2) gene at chromosome 2. UGP2 is an essential octameric
enzyme in nucleotide-sugar metabolism®19, as it is the only known enzyme capable
of catalyzing the conversion of glucose-1-phosphate to UDP-glucose''>. UDP-glu-
cose is a crucial precursor for the production of glycogen by glycogen synthase
(GYS)'*, and also serves as a substrate for UDP-glucose:glycoprotein transferases
(UGGT) and UDP-glucose-6-dehydrogenase (UGDH), thereby playing important
roles in glycoprotein folding control, glycoconjugation and UDP-glucuronic acid
synthesis. The latter is an obligate precursor for the synthesis of glycosaminoglycans
and proteoglycans of the extracellular matrix'>', of which aberrations have been
associated with DEEs and neurological disorders'”?’. UGP2 has previously been
identified as a marker protein in various types of malignancies including gliomas
where its upregulation is correlated with a poor disease outcome?!8, but has so far
not been implicated in genetic diseases and it has been speculated that this is given
its essential role in metabolism?®.
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Many genes are differentially expressed amongst tissues, regulated by non-cod-
ing regulatory elements®. In addition, it has become clear that there are more than
40,000 protein isoforms encoded in the human genome, whose expression levels
vary amongst tissues. Although there are examples of genetic disorders caused by
the loss of tissue specific protein isoforms®*-3, it is unknown whether a tissue-rele-
vant loss of an essential gene can be involved in human disease. Here, we report on
such a scenario, providing evidence that a novel form of a severe DEE is caused by
the brain relevant loss of the essential gene UGP2 due to an isoform specific and
germ line transmitted start codon mutation. We present data that this is likely a more
frequent disease mechanism in human genetics, illustrating that essential genes for
which organism-wide loss is lethal can still be implicated in genetic disease when
only absent in certain tissues due to expression misregulation.

Results

A recurrent ATG mutation in UGP2 in 19 individuals presenting with a
severe DEE

We encountered a three-month old girl (Figure 1A, family 1, individual 1), that
was born as the first child to healthy non-consanguineous Dutch parents, by normal
vaginal delivery after an uneventful pregnancy conceived by ICSI. She presented
in the first weeks of life with irritability and jitteriness, that developed into infantile
spasms and severe epileptic activity on multiple electroencephalograms, giving rise
to a clinical diagnosis of West syndrome (Figure 1B). Despite the use of multiple an-
ti-epileptic drugs, including ACTH and a ketogenic diet, seizures remained intracta-
ble and occurred daily. Severe developmental delay was evident without acquisition
of any noticeable developmental milestones, causing the need for gastrointestinal
tube feeding. Visual tracking was absent, and foveal hypopigmentation, hypermetro-
pia and mild nystagmus were noticed upon ophthalmological investigation. MRI
brain imaging showed no gross structural abnormalities or migration disorders at
the age of 4 months, but displayed reduced white matter, that further developed
into global atrophy with wide sulci and wide pericerebral liquor spaces at the age of
17 months (Figure 1C, Supplementary Figure 1B). At that time, she had become
progressively microcephalic, with a head circumference of -2.96 SD at the last in-
vestigation at 23 months of age (Supplementary Figure 1A). She showed a number
of minor dysmorphisms, including a sloping forehead, elongated head with suture
ridging, bitemporal narrowing, a relatively small mouth and large ears (Figure 1A).
Neurological examination showed brisk, symmetric deep tendon reflexes, more pro-
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nounced at the upper limbs. Routine investigations, including metabolic screening
in urine, plasma and cerebrospinal fluid were normal. A SNP-array showed a normal
female chromosomal profile, with a large, ~30 Mb run of homozygosity (ROH) at
chromosome 2, and a few smaller ROH regions, adding up to 50 Mb ROH regions
in total, pointing to an unrecognized common ancestor of both parents (coefficient
of inbreeding 1/64). Subsequent trio WES did not show any disease-causing variants
in known DEE genes, but identified a homozygous variant (chr2:64083454A>G) in
UGP2, located in the large ROH region (Figure 1D), with no other disease impli-
cated variants observed in that region. Both parents were heterozygous carriers of
the same variant. Via Genematcher** and our network of collaborators, we identified
18 additional individuals from 11 unrelated families (of which 9 were consanguin-
eous), harboring the exact same homozygous variant and presenting with an almost
identical clinical phenotype of intractable seizures, severe developmental delay, vi-
sual disturbance, microcephaly and similar minor dysmorphisms (Figure 1A, C, E,
Supplementary Figure 1B, Supplementary Case reports, Supplementary Table
1 for detailed information on 13 cases). Seven of these individuals passed away
before the age of 3.5 years. In 4 families, at least 4 already deceased siblings had
a similar phenotype but could not be investigated. Two families were of Indian de-
scent (both with ancestors from regions currently belonging to Pakistan), living in
Canada (family 2) and the USA (family 3), with the remaining families from Oman
(family 4, originally from Pakistan), Pakistan (family 5), Iran (family 6, 7, and 8),
UAE (family 9) and Saudi-Arabia (family 10). One additional case in a family from
Oman, and 5 additional cases in a family from Iran were identified presenting with
intractable seizures and microcephaly, but no detailed medical information could be
obtained at this point.

Having identified at least 19 individuals with an almost identical clinical phenotype
and an identical homozygous variant in the same gene, led us to pursue UGP2 as a
candidate gene for a new genetic form of DEE. UGP? is highly expressed in various
brain regions (Figure 1F), and also widely expressed amongst other tissues, includ-
ing liver and muscle according to the data from the GTEx portal®> (Supplementa-
ry Figure 1D). The (chr2:64083454A>Q) variant is predicted to cause a missense
variant (c.34A>G, p.Metl2Val) in UGP2 isoform 1 (NM_006759), and to cause a
translation start loss (c.1A>G, p.?.) of UGP2 isoform 2 (NM_001001521), referred
to as long and short isoform, respectively. The variant has not been reported in the
Epi25 web browser*, ClinVar*’, LOVD?®, Exome Variant Server’®, DECIPHER®,
GENESIS* , GME variome* or Iranome databases®, is absent from our in-house
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data bases and is found only 15 times in a heterozygous, but not homozygous, state
in the 280,902 alleles present in gnomAD (MAF: 0.00005340)*. In the GeneDx un-
affected adult cohort, the variant was found heterozygous 10 times out of 173,502
alleles (MAF: 0.00005764), in the ~10,000 exomes of the Queen Square Genomic
Center database two heterozygous individuals were identified, and out of 45,921
individuals in the Centogene cohort, 10 individuals are heterozygous for this variant.
The identified variant has a CADD score (v1.4) of 19.22% and Mutation Taster*
predicted this variant as disease causing. The nucleotide is strongly conserved over
multiple species (Figure 1G). Analysis of WES data from 6 patients did provide
evidence of a shared ROH between patients from different families, indicating that
this same variant might represent an ancient mutation that originated some 26 gener-
ations ago (Supplementary Figure 1C). Interestingly, since most families originally
came from regions of India, Pakistan and Iran, overlapping with an area called Ba-
lochistan, this could indicate that the mutation has originated there around 600 years
ago. As Dutch traders settled in that area in the 17" century, it is tempting to specu-
late that this could explain the co-occurrence of the variant in these distant places*.

Short UGP2 isoform is predominantly expressed in brain and absent in
patients with ATG mutations

Both UGP2 isoforms only differ by 11 amino acids at the N-terminal (Figure 2A)
and are expected to be functionally equivalent®. To investigate how the A>G variant
may cause DEE, we first obtained fibroblasts from individual 1 (homozygous for the
A>G variant) and her heterozygous parents and analyzed the isoform expression by
Western blotting (Figure 2B).

Figure 1. UGP2 homozygous variants in 20 individuals with severe epileptic
encephalopathy. A) Facial pictures of individual 1 (at 18 and 23 months), individual 5 (at 9 years),
individual 6 (at 11 months), individual 9 (at 18 months), individual 10 (at 2 years) and individual
19 (at 13 months). Note the progressive microcephaly with sloping forehead, suture ridging,
bitemporal narrowing, high hairline, arched eyebrows, pronounced philtrum, a relatively small mouth
and large ears. B) Electroencephalogram of individual 1 at the age of 8 months showing a highly
disorganized pattern with high-voltage irregular slow waves intermixed with multifocal spikes and
polyspikes. C) T1-weighted mid-sagittal brain MRI of individual 1 (at 17 months) and individual 4 (at
24 months) illustrating global atrophy and microcephaly but no major structural anomalies. D) Sanger
sequencing traces of family 1, confirming the chr2:64083454A>G variant in UGP2 in heterozygous
and homozygous states in parents and affected individual 1, respectively. E) Family pedigrees of
ascertained patients. Affected individuals and heterozygous parents are indicated in black and half
black, respectively. Affected individuals with confirmed genotype are indicated with an arrow, and
numbers. Other not-tested affected siblings presenting with similar phenotypes are indicated with a
question mark. Consanguineous parents are indicated with a double connection line. Males are squares,
females are circles; unknown sex is indicated with rotated squares; deceased individuals are marked
with a line. F) Violin plots showing distribution of gene expression (in TPM) amongst male and female
samples from the GTEx portal for various brain regions. Outliers are indicated by dots. G) Multiple
species sequence alignment from the UCSC browser, showing that the ATG start site is highly conserved.
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Whereas the two isoforms were equally expressed in wild type fibroblasts,
the expression of the shorter isoform was diminished to ~25% of total UGP2 in
heterozygous parents, both of individual 1 (Figure 2B, C) and of individual 2 and 3
(Supplementary figure 2A, B), and was absent in cells from the affected individual
1 (Figure 2 B, C; fibroblasts of the affected children in family 2 or other families
were not available). Total UGP2 levels were not significantly different between the
affected child and her parents, or between parents and wild type controls (Figure
2D, Supplementary Figure 2C). This indicates that the long isoform harboring the
Met12Val missense variant is upregulated in fibroblast when the short isoform is
missing. Moreover, this indicates that Met12Val does not affect the stability of the
long isoform at the protein or transcript level (Supplementary Figure 2D, E, F).
RNA-seq on peripheral blood samples of family 1 did not identify altered splicing
events of UGP2 and the global transcriptome of the proband was not different
from her parents, although only a limited analysis could be performed as only a
single sample was available for each individual (Supplementary Figure 2G, H).
Both homozygous and heterozygous fibroblasts had a similar proliferation rate
compared to wild type fibroblasts (Figure 2E, Supplementary Figure 2I), and
immunocytochemistry confirmed a similar subcellular localization of UGP2 in
mutant and wild type cells (Figure 2F). We then measured the enzymatic activity
of UGP2 in wild type, heterozygous and homozygous fibroblasts, and found that
mutant fibroblast had a similar capacity to produce UDP-glucose in the presence of
exogenously supplied glucose-1-phosphate and UTP (Figure 2G). Altogether, this
indicates that the long UGP2 isoform harboring the Met12Val missense change is
functional and is therefore unlikely to contribute to the patient phenotype.

As the A>G variant results in a functional long UGP2 isoform but abolishes the
translation of the shorter UGP2 isoform, we next investigated whether the ratio be-
tween short and long isoform differs amongst tissues. If so, the homozygous A>G
variant would lead to depletion of UGP2 in tissues where mainly the short isoform
is expressed, possibly below a threshold that is required for normal development or
function. Western blotting on cellular extracts derived from wild type H9 human
embryonic stem cells (ESCs),commercially acquired H9-derived neural stem cells
(NSCs) and fibroblasts (Figure 3A) showed that, whereas the ratio between short
and long isoform in fibroblasts was around 0.5, in ESCs it was 0.14 and in NSCs
0.77, indicating that the shorter UGP2 isoform is the predominant one in NSCs (Fig-
ure 3B). A similar trend was observed when assessing the transcript level, both by
multiplex RT-PCR and RT-qPCR, using primers detecting specifically the short and
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long transcript isoform (Figure 3C, D, E). This indicates that differential isoform ex-
pression between cell types is regulated at the transcriptional level, possibly hinting
at tissue-specific regulatory elements driving isoform expression. We next analyzed
RNA-seq data from human fetal tissues**' to determine the fraction of reads cover-
ing short versus total UGP2 transcripts (Figure 3F). This showed that in human fetal
brain the short transcript isoform is predominantly expressed. To gain more insight
into the cell type-specific expression of UGP2, we performed immunohistochemis-
try on human fetal brain tissues from the first to third trimester of pregnancy (Figure
3G). In the first trimester we found pale labeling of neuropil in the proliferative
neuroepithelium of the hypothalamic, cortical, mesencephalic and thalamic regions
(Figure 3G-A/L 11, 111, IV), as well as the marginal zone of the spinal cord (Figure
3G-A/V) and cuboidal epithelial cells of choroid plexus (Figure 3G-A/VI). During
the second trimester, UGP2 positivity was detected in neurons from the subplate
region of the cerebral cortex (Figure 3G-B/I, II) and still in some of the cells in the
neuroepithelium and subventricular zone (Figure 3G-B/III).

Almost the same pattern of UGP2 distribution was found in the cerebral cortex of
fetuses from the 3™ trimester. Also, we found clear cytoplasmatic UGP2 expression
in neurons from mesencephalic, inferior olivary and cerebellar nuclei during the sec-
ond (Figure 3G-B/1V, V, and VI) and third trimester, respectively (Figure 3G-C/1V,
V). In the white matter of the cerebellum in the third trimester, we identified single
positive glial cells (Figure 3G-C/VI). In the cerebellar cortex we did not find specif-
ic positivity of cells on UGP2 (Figure 3G-B, C/VII).

Figure 2. UGP2 homozygous variant leads to a loss of the shorter protein isoform in patient
fibroblasts. A) Schematic drawing of the human UGP2 locus, with both long and short transcript
isoforms. Boxes represent exons, with coding sequences indicated in green. The location of the
recurrent mutation is indicated in both transcripts. B) Western blotting of cellular extracts derived
from control fibroblasts and fibroblasts obtained from family 1, detecting the housekeeping control
vinculin and UGP2. Note the two separated isoforms of UGP2 that have a similar intensity in wild-
type cells. The shorter isoform is less expressed in fibroblasts from heterozygous parents and absent
in fibroblasts from the affected proband. C) Western blot quantification of the fraction of short UGP2
protein isoform compared to total UGP2 expression in control, parental heterozygous and proband
homozygous fibroblasts, as determined in three independent experiments. Error bars represent SEM.
D) Western blot quantification of total UGP2 protein levels, as determined by the relative expression to
the housekeeping control vinculin. Bar plot showing the results from three independent experiments.
Error bars represent SEM; no significant differences were found between parents and proband, t test,
two tailed. E) Cell proliferation experiment of fibroblasts from heterozygous parents and homozygous
proband from family 1, during a 5-day period, determined in three independent experiments. Error bars
represent SEM. F) Immunocytochemistry on cultured control and UGP2 heterozygous and homozygous
mutant fibroblasts derived from family 1, detecting UGP2 (red). Nuclei are stained with DAPI. Scale
bar 50 um. G) Enzymatic activity of UGP2 in control and UGP2 heterozygous and homozygous mutant
fibroblasts derived from family 1. Shown is the mean of two independent experiments. Error bars
represent SEM; no significant differences were found, unpaired # fes?, two tailed
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Cuboidal epithelial cells of choroid plexus preserved UGP2 positivity during the
second trimester (Figure 3G-B/VIII) but lost it in the third trimester (Figure 3G-C/
VIII). Together this indicates that UGP2 can be detected in a broad variety of cell
types during brain development. On Western blotting, we noticed preferential ex-
pression of the shorter UGP2 isoform in the developing cortex and cerebellum from
gestational weeks 14, 20 and 28 (Figure 3H) and in the frontal cortex of brains from
weeks 21 and 23 (Supplementary Figure 2J). Together, this supports the hypothesis
that the DEE phenotype in patients is caused by a major loss of functional UGP2 in
the brain, as the short isoform represents virtually all UGP2 produced in this tissue.

Lack of the short UGP2 isoform leads to transcriptome changes upon
differentiation into neural stem cells

To model the disease in vitro, we first engineered the homozygous A>G mutation
in H9 ESCs to study the mutation in a patient independent genetic background and
compare it to isogenic parental cells. We obtained two independent clones harboring
the homozygous A>G change (referred to as knock-in, KI, mutant) and two cell lines
harboring an insertion of an additional A after nucleotide position 42 of UGP2 tran-
script 1 (chr2:64083462 64083463insA) (Supplementary Figure 3A, B) (referred
to as knockout, KO). This causes a premature stop codon at amino acid position 47
(D15Rfs*33), leading to nonsense mediated mRNA decay and complete absence of
UGP?2 protein (Supplementary Figure 3C). All derived ESCs had a normal mor-
phology and remained pluripotent as assessed by marker expression (Supplemen-
tary Figure 3D, E), indicating that the absence of UGP2 in ESCs is tolerated, in
agreement with genome-wide LoF CRISPR screens which did not identify UGP2 as

Figure 3. UGP2 short isoform is predominant in brain-related cell types. A) Western blotting
showing UGP2 expression in H9 human embryonic stem cells (ESCs), H9-derived neural stem cells
(NSCs) and fibroblasts (Fibro). Vinculin is used as a housekeeping control. Note the changes in
relative expression between the two UGP2 isoforms in the different cell types. L, ladder. B) Western
blot quantification of the fraction of short UGP2 protein isoform compared to total UGP2 expression,
as determined in three independent experiments. Error bars represent SEM. C) Multiplex RT-PCR
of ESCs, NSCs and fibroblasts, showing a similar variability in isoform expression at the transcript
and at the protein level. Each cell line was tested in triplicates. D) Quantification of the fraction of
the short UGP?2 transcript isoform compared to total UGP2 expression, from the multiplex RT-PCR
from c. Error bars represent SEM. E) Quantification of the fraction of short UGP2 transcript isoform
compared to total UGP2 expression by qRT-PCR in three independent experiments. Error bars rep-
resent SEM. F) Ratio of RNA-seq reads covering the short transcript isoform compared to the to-
tal reads (covering both short and long isoforms), in multiple fetal tissues. In RNA-seq samples de-
rived from brain, virtually all UGP2 expressions come from the short isoform. Error bars represent
SD. G) Immunohistochemistry detecting UGP2 in human fetal brains from the first, second and third
trimester (gestational week (GW) 6, 9, 23 and 36). See text for details. H) Western blotting detecting
UGP2 in various human brain regions at weeks 14, 20 and 28 of gestation, showing the virtual absence
of the long isoform expression in fetal brain. Vinculin is used as a housekeeping control. L ladder.
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an essential gene in ESCs®%, We differentiated wild type, KI and KO ESCs into
NSCs, using dual SMAD inhibition (Supplementary Figure 4 A-C). Wild type cells
could readily differentiate into NSCs, having a normal morphology and marker ex-
pression, whereas differentiation of KI and KO cells was more variable and not all
differentiations resulted in viable, proliferating NSCs. KO cells could not be prop-
agated for more than 5 passages under NSC culture conditions (data not shown),
which could indicate that the total absence of UGP2 protein is not tolerated in NSCs.
When assessed by Western blotting, total UGP2 protein levels were reduced in KI
cells and depleted in KO cells compared to wild type (Supplementary Figure 4D,
E).

Next, we performed RNA-seq of wild type, KI and KO ESCs and NSCs to assess how
depletion of UGP2 upon NSCs differentiation would impact on the global transcrip-
tome (Figure 4, Supplementary Figure 5, Supplementary Table 2). In agreement
with normal proliferation and morphology of KI and KO ESCs, all ESCs shared a
similar expression profile of pluripotency associated genes and only few genes were
differentially expressed between the three genotypes (Supplementary Figure 5C,
Supplementary Table 3). This indicates that the absence of UGP2 in ESCs does
not lead to major transcriptome alterations despite the central role of this enzyme in
metabolism. Upon differentiation, cells from all genotypes expressed NSC markers
(Supplementary Figure SF), but when comparing wild type and KO cells, we ob-
served noticeable changes, that were less pronounced in KI NSCs but still followed
a similar trend (Figure 4A, B, Supplementary Figure 5D, E). Gene enrichment
analysis showed that genes downregulated in KO and KI cells were implicated in
processes related to the extra-cellular matrix, cell-cell interactions and metabolism,
while genes upregulated in KO and KI cells were enriched for synaptic processes and
genes implicated in epilepsy (Figure 4C, Supplementary Table 4). Both KO and KI
cells showed an upregulation of neuronal expressed genes, indicating a tendency to
differentiate prematurely. To validate RN A-seq findings, we tested several genes by
RT-gPCR in wild type, KI and KO cells (Figure 4D). We also included KO rescue
cells, in which we had restored the expression of either the wild type or the mutant
UGP2 long isoform, leading each to an approximately 4-fold UGP2 overexpression
at the NSC state compared to WT (Supplementary Figure 4F). Amongst the test-
ed genes was NNAT, which showed a significant upregulation in KI and KO cells,
which was rescued by restoration of UGP2 expression in KO NSCs. NNAT encodes
neuronatin that stimulates glycogen synthesis by upregulating glycogen synthase
and was previously found to be upregulated in Lafora disease. This lethal teen-age
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onset neurodegenerative disorder presenting with myoclonic epilepsy is caused by
mutations in the ubiquitin ligase malin, leading to accumulation of altered polyglu-
cosans®. Malin can ubiquitinate neuronatin leading to its degradation. As reduced
UGP?2 expression might impact on glycogen production, it seems plausible that this
results in compensatory NNAT upregulation and in downstream aberrations contrib-
uting to the patient phenotypes. Indeed, neuronatin upregulation was shown to cause
increased intracellular Ca?" signaling, ER stress, proteasomal dysfunction and cell
death in Lafora disease™, and was shown to be a stress responsive protein in the
outer segment of retina photoreceptors®’*®. Another interesting gene upregulated in
KI and KO NSCs and downregulated in rescue cell lines was the autism candidate
gene FGFBP3%. This secreted proteoglycan that enhances FGF signaling is broadly
expressed in brain®, and functions as an extracellular chaperone for locally stored
FGFs in the ECM, thereby influencing glucose metabolism by regulating rate-lim-
iting enzymes in gluconeogenesis®'. Other potentially relevant genes displaying the
same expression trend were the heparan sulphate proteoglycan GPC2 (a marker of
immature neurons®*®), the helix-loop-helix transcription factor /D4 (a marker of
postmitotic neurons®), and the signaling molecule FGFR3 that has been implicat-
ed in epilepsy®. Genes downregulated in KO cells and upregulated in rescue cells
included urokinase-type plasminogen activator PLAU (deficiency in mouse models
increases seizure susceptibility®), the glycoprotein GALNT7 (upregulation of which
has been found to promote glioma cell invasion®’) and the brain tumor gene MYBL1
(that has been shown to be regulated by O-linked N-acetylglucosamine®®. Similar
expression changes were observed in NSCs differentiated from induced pluripotent
stem cells (iPSCs) that we had generated from family 1 (Supplementary Figure 6).
Together, RNA-seq showed that whereas the absence of UGP2 is tolerated in ESCs,
its complete absence or reduced expression results in global transcriptome changes
in NSCs, with many affected genes implicated in DEE relevant pathways.

Absence of short UGP2 isoform leads to metabolic defects in neural stem
cells

To investigate how reduced UGP2 expression levels in KO and KI cells would impact
on NSC metabolism, we investigated the capacity to produce UDP-glucose in the
presence of exogenously supplied glucose-1-phospate and UTP. KO NSCs showed
a severely reduced ability to produce UDP-glucose (Figure 5A). This reduction was
rescued by ectopic overexpression of both long wild type and long mutant UGP2.
KI cells showed a slightly reduced activity in ESCs (Supplementary Figure 7A),
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but a more strongly reduced activity in NSCs compared to wild type (Figure 5A),
correlating with total UGP2 expression levels (Supplementary Figure 4D, E). Sur-
prisingly, contrary to KO NSCs, KO ESC showed some residual capacity to produce
UDP-glucose despite the complete absence of UGP2 (Supplementary Figure 7A).
This could indicate that a yet to be identified enzyme can partially take over the
function of UGP2 in ESCs but not NSCs, which might explain the lack of expression
changes in this cell type upon UGP2 loss. iPSCs showed similar results (Supple-
mentary Figure 7B). We next assessed the capacity to synthesize glycogen under
low oxygen conditions by PAS staining, as it was previously shown that hypoxia
triggers increased glycogen synthesis®. As expected, wild type ESCs cultured for
48 hours under hypoxia showed an intense cytoplasmic PAS staining in most cells
(Supplementary Figure 7C, D), while KO ESCs showed a severely reduced stain-
ing intensity. This indicates that under hypoxia conditions, the residual capacity of
ESC to produce UDP-glucose in the absence of UGP2 is insufficient to produce
glycogen. KI ESCs were indistinguishable from wild type (Supplementary Figure
7D). At the NSC state, many KO cells kept at low oxygen conditions for 48 hours
died (data not shown) and those KO cells that did survive were completely depleted
from glycogen granules (Figure 5B, C). This could be rescued by overexpression
of both wild type or mutant long UGP2 isoform. KI NSCs showed a more severe re-
duction in PAS staining compared to the ESC state (Figure 5B, C), and we observed
similar findings in patient iPSC derived NSCs (Supplementary Figure 7E).

Together, this further indicates that upon neural differentiation the isoform expres-
sion switch renders patient cells depleted of UGP2, leading to a reduced capacity
to synthesize glycogen. This can directly be involved in the DEE phenotype, as,
besides affecting energy metabolism, reduction of glycogen in brain has been shown

Figure 4. RNA-seq of UGP2 mutant H9-derived neural stem cells. A) Venn diagram showing the
overlap between differentially expressed genes in UGP2 KO or KI NSCs that are upregulated (upper
panel, genes with FDR<0.05 and LogFC>1) or downregulated (lower panel, genes with FDR <0.05
and LogFC<-1) compared to wild-type NSCs. B) Box plot showing the distribution of gene expression
levels [in Log2(RPKM +1)] from RNA-seq for the groups of genes displayed in (A), in wild type,
UGP2 KI or KO NSCs. Boxes are IQR; line is median; and whiskers extend to 1.5 x the IQR (¥*p<0.05;
**p<0.01, ***p<0.001, unpaired ¢ test, two tailed). C) Enrichment analysis using Enrichr %2 of up- or
downregulated genes in NSCs from (A) for selected gene ontology sets, showing the five most enriched
terms per set. Combined score and p value calculated by Enrichr are depicted (*p<0.05; **p<0.01;
**%*p<(0.001). D) qRT-PCR validation of differentially expressed genes from RNA-seq in wild type,
UGP2 KI, UGP2 KO NSCs and KO NSCs rescued with either WT or MUT (Met12Val) transcript
isoform 1, at p5 of NSC differentiation. Bar plot showing the mean fold change for the indicated genes
compared to wild type, normalized for the housekeeping gene TBP. Results of two biological and two
independent technical replicates are plotted. Colors match the Venn diagram group to which the tested
genes belong, from (A). Error bars represent SEM; (*p<0.05; **p<0.01, ***p<0.001, unpaired ¢ test,
one-tailed).
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to result in I) impairment of synaptic plasticity’; IT) reduced clearance of extra-
cellular potassium ions leading to neuronal hypersynchronization and seizures’";
and IIT) altered glutamate metabolism’™. To investigate how reduced UDP-glucose
levels would impact on glycosylation, we next, investigated glycosylation levels by
means of LAMP2, a lysosomal protein known to be extensively glycosylated both
by N-linked and O-linked glycosylation”. We found that KO NSCs show hypogly-
cosylation of LAMP?2 that is rescued by the over expression of both WT and mu-
tant long isoform (Figure SD). In contrast, in ESCs no glycosylation defects were
noticed (Supplementary Figure 7F). Finally, we investigated whether the absence
of UGP2, affecting protein glycosylation, could induce ER stress and thus unfolded
protein response (UPR). Whereas in ESCs, the absence of UGP2 did not result in a
detectable effect on UPR markers (Supplementary Figure 7G), in NSCs we noticed
an increased expression of these genes both in KO and in KI cells (Figure SE). This
indicates that NSCs having UGP2 levels under a certain threshold are more prone to
ER-stress and UPR. In agreement with this, we did not observe upregulation of UPR
markers in patient derived fibroblast, which have similar total UGP2 expression lev-
els compared to controls (Supplementary Figure 7H). Together this indicates that
upon differentiation to NSCs, KI cells become sufficiently depleted of UGP2 to have
reduced synthesis of UDP-glucose, leading to defects in glycogen synthesis and pro-
tein glycosylation and to the activation of UPR response. Alterations of these crucial
processes are likely to be implicated in the pathogenesis leading to increased seizure
susceptibility, altered brain microstructure and progressive microcephaly.

Figure 5. Metabolic changes upon UGP2 loss. A) UGP2 enzymatic activity in WT, UGP2 KI,
KO and KO NSCs rescued with WT or MUT (Met12Val) isoform 1 of UGP2. Bar plot showing the
mean of two replicate experiments, error bar is SEM. *p<0.05; ***p<0.001, unpaired ¢ test, two
tailed. B) Representative pictures of PAS staining in WT, KI, KO and rescued NSCs. Nuclei are
counterstained with hematoxylin (blue). Inserts show zoom-in of part of the cytoplasm. Note the presence
of glycogen granules in WT NSCs, their diminished number in KI NSCs, their absence in KO NSCs and
their reappearance upon rescue with WT or MUT (Met12Val) isoform 1 of UGP2. C) Quantification of
the number of glycogen granules per cell in WT, UGP2 KI, KO and rescued NSCs, after 48 h culture
under low-oxygen conditions. Shown is the average number of glycogen granules per cell, =80-100
cells per genotype. Error bars represent the SD. ***p<0.001, unpaired ¢ test, two tailed. D) Western
blotting detecting LAMP2 (upper panel) and the housekeeping control actin (lower panel) in cellular
extracts from H9-derived NSCs that are WT, UGP2 KI, KO and KO cells rescued with WT or MUT
(Met12Val) isoform 1 of UGP2. Glycosylated LAMP2 runs at~110 kDa, whereas hypo-glycosylated
LAMP2 is detected around 75 kDa. The absence of changes in LAMP2 glycosylation in KI cells is likely
explained by a non-complete isoform switch upon in vitro NSC differentiation, resulting in residual
UGP2 levels (see Supplementary Fig. 5d, online resource). E) qRT-PCR expression analysis for UPR
marker genes (spliced XBP1, HSPAS5, ATF4 and EDEM) in WT, KI, KO and rescued NSCs. Shown is
the mean fold change for the indicated genes compared to wild type, normalized for the housekeeping
gene TBP. Results of two biological and two independent technical replicates are plotted, from two
experiments. Error bars represent SEM; *p <0.05; **p<0.01, ***p<0.001, unpaired ¢ test, two tailed.
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Ugp2a and Ugp2b double mutant zebrafish recapitulate metabolic changes
during brain development, have an abnormal behavioral phenotype, visual
disturbance, and increased seizure susceptibility

Finally, to model the consequences of the lack of UGP2 in vivo, we generated ze-
brafish mutants for both ugp2a and ugp2b, the zebrafish homologs of UGP2, using
CRISPR-Cas9 injections in fertilized oocytes in a background of a radial glia/neural
stem cell reporter’®. Double homozygous mutant lines having frameshift deletions
for both genes confirmed by Sanger sequencing could be generated but the only via-
ble combination, obtained with ugp2a loss, created a novel ATG in exon 2 of ugp2b,
leading to a hypomorphic allele (Figure 6A). Homozygous ugp2a/b mutant zebrafish
had a normal gross morphology of brain and radial glial cells (Figure 6B), showed
a largely diminished activity to produce UDP-glucose in the presence of exogenous-
ly supplied glucose-1-phospate and UTP (Figure 6C), and showed a reduction in
c-FOS expression levels, indicating reduced global neuronal activity (Figure 6D).
To monitor possible spontaneous seizures, we performed video tracking experiments
of developing larvae under light-dark cycling conditions at 5 days post fertilization
(dpf). Control larvae show increased locomotor activity under light conditions, and
although ugp2 double mutant larvae still responded to increasing light conditions,
they showed a strongly reduced activity (Figure 6E, F). This could indicate that
their capability to sense visual cues is diminished, or that their tectal processing of
visual input is delayed, resulting in reduced movements. Strikingly, upon careful
inspection, we noticed that ugp2 double mutant larvae did not show spontaneous
eye movements, in contrast to age-matched control larvae (Figure 6G, Supplemen-
tal Movie 1 and 2). Whereas we did not observe an obvious spontaneous epilepsy
phenotype in these double mutant larvae, upon stimulation with 4-aminopyridine (4-
AP), a potent convulsant, double mutant larvae showed an increased frequency and
duration of movements at high velocity compared to controls, which might indicate
an increased seizure susceptibility (Figure 6H, I). Taken together, severely reduced
Ugp2a/Ugp2b levels result in a behavior defect with reduced eye movements, indi-
cating that also in zebrafish Ugp2 plays an important role in brain function.
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Loss of UGP2 in brain leads to a severe DEE

UGP2 is an essential gene in humans and ATG mutations of tissue specific
isoforms of essential genes potentially cause more rare genetic diseases

Several lines of evidence argue that UGP?2 is essential in humans. First, no homo-
zygous LoF variants or homozygous exon-covering deletions for UGP2 are present
in gnomAD or GeneDx controls, and homozygous variants in this gene are limited
to non-coding changes, synonymous variants and 5 missense variants, together oc-
curring only 7 times homozygous (Supplementary Table 5). Also, no homozygous
or compound heterozygous UGP2 LoF variants were found in published studies
on dispensable genes in human knockouts” ", or in the Centogene (CentoMD) or
GeneDx patient cohorts, encompassing together many thousands of individuals, fur-
ther indicating that this gene is intolerant to loss-of-function in a bi-allelic state. In
addition, no homozygous deletions of the region encompassing UGP?2 are present in
DECIPHER® or ClinVar¥’. Second, UGP2 has been identified as an essential gene
using gene-trap integrations® and in CRISPR-Cas9 LoF screens in several human
cell types® ™. Finally, studies in yeast®***, fungus® and plants***' consider the or-
thologs of UGP?2 as essential, and the absence of Ugp2 in mice is predicted to be
lethal®?. In flies, homozygous UGP knock-outs are lethal while only hypomorphic
compound heterozygous alleles are viable but have a severe movement defect with
altered neuromuscular synaptogenesis due to glycosylation defects®.

Figure 6. Zebrafish disease modeling. A) Schematic drawing of the ugp2a and ugp2b loci in zebrafish
and the generated mutations. B) Confocal images (maximum projection of confocal Z-stacks) of
the brain of wild type (left) and ugp2aA/A; ugp2bA/A mutant zebrafish larvae (right), both in an s/-
cla2b-citrine reporter background, at 4 days post-fertilization (dpf). The lower panels are higher mag-
nifications of the boxed regions indicated in the upper panels. Scale bar in upper panel is 100 pm,
in lower panel 20 pm. In upper panel, Z=45 with step size 4 pm; in lower panel, Z=30 with step
size 2 um. C) Enzymatic activity in ugp2 double mutant zebrafish larvae at 4 and 5 dpf, compared
to wild-type age-matched controls, showing reduced Ugp2 enzyme activity in double mutant zebraf-
ish. D) qRT-PCR for the neuronal activity marker c-fos in wild type and ugp2 double mutant larvae at
3 dpf. For each group, 2 batches of 12 larvae were pooled. Shown is the mean fold change for the indi-
cated genes compared to wild type, normalized for the housekeeping gene gapdh. Error bars represent
SEM; ***p<0.001, unpaired ¢ test, two tailed. E) Representative graph of a locomotion assay showing
the total distance moved by larvae during the dusk—dawn routine (total time: 3 h 12 min), n=24 larvae
per genotype. Gray shading shows the standard error of the mean. F) Quantification of the total distance
moved throughout the experiment from e excluding the dark period. G) Quantification of the number of
observed spontaneous eye movements during a 2-min observation in wild type and ugp2 double mutant
larvae at 4 dpf. Each dot represents one larva; shown is the average and SD; ***p<0.001, ¢ test, two
tailed. H) Quantification of the frequency of movements at a speed of > 15 mm/s, for wild-type control
and ugp2 double mutant zebrafish larvae at 4 dpf, treated with mock control or with 0.04 nM or 0.4 nM
4-AP during a 35-min observation. Each dot represents a single larva; results of two experiments are
shown, within total 24 larvae per condition. I) Quantification of the movement duration at a speed
of> 15 mm/s, for wild-type control and ugp2 double mutant zebrafish larvae at 4 dpf, treated with mock
control or with 0.04 nM or 0.4 nM 4-AP during a 35-min observation. Each dot represents a single
larva; results of two experiments are shown, with in total 24 larvae per condition. *p<0.05, two-way
ANOVA with Bonferoni post test.
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To further investigate the essentiality of UGP2, we performed differentiation exper-
iments of our WT, KO and rescue ESCs. Differentiation of KO ESCs into hemato-
poietic stem cells (HSCs) resulted in severe downregulation of GATA2 compared to
wild type cells, and this was restored in rescue cell lines (Figure 7A). GATA2 is a
key transcription factor in the developing blood system, and knockout of Gata? is
embryonic lethal in mice due to defects in HSC generation and maintenance®*®. Dif-
ferentiation of ESCs into cardiomyocytes similarly affected key marker gene expres-
sion in KO cells, and these changes were restored upon UGP2 rescue (Figure 7B,
C). Whereas WT ESCs could generate beating cardiomyocytes after 10 days, these
were not seen in KO ESCs. Taken together this argues that the complete absence of
UGP2 in humans is probably incompatible with life, a hypothesis that cannot be test-
ed directly. However, if true, this could well explain the occurrence of the unique re-
current mutation in all cases presented herein. Given the structure of the UGP2 locus
(Figure 2A), every LoF variant would affect either the long isoform, when located
in the first 33 nucleotides of the cDNA sequence, or both the short and long isoform
when downstream to the ATG of the short isoform. Therefore, the short isoform start
codon is the only mutational target that can disrupt specifically the short isoform. In
this case, the Met12Val change introduced into the long isoform does not seem to
disrupt UGP2 function to such an extent that this is intolerable and therefore allows
development to proceed for most tissues. However, the lack of the short UGP2 iso-
form caused by the start codon mutation results in a depletion of functional UGP2 in
tissues where normally the short isoform is predominantly expressed. In brain this
reduction diminishes total UGP2 levels below a threshold for normal development,
causing a severe epileptic encephalopathy syndrome. Given the complexity of the
human genome with 42,976 transcripts with RefSeq peptide IDs, perhaps also other
genetic disorders might be caused by such tissue restricted depletion of essential
proteins. Using a computational homology search of human proteins encoded by
different isoforms, we have identified 1,766 genes that share a similar structure to
the UGP2 locus (e.g. a shorter protein isoform that is largely identical to the longer
protein isoform, translated from an ATG that is contained within the coding sequence
of the long isoform) (Figure 7D). When filtering these genes for 1) those previously
shown to be essential®, 2) not associated with disease (e.g. no OMIM phenotype)
and 3) those proteins where the shorter isoform is no more than 50 amino acids
truncated at the N-terminal compared to the longer isoform, we identified 247 genes
(Supplementary Table 6). When comparing the ratios of isoform specific reads ob-
tained from different fetal RNA-seq data*>! we noticed that many of these genes
show differential isoform expression amongst multiple tissues, with many genes
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showing either expression of the long or the short isoform in a particular tissue (Fig-
ure 7E). Homozygous LoF variants or start codon altering mutations in these genes
are rare in gnomAD (Supplementary Table 7), and it is tempting to speculate that
mutations in start codons of these genes could be associated with human genetic
diseases, as is the case for UGP2. Using mining of data from undiagnosed patients
from our own exome data base, the Queen Square Genomic Center database and
those from Centogene and GeneDx, we found evidence for several genes out of the
247 having rare, bi-allelic variants affecting the start codon of one of the isoforms
that could be implicated in novel disorders (unpublished observations) and give one
such example in the Supplementary Note. Together, these findings highlight the rel-
evance of mutations resulting in tissue-specific protein loss of essential genes for
genetic disorders.

Figure 7. Essentiality of UGP2 and other disease candidate genes with a similar mutation
mechanism. A) qRT-PCR analysis of the hematopoietic stem cell markers GATA2, LMO?2 and RUNX1,
after 12 days of differentiation of wild type, UGP2 KO and UGP2 KO rescue ESCs. Shown is the mean
fold change for the indicated genes compared to wild type, normalized for the housekeeping gene TBP.
Results of two biological and two technical replicates are plotted. Error bars represent SEM; *p <0.05;
**p<0.01, ***p<0.001, unpaired ¢ test, two tailed. B) As A, but now for cardiomyocyte differentiation
at day 15, assessing expression of the cardiomyocyte markers TNNT2, MYL2 and MYL7. C) Bright-
field image of cardiomyocyte cultures of wild type, UGP2 KO and rescue cells. Note the elongated
organized monolayer structure cardiomyocytes capable of beating in wild type and rescue cells that are
absent in KO cultures. Scale bar is 400 um. D) Scheme showing the homology search to identify genes
with a similar structure as UGP2, where ATG-altering mutations could affect a tissue-specific isoform
causing genetic disease. E) Heat map showing the ratio of short isoform expression over total isoform
expression from published RNA-seq data amongst 20 tissues for 83 out 247 essential genes that are
not yet implicated in disease and in which the short and longer protein isoforms differ by less than 50
amino acids at the N-terminal.
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Discussion

Here we describe a recurrent variant in 19 individuals from 12 families, affecting the
start codon of the shorter isoform of the essential gene UGP2 as a novel cause of a
severe DEE. Using in vitro and in vivo disease modeling, we provide evidence that
the reduction of UGP2 expression in brain cells leads to global transcriptome chang-
es, a reduced ability to produce glycogen, alterations in glycosylation and increased
sensitivity to ER stress, which together can explain the phenotype observed in the
patients. Most likely our findings in vitro underestimate the downstream effects in
patient cells, as in fetal brain the longer isoform expression is almost completely si-
lenced and virtually all UGP2 comes from the shorter isoform, which in patient cells
cannot be translated. During our in vifro NSC differentiation this isoform switch is
less complete, leaving cells with the patient mutation with some residual UGP2.
Strikingly, the clinical phenotype seems to be very similar in all cases, including in-
tractable seizures, absence of developmental milestones, progressive microcephaly
and a disturbance of vision, with retinal pigment changes observed in all patients
who had undergone ophthalmological examination. Also, all patients seem to share
similar, although mild, dysmorphisms, possibly making this condition a recogniz-
able syndrome.

The involvement of UGP2 in genetic disease is surprising. Given its central role in
nucleotide-sugar metabolism it is expected that loss of this essential protein would
be incompatible with life, and therefore loss-of-function should not be found in as-
sociation with postnatal disease. Our data argue that indeed a total absence of UGP2
in all cells is lethal, but that tissue-specific loss, as caused here by the start codon
alteration of an isoform important for brain, can be compatible with postnatal de-
velopment but still results in a severe phenotype. Given that any other LoF vari-
ant across this gene would most likely affect both protein isoforms, this could also
explain why only a single mutation is found in all individuals. The fact that the
Met12Val long isoform was able to rescue the full KO phenotype indicates that the
missense change introduced to the long protein isoform does not affect UGP2 func-
tion. As other variants at this start codon, even heterozygous, are not found, possibly
missense variants encoding for leucine, lysine, threonine, arginine or isoleucine (e.g.
amino acids that would be encoded by alternative changes affecting the ATG codon)
at this amino acid location in the long isoform could not produce a functional pro-
tein and are therefore not tolerated. Although start codon mutations have previously
been implicated in disease’®”’, there are no reports, to our knowledge, on disorders
describing start codon alterations of other essential genes, leading to alterations of
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tissue specific isoforms. Using a genome-wide homology search, we have identified
a large list of other essential genes with a similar locus structure and variable iso-
form expression amongst tissues, where similar ATG altering variants could affect
tissue-relevant expression. An intriguing question is why evolution has resulted in a
large number of genes encoding almost identical protein isoforms. It will be interest-
ing to further explore the mutational landscape of these genes in cohorts of currently
unexplained patients.
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Experimental procedure
Patient recruitment

All affected probands were investigated by their referring physicians and all ge-
netic analysis was performed in a diagnostic setting. Legal guardians of affected
probands gave informed consent for genomic investigations and publication of their
anonymized data.

Next generation sequencing of index patients

Individual 1. Genomic DNA was isolated from peripheral blood leukocytes of pro-
band and both parents and exome-coding DNA was captured with the Agilent Sure
Select Clinical Research Exome (CRE) kit (v2). Sequencing was performed on an
[lumina HiSeq 4000 with 150bp paired end reads. Reads were aligned to hg19 using
BWA (BWA-MEM v0.7.13) and variants were called using the GATK haplotype
caller (v3.7 (reference: http://www.broadinstitute.org/gatk/)*®. Detected variants
were annotated, filtered and prioritized using the Bench lab NGS v5.0.2 platform
(Agilent technologies). Initially, only genes known to be involved in epilepsy were
analyzed, followed by a full exome analysis revealing the homozygous UGP2 vari-
ant.

Individuals 2, 3 and 4: Using genomic DNA from the proband and parents (individ-
ual 4) or the proband, parents, and affected sibling (individual 2 and 3), the exonic
regions and flanking splice junctions of the genome were captured using the SureSe-
lect Human All Exon V4 (50 Mb) (individual 4) or the IDT xGen Exome Research
Panel v1.0 (individual 2 and 3). Massively parallel (NextGen) sequencing was done
on an I[llumina system with 100bp or greater paired-end reads. Reads were aligned to
human genome build GRCh37/UCSC hgl9, and analyzed for sequence variants us-
ing a custom-developed analysis tool. Additional sequencing technology and variant
interpretation protocol has been previously described”. The general assertion criteria
for variant classification are publicly available on the GeneDx ClinVar submission
page (http://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/).

Individual 5: Diagnostic exome sequencing was done at the Departments of Human
Genetics of the Radboud University Medical Center Nijmegen, The Netherlands and
performed essentially as described previously'®.

Individual 6, 7,8, 9, 10, 15, 16, 17, 18 and 19: After informed consent, we collected
blood samples from the probands, their parents and unaffected siblings, and extract-
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ed DNA using standard procedures. To investigate the genetic cause of the disease,
WES was performed in the affected proband. Nextera Rapid Capture Enrichment
kit (Illumina) was used according to the manufacturer instructions. Libraries were
sequenced in an Illumina HiSeq3000 using a 100-bp paired-end reads protocol.
Sequence alignment to the human reference genome (UCSC hgl9), and variants
calling, and annotation were performed as described elsewhere!'®'. After removing
all synonymous changes, we filtered single nucleotide variants (SNVs) and indels,
only considering exonic and donor/acceptor splicing variants. In accordance with
the pedigree and phenotype, priority was given to rare variants [<1% in public da-
tabases, including 1000 Genomes project, NHLBI Exome Variant Server, Complete
Genomics 69, and Exome Aggregation Consortium (ExAC v0.2)] that were fitting a
recessive or a de novo model.

Individual 11 and 14: Whole exome sequencing was performed at CENTOGENE
AG, as previously described!'®.

Individual 12 and 13: High quality DNA was used to capture exomic sequences
using the SureSelect kit (Agilent, Santa Clara, CA, US). Then genomic libraries
were created according to manufacturer’s protocols. Sequences were read on Proton
(Life Technologies Inc., Carlsbad, CA, US). Downstream analyses such as sequence
alignment, indexing, raw variant calling were done using publicly and commercially
available tools such as Ion Reporter, SAMTools, and Genomic Analysis ToolKit.
Moreover, variant interrogations were done using sequence-variant databases, such
as dbSNP, Ensembl, and the National Heart, Lung, and Blood Institute (NHLBI)
Exome Variant Server (EVS), 1000 genome project.

Human brain samples

Tissue was obtained, upon informed consent, and used in a manner compliant with
the Declaration of Helsinki and the Research Code provided by the local ethical
committees. Fetal brains were preserved after spontaneous or induced abortions with
appropriate maternal written consent for brain autopsy and use of rest material for
research. We performed a careful histological and immunohistochemical analysis
and evaluation of clinical data (including genetic data, when available). We only
included specimens displaying a normal cortical structure for the corresponding age
and without any significant brain pathology.
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Brain tissue immunohistochemistry

For immunohistochemical analysis, we used 2 cases from the first trimester (GW6
and GW9), 4 cases from the second trimester (GW21, GW23, GW24 and GW26)
and 2 cases from the third trimester (GW33 and GW36). Anatomical regions were
determined according to the atlas of human brain development'®1%, We cut 4 um
sections from formalin-fixed, paraffin embedded whole fetuses (GW6 and GW9) and
brain tissue from cerebral, mesencephalic, cerebellar and brain stem region (from
GW21 to GW36). Slides were stained with mouse anti-UGP2 (C-6) in a 1:150 dilu-
tion (Santa Cruz) and visualized using Mouse and Rabbit Specific HRP/DAB (ABC)
Detection THC kit (Abcam). Mayer’s hematoxylin was used as a counterstain for
immunohistochemistry followed by mounting and coverslipping (Bio-Optica) for
slides. Prepared slides were analyzed and scanned under a VisionTek® Live Digital
Microscope (Sakura).

Cloning of UGP2 cDNA

RNA was isolated using TRI reagent (Sigma) from whole peripheral blood of in-
dex patient 1 and her parents, after red blood cell depletion with RBC lysis buffer
(168mM NH,Cl, 10mM KHCO,, 0.1mM EDTA). cDNA was synthesized following
the iISCRIPT cDNA Synthesis Kit (Bio-Rad) protocol, and the coding sequence of
the long and short UGP2 isoform (wild type or mutant) was PCR-amplified together
with homology arms for Gibson assembly (see Supplementary Table 8 for primer
sequences) using Phusion High-Fidelity DNA polymerase (NEB). PCR amplified
DNA was then cloned by Gibson assembly as previously described!®” in a pPyCAG-
IRES-puro plasmid (a kind gift of [an Chambers, Edinburgh) opened with EcoRI for
experiments in mammalian cells. All obtained plasmids were sequenced verified by
Sanger sequencing (complete plasmid sequences available upon request).

Fibroblast cell culture

Fibroblasts from index patient 1 and her parents were obtained using a punch biop-
sy according to standard procedures, upon informed consent (IRB approval MEC-
2017-341). Fibroblasts from the parents of index patient 2 and 3 were also obtained
upon informed consent at McMaster Children’s Hospital. All fibroblasts were cul-
tured in standard DMEM medium supplemented with 15% Fetal calf serum, MEM
Non-Essential amino acids (Sigma), 100 U/ml penicillin and 100 pg/ml streptomy-

108

cin, as done previously'®, in routine humidified cell culture incubators at 20% O2.

Fibroblast cell lines were transfected using Lipofectamine 3000 (Invitrogen) with
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the indicated plasmid constructs. All the cell lines used in this report were regularly
checked for the presence of mycoplasma and were negative during all experiments.

Genome engineering in human embryonic stem cells

H9 human embryonic stem cells were cultured as previously described!'?”!*. In short,
cells were maintained on feeder free conditions in mTeSR-1 medium (STEMCELL
technologies) on Matrigel (Corning) coated culture dishes. To engineer the patient
specific UGP2 mutation by homologous recombination''’, ESC were transfected us-
ing Lipofectamine 3000 with a plasmid expressing eSpCas9-t2a-GFP (a kind gift
of Feng Zhang) and a gRNA targeting the UGP2 gene (see Supplementary Table 8
for the sequence), together with a 60 bp single stranded oligonucleotide (ssODN)
homology template encoding the patient mutation (synthesized at IDT). To increase
the stability of the ssODN and therefore homologous recombination efficiency, the
first two 5” and 3” nucleotides were synthesized using phosphorothiorate bonds ''!. 48
hours post transfection, GFP expressing cells were sorted, and 6000 single GFP-pos-
itive cells were plated on a Matrigel coated 6-well plate in the presence of 10uM
ROCK-inhibitor (Y27632, Millipore). After approximately 10 days, single colonies
where manually picked, expanded and genotyped using Sanger sequencing (see
Supplementary Table 8 for primer sequences). As a by-product of non-homologous
end joining, knock-out clones were identified which showed a single nucleotide A
insertion at position 42 of UGP2 transcript 1 (chr2:64083462 64083463insA), lead-
ing to an out of frame transcript and a premature termination of the protein at amino
acid position 47 (D15Rfs*33). Western blotting confirmed the absence of all UGP2
protein in knock-out clones and the loss of the short UGP2 isoform in clones with
the patient mutation. To produce a stable rescue cell line, ESC cells were transfected
as previously described with the pPyCAG-IRES-puro plasmid expressing either the
long WT or mutant UGP2 isoform. After 48 hours, the population of cells with the
transgene integration was selected with 1pg/ml puromycin. Engineered ESC clones
had a normal colony morphology and pluripotency factor expression.

Patient specific Induced pluripotent stem cell generation

Patient fibroblast cell lines were reprogrammed using the CytoTune™-iPS 2.0 Send-
ai Reprogramming Kit (Thermo Scientific, A16517) expressing the reprogramming
factors OCT4, SOX2, KLF4 and C-MYC on matrigel coated cell culture plates, upon
informed consent (IRB approval MEC-2017-341). After approximately 4-5 weeks,
emerging colonies were manually picked and expanded. Multiple clones were as-
sessed for their karyotype, pluripotency factor expression and three lineage differen-
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tiation potential (Stem Cell Technologies, #05230), following the routine procedures
of the Erasmus MC iPS Cell facility, as previously described'*®. Sanger sequencing
was used to verify the genotype of each obtained iPSC line. We used three validated
clones for each individual in our experiments.

Neural stem cell differentiation

Pluripotent cells were differentiated in neural stem cells (NSCs), using a modified
dual SMAD inhibition protocol 2. In short, 18000 cells/cm? were plated on matrigel
coated cell culture dishes in mTeSR-1 medium in the presence of 10uM Y27632.
When cells reached 90% confluency, the medium was switched to differentiation
medium (KnockOut DMEM (Gibco), 15% KnockOut serum replacement (Gibco),
2mM L-glutamine (Gibco), MEM Non-Essential amino acids (Sigma), 0.1 mM
B-mercaptoethanol, 100U/ml penicillin and 100 pg/ml streptomycin) supplement-
ed with 2uM A 83-01 (Tocris) and 2uM Dorsomorphin (Sigma-Aldrich). At day
6, medium was changed to an equal ratio of differentiation medium and NSC me-
dium (KnockOut DMEM-F12 (Gibco), 2mM L-glutamine (Gibco), 20ng/ml bFGF
(Peprotech), 20ng/ml EGF (Peprotech), 2% StemPro Neural supplement (Gibco),
100U/ml penicillin and 100pg/ml streptomycin) supplemented with 2uM A 83-01
(Tocris) and 2uM Dorsomorphin (Sigma-Aldrich). At day 10, cells were passaged
(NSC p=0) using Accutase (Sigma) and maintained in NSC medium. We used com-
mercially available H9-derived NSCs (Gibco) as a control (a kind gift of Raymond
Poot, Rotterdam).

Other stem cell differentiation experiments

ESCs were differentiated into hematopoietic stem cells and cardiomyocyte using
commercially available STEMCELL technologies kits (STEMdiff Hematopoietic kit
#05310, STEMdiff Cardiomyocyte differentiation kit #05010) according to manu-
facturer’s instructions. Cells were finally harvested and lysed with TRI reagent to
isolate RNA for further RT-qPCR analysis.

RNA-sequencing and data analysis

For RNA-seq on blood derived patient RNA, peripheral blood was obtained from
index patient 1 and her parents, collected in PAX tubes and RNA was isolated fol-
lowing standard diagnostic procedures in the diagnostics unit of the Erasmus MC
Clinical Genetics department. RNA-seq occurred in a diagnostic setting, and se-
quencing was performed at GenomeScan (Leiden, The Netherlands). For RNA-seq
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of in vitro cultured cell lines, RNA was obtained from 6-well cultures using TRI
reagent, and further purified using column purification (Qiagen, #74204). mRNA
capture, library prep including barcoding and sequencing on an Illumina HiSeq2500
machine were performed according to standard procedures of the Erasmus MC Bio-
mics facility. Approximately 20 million reads were obtained per sample. For the cell
line experiments, two independent H9 wild type cultures, two independent knock-
out clones harboring the same homozygous UGP2 genetic alteration and two inde-
pendent clones harboring the patient homozygous UGP2 mutation were used. Each
cell line was sequenced in two technical replicates at ESC state and differentiated
NSC state (at passage 5). FASTQ files obtained after de-multiplexing of single-end,
50 bp sequencing reads were trimmed by removing possible adapters using Cutadapt
after quality control checks on raw data using the FastQC tool. Trimmed reads were
aligned to the human genome (hg38) using the HISAT?2 aligner'. To produce Ge-
nome Browser Tracks, aligned reads were converted to bedgraph using bedtools ge-
nomecov, after which the bedGraphToBigWig tool from the UCSC Genome Brows-
er was used to create a bigwig file. Aligned reads were counted for each gene using
htseq-count'* and GenomicFeatures'® was used to determine the gene length by
merging all non-overlapping exons per gene from the Homo_sapiens.GRCh38.92.
gtf file (Ensemble). Differential gene expression and RPKM (Reads Per Kilobase per
Million) values were calculated using edgeR!"'¢ after removing low expressed genes
and normalizing data. The threshold for significant differences in the gene expres-
sion was FDR < 0.05. To obtain a list of ESC and NSC reference genes used in Sup-
plementary Figure 6F, we retrieved genes annotated in the following GO terms using
GSEA/MSigDB web site v7.0: GO FOREBRAIN NEURON DEVELOPMENT
(GO:0021884), GO _CEREBRAL CORTEX DEVELOPMENT (GO:0021987),
GO _NEURAL TUBE DEVELOPMENT (GO:0021915), BHATTACHARYA
EMBRYONIC STEM CELL (PMID: 15070671) and BENPORATH NOS TAR-
GETS (PMID: 18443585).

Functional enrichment analysis

117 118 119

Metascape and Enrichr'”® were used to assess functional enrichment
of differential expressed genes. Supplementary Table 4 reports all outputs in LogP,
log(g-value) and Adjusted p-value (g-value) for Metascape and g:profiler, and in
p-value, Adjusted p-value (g-value) and combined-score (which is the estimation
of significance based on the combination of Fisher’s exact test p-value and z-score
deviation from the expected rank) for Enrichr. All tools were used with default pa-

rameters and whole genome set as background.

, g:profiler
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Genome-wide homology search

To make a genome-wide list of transcripts sharing a similar structure as UGP?2 tran-
scripts, 42,976 transcripts from 21,522 genes (Human genes GRCh38.p12) were
extracted using BioMart of Ensembl (biomaRt R package). 11,056 out of 21,522
genes had only 1 transcript and the remaining 31,920 transcripts from 10,466 genes
were selected, the protein sequences were obtained with biomaRt R package and
homology analysis was performed using the NCBI's blastp (formatting option: -out-
fmt=6) command line. We grouped longest and shorter transcript based on coding
sequence length and only kept those that matched a pairwise homology comparison
between the longest and the shorter transcript with the following criteria: complete
100 percent identity, without any gap and mismatch, and starting ATG codon of
shortest transcript being part of the longest transcript(s). 1,766 genes meet these
criteria. We then filtered these genes for published essential genes®, leaving us with
1,197 genes. Using BioMart (Attributes: Phenotype description and Study external
reference) of Ensembl we then evaluated the probability that these genes were impli-
cated in disease and identified 850 genes that did not have an association with dis-
ease phenotype/OMIM number. Of those, 247 genes encoded proteins of which the
shorter isoform differed less than 50 amino acids from the longer isoform. We chose
this arbitrary threshold to exclude those genes where both isoforms could encode
proteins differing largely in size and might therefore encode functionally completely
differing proteins (although we cannot exclude that this will also hold true for some
of the genes in our selection).

Differential isoform expression in fetal tissues

Publicly available RNA-seq data from various fetal tissue samples (Supplementary
Table 2) were analyzed using the same workflow as described for the RNA-seq data
analysis above. To determine differential isoform expression in these tissues, we
calculated a ratio between the unique exon(s) of the shortest and longest transcript
for each gene and assessed its variability across different fetal tissue samples. The
number of reads for each unique exon of a transcript was calculated by mapping
aligned RNA-seq reads against the unique exon coordinate using bedtools multicov.
The longest and shortest transcripts were separated and the transcript ratio (number
of counts of shortest transcript / (number of counts of shortest transcript + number of
counts of longest transcript)) for each gene was obtained from the average reads of
RNA-seq samples per tissue. 382 genes out of 1,197 genes showed high variability
across different samples (defined as a difference between highest and lowest ratio >
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0.5), 277 of those high variable genes were not associated with a disease phenotype/
OMIM number and of these 83 genes had a length less than 50 amino acids (a subset
of the 247 genes with no OMIM and length less than 50 amino acids).

Haplotype Analysis

The 30 MB region surrounding UGP2 was extracted from exome sequencing VCF
files to include both common and rare polymorphisms. Variants were filtered for a
minimum depth of coverage of at least 10 reads and a genotype quality of at least 50.
The filtered variants, were then used as input in PLINK (v1.07) with the following
settings:

e homozyg-snp 5

e homozyg-kb 100

e homozyg-gap 10000

e homozyg-window-het 0
ROH around the UGP? variant were identified in all 5 probands examined. The min-
imum ROH in common between all samples was a 5 Mb region at chr2: 60679942-
65667235. We note that targeted sequencing leads to uneven SNP density, so the
shared ROH may, in fact, be larger or smaller. Next, we used recombination maps
from deCODE to estimate the size of the region in centiMorgans (cM). We then used
the region size in cM to estimate the time to event in generations using methods
previously described'?°.

qPCR analysis

RNA was obtained using TRI reagent, and cDNA prepared using iSCRIPT cDNA
Synthesis Kit according to manufacturer’s instructions. qPCR was performed using
iTaq universal SYBR Green Supermix in a CFX96RTS thermal cycler (Bio-Rad).
Supplementary Table 8 summarizes all primers used in this study. Relative gene
expression was determined following the AAct method. To calculate the ratio of
the short isoform, we performed absolute quantification as previously described'?'.
Briefly, we performed qPCR on known copy numbers, ranging from 10™ to 10" cop-
ies, of a plasmid containing the short UGP2 isoform (5’ UTR included) using prim-
ers detecting specifically either the total or the short isoform. After plotting the log
copy number versus the ct, we obtained a standard curve that we used to extrapolate
the copy number of the unknown samples. To test for significance, we used Student’s
T-test and considered p<0.05 as significant.
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Western blotting

Proteins were extracted with NE buffer (20mM Hepes pH 7.6, 1.5mM MgCIl2,
350mM KCI, 0.2mM EDTA and 20% glycerol) supplemented with 0.5% NP40,
0.5mM DTT, cOmplete Protease Inhibitor Cocktail (Roche) and 150U/ml benzo-
nase Protein concentration was determined by BCA (Pierce) and 20-50ug of proteins
were loaded onto a 4-15% Criterion TGX gel (Bio-Rad). Proteins were then trans-
ferred to a nitrocellulose membrane using the Trans-Blot Turbo Transfer System
(Bio-Rad). The membrane was blocked in 5% milk in PBST and subsequently incu-
bated overnight at 4°C with primary antibody diluted in milk. After PBST washes,
the membrane was incubated 1 hour at RT with the secondary antibody and imaged
with an Odyssey CLX scanning system (Li-Cor). Band intensities were quantified
using Image Studio (Li-cor). Antibodies used were: Ms-a-UGP2 (sc-514174) 1:250;
Ms-a-Vinculin (sc-59803) 1:10000; Gt-a-actin (sc-1616) 1:500; Ms-a-LAMP2
(H4B4) 1:200; IRDye 800CW Goat anti-Mouse (926-32210) 1:5000; IRDye 680
Donkey anti-Goat (926-32224) 1:5000.

Zebrafish disease modelling

Animal experiments were approved by the Animal Experimentation Committee at
Erasmus MC, Rotterdam. Zebrafish embryos and larvae were kept at 28°C on a
14—-10-hour light—dark cycle in 1 M HEPES buffered (pH 7.2) E3 medium (34.8 g
NaCl, 1.6 g KCl, 5.8 g CaCl, - 2H,0, 9.78 g MgCl, - 6 H,0). For live imaging, the
medium was changed at 1 dpfto E3+0.003% 1-phenyl 2-thiourea (PTU) to prevent
pigmentation. Ugp2a and ugp2b were targeted by Cas9/gRNA RNP-complex as we
did before™. Briefly, fertilized oocytes from a tgBAC(slc1a2b:Citrine)re01tg report-
er line’® maintained on an TL background strain were obtained, and injected with
Cas9 protein and crRNA and tracrRNA synthesized by IDT (Alt-R CRISPR-Cas9
System), targeting the open reading frame of zebrafish ugp2a and ugp2b. DNA was
extracted from fin clips and used for genotyping using primers flanking the gRNA lo-
cation (Supplementary Table 8) followed by sequencing. Mutants with a high level
of out of frame indels in both genes were identified using TIDE'*? and intercrossed
to obtain germ line transmission. Upon re-genotyping, mutant zebrafish with the
following mutations as indicated in Figure 6 were selected and further intercrossed.
In this study, we describe two new mutant fish lines containing deletions in ugp2a
(ugp2a®®) and ugp2b (ugp2b**): ugp2a®r% containing a 37 bp deletion in exon 2
and ugp2b=*=® containing a 5 bp deletion in exon 2. Intravital imaging, and anal-
ysis of eye movement, was performed as previously described’. Briefly, zebrafish
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larvae anesthetized in tricaine were mounted in low melting point agarose containing
tricaine and imaged using a Leica SP5 intravital imaging setup with a 20x/1.0 NA
water-dipping lens. To assess the locomotor activity of zebrafish larvae from 3 to
5 dpf, locomotor activity assays were performed using an infrared camera system
(DanioVision™ Observation chamber, Noldus) and using EthoVision® XT software
(Noldus) as described’. Briefly, control (n = 24) and ugp2a™®; ugp2b** (n = 24)
zebrafish larvae, in 48 well plates, were subjected to gradually increasing (to bright
light) and decreasing light conditions (darkness) as in Kuil et al’®. Distance traveled
(mm) per second was measured. For 4-AP (Sigma) stimulation animals were treated
with 4-AP dissolved in DMSO 30 minutes before the onset of the experiments. For
these experiments locomotor activity was measured over 35 minutes, with the first
5 minutes going from dark to light, followed by 30 minutes under constant light
exposure.

Periodic acid-schiff (PAS) staining

ESCs or differentiated NSCs (wild type, KO, KI or rescue) were incubated under
hypoxia conditions (3% O2) for 48 hours. Cells were fixed with 5.2% formaldehyde
in ethanol, incubated 10 min with 1% Periodic acid, 15 min at 37°C with Schiff’s
reagent (Merck) and 5 min with Hematoxylin solution (Klinipath) prior to air drying
and mounting. Every step of the protocol is followed by a 10 minutes wash with tap
water. Imaging occurred on an Olympus BX40 microscope. Images were acquired at
a 100x magnification, and ImagelJ software was used for quantification. For ESCs,
we used a minimum of 20 images per genotype for the quantification, containing on
average 20 cells each, calculating the percentage of PAS positive area. For NSCs,
we imaged between 80 to 100 cells per genotype, counting the number of glycogen
granules in the cytoplasm. We report the average of two independent experiments at
48 hours low oxygen.

UGP2 enzymatic activity

The measurement of UGP2 enzyme activity was performed according to a modified
GALT enzyme activity assay as described previously'?. Frozen cell pellets were
defrosted and homogenized on ice. 10 pl of each cell homogenate (around 0.5 mg
protein/ml as established by BSA protein concentration determination) was pre-in-
cubated with 10 pl of dithiothreitol (DDT) for 5 min at 25°C. 80 pl of a mixture of
glucose-1-phosphate (final concentration 1 mM), UTP (0.2 mM), magnesium chlo-
ride (1 mM), glycine (125 mM) and Tris-HCI (pH8) (40 mM) was added and in-
cubated for another 15 min at 25°C. The reaction was stopped by adding 150 pl of
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3.3% perchloric acid. After 10 min on ice the mixture was centrifuged (10,000 rpm
for 5 min at 4°C), the supernatant isolated and neutralized with ice cold 8 pl potas-
sium carbonate for 10 min on ice. After centrifugation the supernatant was isolated
and 1:1 diluted with eluent B (see below) after which the mixture was added to a
MilliPore Amicon centrifugal filter unit. After centrifugation the supernatant was
stored at -20°C until use. The separation was performed by injection of 10 pl of the
defrosted supernatant onto a HPLC system with UV/VIS detector (wave length 262
nm) equipped with a reversed phase Supelcosil LC-18-S 150 mm x 4.6 mm, particle
size 5 um, analytical column and Supelguard LC18S guard column (Sigma-Aldrich).
During the experiments the temperature of the column was maintained at 25°C. The
mobile phase consisted of eluent A (100% methanol) and eluent B (50 mM ammoni-
um phosphate buffer pH7.0 and 4 mM tetrabutylammonium bisulphate). A gradient
of 99% eluent B (0-20 min), 75% eluent B (20-30 min) and 99% eluent B (30-45
min) at a flow rate of 0.5 m/min was used. The reaction product UDP-glucose was
quantified using a calibration curve with known concentrations of UDP-glucose.
UGP2 activity was expressed as the amount of UDP-glucose formed per mg protein
per min. Experiments were performed in duplicate and for every cell line two inde-
pendently grown cell pellets were used.

Immunostaining / Immunohistochemistry

For immuonofluorescence staining, cells were seeded on coverslips coated with
100pg/ml poly-D-lysine (Sigma) overnight. For ESC, coverslips were further coated
with Matrigel (Corning) for one hour at 37°C. When cells reached about 70% conflu-
ency, they were fixed with 4% PFA for 15 min at RT. Cells were then permeabilized
with 0.5% triton in PBS, incubated one hour in blocking solution (3% BSA in PBS)
and then overnight at 4°C with the primary antibody diluted in blocking solution.
The following day the coverslips were incubated one hour at room temperature in the
dark with a Cy3-conjugated secondary antibody and mounted using ProLong Gold
antifade reagent with DAPI (Invitrogen) to counterstain the nuclei. Images were
acquired with a ZEISS Axio Imager M2 using a 63X objective.

Data availability

RNA-Seq of in vitro studies are publicly available through the National Center for
Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) under acces-
sion number GSE137129. A token for reviewer access is present in the supplement.
Due to privacy regulations and consent, raw RNA-seq data from patient blood can-
not be made available. To retrieve tissue wide expression levels of UGP2, the GTEx
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Portal was accessed on 16/07/2019 (https://gtexportal.org’/home/). RNA-seq data
from various tissues were downloaded from various publications**='. All publically

available data that were re-analyzed here are summarized in Supplementary Table
2.
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Supplementary Case Reports

Individual 4: The patient was born at 36+4 weeks after pregnancy complicated by
maternal cholestasis. Her parents are of Indian ancestry. There is no recognized con-
sanguinity. The patient was diagnosed with beta thalassemia in the newborn period
which required regular transfusions. Feeding difficulties were also noted in the new-
born period and persisted. Gastrostomy feeding was initiated at 7 months of age. Sei-
zures were first observed at 3 months of age. The seizures were initially myoclonic
and hypsarrhythmia was seen on EEG. The patient’s epilepsy had been intractable
and over time she has demonstrated a variety of seizure types including hemiclonic,
focal motor, generalized tonic-clonic and tonic. A trial of the ketogenic diet was not
effective. Multiple antiepileptic drugs have been used with limited improvement of
seizure frequency. Her primary regimen consisted of phenobarbital and clonazepam.
Beginning at age of 10 months the patient began to have severe, dystonic episodes
that featured posturing and variation in heart rate. The was also diagnosed with and
treated for intussusception at this time. The dystonic episodes improved some with
the administration of clonidine and propranolol. Benzodiazepines and opioids were
not effective. MRI of the brain was performed at ages 1, 2 and 3 years. A thin corpus
callosum was noted and over time there was cortical and striatal volume loss. She
has been diagnosed with cortical visual impairment. Eye exam noted lagophthalmos
and mild disc pallor. Her linear growth and weight were typical for age. She was able
to vocalize but did not achieve other developmental milestones before she passed at
age 3.5 years.

Individual 5: A 9-year-old female child from Oman, who presented at the age of 10
weeks with one day history of recurrent episodes of generalized tonic clonic sei-
zures. She was born to first degree consanguineous parents at full-term, via sponta-
neous vaginal delivery with a birth weight of 2860 grams and an Apgar of 7 and 10 at
1 and 5 minutes respectively. She is the 5th child for the parents and one of her elder
siblings died at 4years of age with some brain malformation (No documents avail-
able) and all other siblings are normal except a boy who reportedly has intellectual
disability. Her clinical examination, on initial admission showed a head circumfer-
ence of 37 cm (between 50th and 75th centiles) with weak Moro and sucking reflex,
power of 4/5 on the limbs and exaggerated deep tendon reflexes. All the baseline
investigations were within normal limits and she was loaded with phenobarbitone
and continued with a maintenance dose. As the seizures were not well controlled,
she required phenytoin, levetiracetam, topiramate and midazolam infusion during
the first admission. Her seizures got controlled after she was started on midazolam

99



Chapter 2A

infusion. Her EEG at that time showed multifocal seizures with burst suppression
and MRI brain showed cerebral atrophy with a thin corpus callosum and delayed
myelination. An oral pyridoxine trial was started, and she was referred to for further
metabolic work-up. She was seen by a metabolic consultant, but her parents refused
further investigations at that time and went against medical advice. During a second
opinion in Pakistan she was started on ACTH for 6 weeks but this did not result in
improvements. Parents stopped phenytoin treatment after hospital discharge and the
child continued to get daily recurrent episodes of multiple types of seizures (gener-
alized tonic clonic, tonic seizures, flexor spasms).

After 4 months parents visited again our outpatient clinic and at that time the girl
had not attained any head control, did not visually track and had bilateral pyrami-
dal signs. She was on phenobarbitone, topiramate and levetiracetam at that time.
After adjustments of medication doses, clonazepam was added, which resulted in
a slightly reduced seizure frequency. Her ophthalmic assessment showed general-
ized disc pallor with severe visual impairment. During her follow up as the seizures
were not well controlled, she was started on trial of folinic acid and parents felt
that the seizures improved after starting folinic acid. Parents noticed that seizure
frequency had increased while they ran out of folinic acid for a week. During the
follow-up, she was admitted twice to complete the detailed metabolic work ups.
Relevant investigations: FBC - Normal Bone profile, Electrolytes, LFT, Magnesium:
Normal Ammonia: 50 umol/L Lactate: 1mmol/L Blood gas: Normal Tandem Mass
Spectrometry: Unremarkable Uric acid: 0.20 mmol/L (0.15 -0.35) Urine organic ac-
ids: unremarkable Lysosomal enzymes: unremarkable Serum pyridoxal phosphate:
206 nmol/L (35 -110) Plasma homocysteine: 7 umol/L (< 10) Urine sulfocystiene:
Not detected Plasma amino acids: Unremarkable CSF Lactate: 1.6 mmol/L CSF
Glucose: 3mmol/L (Blood glucose -5 mmol/L) CSF Amino acids -Slight decrease
in Glycine (4,0 umol/l Reference values 6.0-11.0) moderate increase in glutamine
(606,0 umol/l Reference values 333.9-575.5) CSF biogenic amines: Normal Serum
Pipecolic acid: Normal CDG (Congenital disorder of glycosylation): Normal EEG:
Abnormal for frequent generalized spike and wave discharges followed by brief pe-
riod of suppression of background. Also independent epileptiform discharges arising
from both temporal regions which become almost continuous at times. Also noticed
to have asynchrony. The EEG is suggestive of early epileptic encephalopathy. MRI
Brain: Cerebral atrophy with thin corpus callosum and delayed myelination MRI
Brain: Generalized brain atrophy more marked in the supratentorial compartment
with scanty white matter USG Abdomen: Normal Last clinical review: She was still
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having daily brief seizures on multiple occasions. She had not attained any develop-
mental milestones She is on nasogastric feeding with formula milk only. Examina-
tion showed a bedridden child with microcephaly, no vision and hearing, no facial
asymmetry, generalized hypotonia with grade 3/5 power in both upper and lower
limbs, DTR are just elicitable, and planters are -flexor bilaterally. Current medica-
tions: Calcium Folinate 5mg BID, Phenobarbitone 30 mg BID, which is 4.3 mg/kg/
day Topiramate 25mg am and 50mg pm which is 5.4 mg/kg/day, Levetiracetam 250
mg BID, which is 36 mg/kg/day, Clonazepam 300mcg BID.

Individual 12: Individual 12 was born at term with unremarkable perinatal history.
Growth parameters were normal. The parents were first-degree cousins. Two mater-
nal uncles had global delay with intractable epilepsy and died at age of 1 and 4 years,
respectively. At three months, the baby was noted to have episodic leg jerking which
was confirmed to be epileptic seizures. With time, seizures became more frequent
and daily, consisting of brief tonic seizures with uprolling of eyes. Several combina-
tions of antiepileptic drugs were tried, but seizures remained intractable. The latest
of which included phenobarbital, topiramate, and levetiracetam. Trial of pyridoxine
was not helpful. Comprehensive metabolic investigations were unrevealing. These
included serum lactate, amino acids, renal and hepatic profiles, ammonia, transfer-
rin isoelectric focusing, acyl carnitine profile and urine organic acids. EEG showed
frequent generalized spikes during sleep associated with frequent independent sharp
waves over frontal and central areas bilaterally. Trial of steroids — suspecting variant
Landau Kluffner syndrome-was not helpful either. Brain MRI showed brain atro-
phy and developmental changes in the mesial temporal lobes. Long bone and chest
X-rays showed osteopenia, leading to one event of femoral fracture. No abnormal
storage was noted in skeletal bones or on femur MRI. Abdominal ultrasound showed
borderline liver size but normal echogenicity. Thigh Muscle MRI showed possible
moderate diffuse fatty changes involving both gluteal muscle groups and posterior
thigh muscle compartment in both sides, with milder fatty changes in the anterior
thigh compartment. Currently, at age 10, he is stroller bound, profoundly globally
delayed in development. He is fed through nasogastric tube due to severe dysphagia.
No organomegaly or major dysmorphic features are noted. His seizures are tonic,
brief lasting seconds with up-rolling of eyes that happen daily, sometimes triggered
by sound. They are more frequent upon awaking. He is not attentive to parents, both
with sound or visual stimulation. Flash VEP showed delayed p100 wave and an
abnormal electroretinogram. He is on multiple antiepileptic drugs including, topera-
mate, levetiracetam and phenobarbital as well as pyridoxine.
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Individual 13: Individual 13 is the affected sister of individual 12. She was born at
term with unremarkable perinatal course and normal birth growth parameters. The
mother noticed seizures at the age of 5 months which were having semiology of in-
fantile spasm, with flexion of the trunk and the upper limbs. Attacks were occurring
in clusters. She was noted to be developmentally delayed as she was unable to sup-
port her neck when she was first evaluated at the age of 7 months. When examined,
height, weight and head circumferences were between 10th and 50th percentiles. She
was spastic with brisk reflexes. The rest of systemic examination was normal. MRI
showed prominence of bilateral frontal horns with brain atrophy. EEG was abnormal
showing paroxysmal epileptiform discharges but no classical hypsarrythmia. Brain
auditory evoked potentials, electroretinography and visual evoked potentials of the
left eye were normal while visual evoked potentials of the right eye showed reduced
amplitude of p100. Comprehensive metabolic testing with serum, urine and CSF
analysis were unrevealing. CSF/serum glucose ratio was normal excluding possibil-
ity of Glut-1 deficiency. WBC Electron microscopy for neuronal ceroid lipofuscino-
sis was negative. The patient was severely handicapped and seizures were difficult to
control. She was treated with pyridoxine, levetiracetam and vigabatrin. At the age of
15 months, she died when she had a febrile illness with increased seizures. The cause
of death was presumed aspiration with respiratory arrest at home.

After finding UGP2 as the main candidate gene for both affected siblings, the parents
of family 10 elected to pursue preimplantation genetic diagnosis and in-vitro-fer-
tilization upon genetic counseling. Following controlled ovarian stimulation, four-
teen oocytes were retrieved and nine were found to be suitable for biopsy on day 3.
Karyomapping, haplotype chart and detailed haplotype analysis were reviewed and
risk of contamination was excluded using AmpFISTR® Identifiler® PCR Amplifica-
tion Kit (following the manufacturer’s instructions). Two embryos were selected for
transfer, embryo #2 and #5. Genetic analysis indicated that embryo 2 is a carrier with
the inheritance of the normal maternal allele whereas embryo 5 showed completely
normal pattern. Both embryos were chromosomally normal (euploid) and resulted in
the delivery of normal born twin (carrier male and normal female). Currently at 25
month both children are free from any disease symptoms.

Individual 20: 2 year old male. Regression from 3 month of age with neurodevel-
opmental delay. Focal onsetseizures, generalized seizures, epileptic encephalopathy.
Abnormal EEG Hypsarrhythmia. Brain MRI showing brain atrophy. Consanguin-
eous parents. 2 affected sisters deceased at 8 days and 1 year. WES identified 2
homozygous pathogenic variants in TTLLS and ARMC4, consistent with a genetic
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diagnosis of autosomal recessive cone-rod dystrophy type 19 and autosomal reces-
sive primary ciliary dyskinesia type 23. None of these however explain the neuro-
logical phenotype. Upon re-analysis, the recurrent homozygous variant in UGP2
(UGP2NM _001001521.1:c.1A>G NM_001001521.1:p.Met1?) was identified. Both
parents were heterozygous carriers.

Individual 22: Female. Epileptic encephalopathy, regression, NDD.
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Supplementary Note

The disease we here describe is caused by the loss of an isoform of an essential gene,
due to an alteration affecting an isoform specific start codon. To investigate whether
this same mechanism could apply to other essential genes that were previously not
implicated in human genetic disease, we investigated the occurrence of homozygous
or hemizygous ATG altering mutations using data mining of whole exome sequenc-
ing data from undiagnosed patients from our own data base, the Queen Square Ge-
nomic Center database and those from Centogene and GeneDx, focusing on the list of
genes presented in Figure 7. This identified a number of currently genetically unex-
plained individuals with homozygous and hemizygous start codon altering variants,
that we will report elsewhere in more detail. We here briefly describe as an additional
example of the mutational mechanism the occurrence of a hemizygous start codon
altering variant in the peptidylproly cis/trans isomerase, NIMA-interacting-4 gene
PIN4 (NM_006223.3:c.2T>A, p.Met1?). In the CentoMD data base, we identified
5 hemizygous patients, presenting with a shared phenotype of neurodevelopmental
delay, microcephaly, seizures, inguinal hernia and a few other shared features, that
we will describe elsewhere in full detail. Using routine clinical diagnostics, includ-
ing whole exome and whole genome sequencing, no alternative disease explaining
variant has been identified in these individuals. The variant is absent in gnomAD, and
not found in our in house data bases. We did not identify any other LoF variant in this
gene in our cohorts. PIN4 encodes a member of the parvulin subfamily of the pepti-
dyl-prolyl cis/trans isomerase family. It catalyzes the isomerization of peptidylprolyl
bonds, and is proposed to play a role in cell cycle, chromatin remodeling, ribosome
biogenesis and mitochondria function. Importantly, it has been shown to influence
the formation of microtubules®. PIN4 is widely expressed amongst tissues, including
different brain regions, according to data from the GTEX portal (Figure)'. Together,
this makes P/N4 a strong candidate gene for a novel neurodevelopmental disorder.
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Gene expression for PIN4 (ENSG00000102309.12)
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' Consortium GT (2013) The Genotype-Tissue Expression (GTEx) project. Nat Genet 45: 580- 585
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kowski Met al (2011) Parvulin 17 promotes microtubule assembly by its peptidyl-prolyl cis/trans
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Supplementary Figures
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Supplementary Figure 1. A) Growth chart from individual 1 for length (left) and head circumference
(right) in cm. Reference chart from the Dutch population are used (TNO) and regions between -2 and
+ 2 SD are shaded. B) MRI studies of individual 6, individual 5 (at the age of 12 months), and individ-
ual 19 (at the age of 4 months), showing global brain atrophy. C) ROH comparison between affected
individuals from family 1, 4, 5, 6 and 7, carrying the homozygous chr2:64083454A>G mutation. The
red line indicates the UGP2 variant, and the blue lines demark the shared ROH region between the
individuals (chr2:60679942- 65667235). D) Violin plots showing distribution of gene expression (in
TPM) amongst samples from the GTEx portal [1] for tissues and cell lines. Samples are sorted with the
highest median TPM on the right. Outliers are indicated by dots.
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Supplementary Figure 2. A) Western blotting of cellular extracts derived from control fibroblasts or fi-
broblasts obtained from heterozygous parents of family 2, detecting the house keeping control vinculin
or UGP2. Note the two separated isoforms of UGP2 that have a similar intensity in wild type cells. The
shorter isoform shows reduced expression in fibroblasts from heterozygous parents. B) Quantification
of the fraction of the short UGP2 protein isoform compared to total UGP2 expression in control, and
heterozygous fibroblasts from family 2, as determined in three independent experiments. Error bars rep-
resent SEM. C) Western blot quantification of total UGP2 protein levels, as determined by the relative
expression to the housekeeping control vinculin. Bar graph showing the results from three independent
experiments. Error bars represent SEM; no significant differences between control and parent samples,
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unpaired t-test, two-tailed. D) qRT-PCR analysis of total UGP2 or the short isoform in fibroblast from
heterozygous parents or homozygous proband from family 1, normalized for the housekeeping con-
trol TBP. The mean fold change compared to heterozygous parents of two biological replicates and
two technical replicates is shown; error bars represent SEM no significant differences between control
and parent samples, unpaired t-test, two-tailed. E) Multiplex RT-PCR detecting relative expression of
UGP2 isoform 1 and isoform 2 in peripheral blood from family 1 and unrelated wild type controls.
F) Sanger sequencing of RT-PCR products from (E), showing the expression of the homozygous and
heterozygous chr2:64083454A>G UGP?2 variant in the index proband, her parents and an unrelated
control. G) Heat map showing genome-wide gene expression levels (in log2(RPKM+1)) in peripheral
blood from heterozygous parents and homozygous proband from family 1. H) Gene expression levels
(in log2(RPKM+1)) from RNA-seq in peripheral blood for a selected number of genes involved in
metabolism. I) Cell proliferation experiment of fibroblast from heterozygous parents from family 2
and wild type controls, during a 5 days period. Error bars represent SEM, **= p<0.01, unpaired t-test,
two-tailed. J) Western blotting detecting UGP2 in human frontal cortex from week 21 and 23 of ges-
tation, showing the virtual absence of the long isoform expression in fetal brain. Vinculin is used as a
housekeeping control.
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Supplementary Figure 3.Generation of mutant UGP2 H9 cell lines. A) Nucleotide sequence encom-
passing the ATG of UGP2 transcript isoform 2. Indicated are the coding sequence, the location of the
gRNA, PAM sequence and ssODN used to introduce the C.1A>G, p.? mutation. B) Sanger sequencing
traces of part of the UGP2 gene from wild type, UGP2 knock-out (KO) and UGP2 knock-in H9 ESCs
(KI). The A at the start of the coding sequence of UGP2 isoform 2 (short isoform) is highlighted. The
homozygous insertion of an additional A in knockout and the mutation into a G in knock-in cells are
indicated. C) Western blot detecting UGP2 and vinculin in wild type ESC, heterozygous and homozy-
gous knockout and knock-in ESCs, as indicated. Note the complete loss of UGP2 in KO cells, and the
loss of the short isoform in KI cells. D) RT-qPCR detecting the pluripotency factors OCT4, NANOG
and REX] in H9 wild type, UGP2 knock-in (KI) and UGP2 knock-out (KO) ESCs, normalized for the
house keeping control 7BP. Mean fold change compared to wild type of two biological replicates and
three technical replicates is shown; error bars represent SEM, *= p<0.05, unpaired t-test, two-tailed.
E) Bright field image of a representative ESC colony from wild type parental and UGP2 KO ESCs.
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Supplementary Figure 4. NSC differentiation. A) Schematic drawing of the differentiation proce-
dure, see online methods for details. B) Bright field image showing representative pictures from ESCs
and differentiated NSCs. C) qRT-PCR analysis for pluripotency markers (NANOG, OCT4 (POU5FI),
REXT) and genes expressed in NSCs (PAX6, GFAP) in WT, UGP2 KO and KI differentiated NSCs at
pl and p5. Mean fold change compared to wild type of two biological replicates and two technical
replicates is shown; error bars represent SEM. D) Western blotting showing UGP2 expression in WT,
UGP2 KI and KO differentiated NSCs. Vinculin is used as a housekeeping control. E) Quantification of
total UGP2 protein levels by Western blot, as determined by the relative expression to the housekeeping
control vinculin. Bar graph showing the results from two independent experiments; error bars represent
SEM. F) qRT-PCR analysis of UGP2 in NSCs or KO NSCs rescued with either the long wild type or
long mutant UGP2 isoform. Mean fold change compared to wild type is shown for two biological rep-
licates and three technical replicates; error bars represent SEM.
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Supplementary Figure 5. RNA-seq. A) Scatter plot showing the pair wise correlation between bio-
logical replicates. B) Heat map displaying Pearson correlation between biological replicates. C) Table
summarizing up- (FDR1) and down regulated (FDR<- 1) genes in WT, KO and KI ESCs. D) Table sum-
marizing up- (FDR1) and down regulated (FDR<- 1) genes in WT, KO and KI ESC upon differentiation
in NSCs. E) Table summarizing up- (FDR1) and down regulated (FDR<- 1) genes in WT, KO and KI
NSCs. F) Heat map visualizing gene expression (in log2(RPKM+1)) and clustering of WT, KO and KI
ESCs and NSCs, for a panel of ESC and NSC specific genes (see methods)
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Supplementary Figure 6. UGP2 mutant induced pluripotent stem cells. A) Immunofiuorescence of
iPSC
nies stained for the pluripotency markers TRA1-81 (red) and OCT4 (green) (left panel) or SSEA4 (red)
and NANOG (green) (right panel). Nuclei are stained with DAPI (blue). B) qRT-PCR expression anal-

clones used in this study derived from Family 1 (three clones per individual) showing iPSC colo-
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ysis for the indicated pluripotency associated genes in 4 wild type control human embryonic stem cell
lines and the iPSCs derived from family 1. Mean fold change compared to human embryonic stem cells
of three biological replicates (e.g. individual clones from a) and three technical replicates is shown;
error bars represent SEM. No statistically significant differences were found, unpaired t-test, two-tailed.
C) Sanger sequencing of representative iPSC clones confirming the presence of the chr2:64083454A>G
UGP2 mutation in a heterozygous state in clones derived from parents and homozygous state in clones
derived from the affected child. D) qRT-PCR PCR expression analysis upon differentiation for plurip-
otency (NANOG, OCT4 (POUFS51), REXT) and NSC markers (PAX6, GFAP), for H9 ESC control and
heterozygous and homozygous iPSCs derived from family 1. Mean fold change compared to human
embryonic stem cells of three biological replicates (e.g. individual clones from a) and two technical
replicates is shown; normalized to TBP; error bars represent SEM. E) qRT-PCR expression analysis in
iPSC-derived NSCs for genes that showed differential expression in RNA-seq experiments, e.g. NNAT,
FGFBP3, ID4 and PLAU. Mean fold change for cells obtained from the affected child compared to cells
obtained from its parents (set to 1) of three biological replicates (e.g. individual clones from a) and two
technical replicates is shown; normalized to TBP; error bars represent SEM.
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Supplementary Figure 7. A) UGP2 enzymatic activity in WT, UGP2 KI, KO and KO ESCs rescued
with wild type isoform 1 or mutant Met12Val isoform 1 of UGP2. Plotted is the mean from two rep-
licate experiments, error bar is SEM. ***=p<0.001, unpaired t-test, two-tailed. B) UGP2 enzymatic
activity in iPSC derived NSCs from family 1. Plotted is the mean from two replicate experiments,
measuring each the results for the three clones for each individual, error bar is SEM. *=p<0.05; un-
paired t-test, two-tailed. C) PAS staining in WT and UGP2 KO ESCs. Nuclei are counterstained with
hematoxylin (blue). D) Quantification of the PAS stained area in WT, KI and KO ESCs. Shown is the
average PAS positive area per genotype from two biological replicates, each stained in two experi-
ments; error bars are SD. ***=p<(.001, unpaired t-test, two-tailed. E) Glycogen granules detected by
PAS staining in iPSC-derived NSCs from family 1 after 48 hours culture under low-oxygen conditions.
Number of granules for paternal cell line are set at 100%. Average of three biological and two technical
replicates per genotype, with each n=80- 100 cells counted. Error bars represent SD, ***=p<(0.001,
unpaired t-test, two-tailed. F) Western blotting detecting LAMP2 (upper panel) and the house keeping
control actin (lower panel) in cellular extracts from ESCs, that are WT, UGP2 KI, or KO. Compare
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to Figure 5D. G) qRT-PCR expression analysis for UPR marker genes (spliced XBP1, HSPAS, ATF4
and EDEM) in WT, UGP2 KI, KO and rescue ESCs. Shown is the mean fold change for the indicated
genes compared to wild type, normalized for the housekeeping gene 7BP. Results of two biological
and three technical replicates are plotted from two experiments. Error bars represent SEM; *= p<0.05,
unpaired #-fest, two-tailed). H) gqRT-PCR expression analysis for UPR marker genes (spliced XBP1,
HSPAS, ATF4 and EDEM) in in primary fibroblasts from family 1. Shown is the mean fold change
for the indicated genes compared to wild type, normalized for the housekeeping gene 7BP. Results of
two experiments with each three technical replicates are plotted. Error bars represent SEM; *= p<0.05,
unpaired #-test, two-tailed.
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Supplementary Tables

https://link.springer.com/article/10.1007/s00401-019-02109-6

Supplementary Table 1: Extended clinical characteristics of 18 patients with homozygous
UGP2 variants

Supplementary Table 2: RNA-seq data used in this study
Supplementary Table 3: Differentially expressed genes
Supplementary Table 4: Enrichment analysis

Supplementary Table 5: UGP2 variants in gnomAD

Supplementary Table 6: Genome-wide homology search results
Supplementary Table 7: gnomAD data of 247 disease candidate genes

Supplementary Table 8: Oligonucleotides used in this study

Supplementary Movies
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Non-coding regulatory elements (NCREs), such as enhancers, play a crucial
role in gene regulation and genetic aberrations in NCREs can lead to human
disease, including brain disorders. The human brain is a complex organ that is
susceptible to numerous disorders; many of these are caused by genetic chang-
es, but a multitude remain currently unexplained. Understanding NCREs
acting during brain development has the potential to shed light on previously
unrecognised genetic causes of human brain disease. Despite immense commu-
nity-wide efforts to understand the role of the non-coding genome and NCREs,
annotating functional NCREs remains challenging.

Here we performed an integrative computational analysis of virtually all
currently available epigenome data sets related to human fetal brain.

Our in-depth analysis unravels 39,709 differentially active enhancers (DAEs)
that show dynamic epigenomic rearrangement during early stages of human
brain development, indicating likely biological function. Many of these DAEs
are linked to clinically relevant genes, and functional validation of selected DAEs
in cell models and zebrafish confirms their role in gene regulation. Compared to
enhancers without dynamic epigenomic rearrangement, DAEs are subjected to
higher sequence constraints in humans, have distinct sequence characteristics
and are bound by a distinct transcription factor landscape. DAEs are enriched
for GWAS loci for brain related traits and for genetic variation found in indi-
viduals with neurodevelopmental disorders, including autism.

This compendium of high-confidence enhancers will assist in deciphering the
mechanism behind developmental genetics of human brain and will be relevant
to uncover missing heritability in human genetic brain disorders.
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Introduction

Non-coding regulatory elements (NCRESs), such as enhancers, play a pivotal role in
gene regulation'?. Enhancers ensure correct spatio-temporal gene expression, and
it is increasingly recognized that genetic aberrations disturbing enhancer function
can lead to human disease, including brain disorders*¢. Such non-coding genetic
variants are expected to explain a considerable fraction of so-called missing heri-
tability (e.g. the absence of a genetic diagnosis despite a high genetic clinical sus-
picion). These developments are pushing genetic diagnostic investigations to shift
from whole-exome sequencing to whole-genome sequencing, and the number of
potentially pathogenic non-coding variants found in patients is expected to rise*.
It is therefore of urgent clinical interest to understand where functionally relevant
non-coding sequences are located in the human genome, as this will help to interpret
the effects on health and disease.

Despite tremendous progress over the last decades, our understanding of the under-
lying mechanisms of enhancer biology remains limited due to challenges in anno-
tating functional enhancers genome-wide. Large scale community driven efforts 7!
and an uncountable plethora of individual studies have produced a vast amount of
epigenome data sets, such as profiles of histone modifications, chromatin accessi-
bility and chromatin interactions for different human tissues and cell types, that can
be used to predict putative enhancers at large scale. More recently, new technol-
ogies such as massively parallel reporter assays and CRISPR-Cas9 based screens

have entered the stage'*'*

, providing novel means to directly test the functionality of
non-coding regions. In addition, computational prediction algorithms'> !¢, trained on
epigenome and experimental data, are improving the capability to predict functional

sequences and the effects of variants in these regions.

One of the inherent problems with this increasing amount of data is the difficulty in
keeping track of individual data sets and the ability to integrate data from various
sources. Usually, individual studies focus on a limited number of cell types or tissues
and compare their findings to a small number of previously published data sets. Al-
though this is a logical step, it does not leverage the potential to fine-tune enhancer
predictions which integrating all available enhancer data could have. This is illustrat-
ed by our previous findings that the overlap between individual enhancer predictions
from several studies tends to be quite poor*. This is likely caused by heterogeneity
of starting biological samples, limitations of current technologies, and differences in
data analysis. Although the first two are difficult to change, analyzing these data in a

123



Chapter 3

similar way could avoid some of the noise and difference generated by data analysis.

Here we undertook such an integrative effort, focusing on human brain development
(Figure 1A, Supplementary Figure 1). We retrieved virtually all previously pub-
lished putative enhancers for brain (from PubMed and enhancer databases, n =~1.6
million putative enhancers) (Supplementary Table 1)*''"?" and performed an in-
tegrative analysis of relevant available epigenome data sets (n=494) 1% 2732 (Sup-
plementary Table 2), after re-analysing the data. Using this approach, we identify
around 200 thousand putative critical regions (pCRs) in reported brain enhancers,
of which around 40 thousand show dynamic epigenomic rearrangement during fetal
brain development, indicating switching on and off of regulatory elements during de-
velopment. We thus refer to these regions as differentially active enhancers (DAEs).
Compared to their non-variable counterparts (nDAEs), DAEs have a higher level of
sequence constraint, regulate genes that are expressed during fetal brain develop-
ment and are associated with brain developmental processes. DAEs are enriched for
binding sites of brain relevant transcription factors, brain related GWAS loci and are
regulating disease relevant Online Mendelian Inheritance in Man (OMIM) genes.
We validate a selected number of DAEs using in vitro reporter assays and CRIS-
PRi in cell lines, and reporter assays during zebrafish development. Together, this
provides an easily accessible and comprehensive resource of NCREs that are likely
functional during human brain development.

Results

Integrative data analysis identifies differentially active regions during fetal
brain development

We started our analysis by collecting relevant fetal brain epigenome data sets and
previously published putative enhancers (Supplementary Table 1, Supplementary
Table 2). Epigenome data sets included ChIP-seq for various histone modifications,
DNase- and ATAC-seq data from various developmental time points and anatomical
regions of human fetal brain, generated by several independent studies, including
Roadmap, PsychENCODE and other publications® !% 273286 A]l primary data were
re-analyzed using identical computational pipelines, and in total we processed 494
data sets. Scrutinizing through previously published literature on enhancers in brain
and neuronal cell types, we collected 1,595,292 putative brain enhancers (Supple-
mentary Table 1). These included enhancers retrieved from various enhancer da-
tabases, such as VISTA, FANTOM and EnhancerAtlas, enhancer predictions from
the PsychENCODE consortium, human accelerated regions, ultra-conserved regions
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and others® ' 1727 We first analyzed the overlap between the different putative en-
hancers, and found only a small overlap between enhancer predictions from different
studies (Supplementary Table 1). We reasoned that if different enhancer prediction
methods used in the individual studies identified the same enhancers that only differ
by the exact location or length, by merging the overlaps between different studies we
could identify functional relevant parts of enhancers. We thus proceeded to deter-
mine putative critical regions (pCRs), by determining the unifying overlaps between
all putative enhancers (Figure 1A, step 1). In this analysis, we kept those putative
enhancers that were only found in a single study, merged the overlaps between mul-
tiple studies and eliminated those regions that were located within 2 kb upstream
and 1 kb downstream of a transcriptional start site (TSS) or which had < 10 reads in
epigenome data (see Methods). This resulted in 202,163 pCRs, with a total length of
93 Mb, an average size of 460 bps and most pCRs located between 5 and 50 kb away
from the closest gene TSS (Supplementary Figure 2A, B).

We assumed that enhancers that have functional relevant roles during brain devel-
opment would show dynamic changes in the levels of histone modifications and
chromatin accessibility correlating with their function. To investigate this, we next
intersected all pCRs with all epigenome data sets from different time points of fe-
tal brain development and calculated the read count for each pCR region. After
TMM-normalization, we performed differential accessibility analysis (for ATAC-seq
and DNase data) and generated differential histone modification profiles (for H3K-
27ac, H3K27me3, H3K4mel, H3K4me2, H3K4me3) using edgeR*. This resulted in
39,709 pCRs that showed a high variability for these features across developmental
time points (Figure 1B, Supplementary Figure 2C, Supplementary Table 3, see
Methods) which we refer to as differentially active enhancers (DAEs). In contrast,
the remaining 162,454 pCRs showed a more constant epigenome pattern and we
thus refer to them as not-differentially active enhancers, nDAEs (Figure 1B, Sup-
plementary Figure 2C, Supplementary Table 3).

Gene ontology analysis using GREAT?® showed that DAEs were significantly en-
riched for terms related to brain development, including processes such as forebrain
neuron fate commitment, dorsal/ventral axon guidance and spinal cord development
(Figure 1B, Supplementary Table 4). nDAEs appeared to be enriched for more
general terms, including various chromatin modifications and receptor mediated en-
docytosis (Figure 1B, Supplementary Table 4).

To have a more specific view about the genes regulated by these pCRs, we next linked
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DAEs and nDAE:s to their target genes, using different resources, which either link
enhancer to gene promoters by direct chromatin interaction as determined by chro-
matin conformation capture techniques (HiC?¢, HiChIP*, PLAC-seq*) or by predict-
ing enhancer-gene interactions using statistical models and correlation between gene
expression, omics data and epigenome features (JEME, FOCS, GeneHancer, EN-
CODE, Activity-by-contact (ABC) method)**-***¢ (Supplementary Table 5). Since
only a limited number of interactions between DAEs or nDAEs and target genes
identified by these different methods were supported by >2 of the available resourc-
es (Supplementary Figure 3A), and as most interactions and target genes were
predicted by the HiC data (Supplementary Figure 3B), we focused on these HiC
predicted target gene interactions for the remainder of the analysis. These HiC data
were generated from post conceptional week (PCW) 17-18 human brains?, and were
available for the germinal zone (GZ) (containing primarily mitotically active neu-
ral progenitors), and the cortical and subcortical plate (CP) (consisting primarily of
post-mitotic and migrating neurons). Enhancer-promoter interactions derived from
these HiC data do not exclude the fact that the identified DAEs and nDAEs interact
with or regulate other genes at other developmental time points or in other cell types,
for which at this moment no specific enhancer-promoter predictions are available.

Enhancer-promoter interactions derived from these HiC data do not exclude the fact
that the identified DAEs and nDAEs interact with or regulate other genes at other
developmental time points or in other cell types, for which at this moment no specific
enhancer-promoter predictions are available.

Taking only those enhancer-promoter interactions that occurred in the same topo-
logical associated domain (TAD) into account, we found that from all DAEs, 6,858
and 6,883 for CP and GZ, respectively, interacted with promoters of protein coding
genes or lincRNAs, of which the majority of interactions occur with protein coding
genes. Similarly, 27,004 and 27,161 nDAESs interacted with target genes in CP and
GZ, respectively, with a similar distribution between protein-coding and lincRNAs
(Supplementary Figure 3C, D).

In total, DAEs interacted with 5,946 and 6,085 protein coding and lincRNA genes
in CP and GZ, respectively, of which 3,841 genes were shared between both CP
and GZ (Figure 1C). The majority of these genes (86%) also had interactions with
nDAEs (Figure 1D). We next integrated available gene expression data from fetal
and adult brain (Supplementary Table 6), and found that genes that interacted with a
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DAE had a significantly higher gene expression compared to those genes not in-
teracting with a DAE, at various regions and stages of fetal development but not in
adult brain (12 PCW: CP genes p-value=0.002671, GZ genes p-value=5.111e-05;
15-17 PCW: CP genes p-value =0.003251, GZ genes p-value=0.003813; 17 PCW:
CP genes p-value =0.002533, GZ genes p-value=0.001813); 81 years: CP genes
p-value =0.1377, GZ genes p-value= 0.2641; fetal sources mean: CP genes p-val-
ue =0.0002696, GZ genes p-value=0.00046; DAE fetal sources mean vs DAE 81
years: CP genes p-value =0.04744, GZ genes p-value=0.01525; nDAE fetal sourc-
es mean vs nDAE 81 years: CP genes p-value =0.781, GZ genes p-value=0.4904,
wilcox.test) (Figure 1E, Supplementary Figure 3E). Similar observations were
made when using the alternative, not HiC-based enhancer-promoter predictions
(Supplementary Figure 3F). In line with earlier findings®, we find that the more
enhancers a gene is interacting with, the higher the gene expression is, and this was
also true for the DAEs (Figure 1F). A recent study determined gene expression
trajectories in the dorsolateral prefrontal cortex during pre- and postnatal develop-
ment. This study identified constant, rising and falling genes, that showed respec-
tively similar, increased or decreased gene expression levels upon development®’.
In line with the earlier gene expression findings, we found that the odds ratio be-
tween DAE and nDAE linked genes (as determined by HiC) was significantly high-
er (odds ratio=1.183, p-value=0.0008 for GZ; odds ratio=1.198, p-value=0.0004

Figure 1. Integrative analysis of brain enhancers during fetal development. A) Various steps taken
in the integrative analysis of this study. See text for details. B) Functional enrichment analysis using
GREAT", for DAEs (upper panel, n = 39,709) and nDAEs (lower panel, n = 162,454), determined us-
ing whole genome as a background. X-axis reports the — Log10 p value as determined by GREAT. C)
Venn diagram showing the overlap between DAEs (upper panel) and nDAEs (lower panel) interacting
with protein-coding and lincRNA genes in CP (left) and GZ (right). D) Venn diagram showing the over-
lap between interactions of protein-coding and lincRNA genes with nDAEs (left) and DAEs (right), for
protein-coding and lincRNA genes in CP (upper panel) and GZ (lower panel). E) Box plots showing
gene expression levels as determined by RNA-seq, for genes that interact by HiC with DAEs (light gray)
or nDAEs (dark gray) in CP (left) and GZ (right), for fetal (red) or adult (blue) brain samples. Boxes are
interquartile range (IQR); line is median; and whiskers extend to 1.5 the IQR. PCW, postconceptional
week. FPKM, fragments per kilobase of transcript per million mapped reads. * p < 0.05; ** p < 0.01;
**% 1 < 0.001; ns, not significant (wilcox.test). Data obtained from: 12 PCW, Yan et al'¥; 15-17 PCW,
De la Torre-Ubieta et al'?; 17 PCW, Roadmap'?; 81 years, Roadmap'’; mean of fetal sources is the mean
expression of the first three fetal samples. F) Box plots showing RNA-seq gene expression for genes
interacting with 1,2, 3, 4, or 5 or more DAEs in CP (left) and GZ (right). Left y-axis shows gene expres-
sion (log2 FPKM), right y-axis, and line plot shows the number of genes per DAE group. * p < 0.05;
*¥%p < 0.001; ****p < 0.0001 (wilcox.test). RNA-seq data from Allen human brain atlas®. G) Bar plot
showing the percentage of GFP+ cells in NSCs (blue) and HEK cells (red), from cell transfection exper-
iments with an enhancer reporter plasmid for 22 tested enhancers and an empty plasmid control. Plotted
is the percentage of GFP+ in cells co-transfected with an mCherry expressing plasmid, to correct for
transfection efficiency. Bars show the average from two independent experiments, with each enhancer
tested each in duplicate. Error bars represent standard deviation. * p < 0.05; ** p <0.01; *** p <0.001;
*EEE p < 0.0001 (one-way ANOVA test followed by multiple comparison test (Fisher’s LSD test).
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for CP, Fisher’s exact test) for falling genes, that showed higher gene expres-
sion levels in prenatal RNA-seq samples (Supplementary Figure 3G,H).

Finally, to validate that DAEs can function as enhancers, we selected 22 DAEs
linked to genes that are expressed in human neural stem cells (NSCs), cloned them in
an enhancer reporter plasmid®® and tested their enhancer activity in cell transfection
experiments. Upon transfection in NSCs, 18 out of 22 tested sequences showed sig-
nificantly increased percentage of GFP+ cells compared to control (normalized for
transfection efficiency using an mCherry spiked-in control), confirming enhancer ac-
tivity (Figure 1G). Transfecting the same plasmids in non-neural HEK cells showed
less pronounced activity. This indicates that 81.8% of the tested DAEs had a mea-
surable enhancer activity using this assay in an in vitro neural cell type. Of note,
this does not exclude activity of those 4 DAEs that do not show enhancer activity in
NSCs, in other cell types during fetal brain development.

We conclude that an integrative data analysis of virtually all previously reported
brain enhancers identifies a set of DAEs which are associated with a brain develop-
mental gene ontology, increased gene expression in fetal brain and display enhancer
activity in vitro.

Multi-gene interacting enhancers regulate genes implicated in multiple
cellular processes and have distinguishing sequence characteristics

In order to understand the biological function of DAEs and nDAEs in more detail,
we further characterized these two groups. When determining the number of genes
that each DAE is interacting with, we found that the majority of DAEs interact with
1 or 2 genes; but, in addition, a considerable fraction of DAEs also interact with more
than 2 genes (19.7 % for CP, 19.4% for GZ) (Figure 2A), and the same was found for
nDAEs (Figure 2B). When comparing the enrichment of biological processes for the
genes that interact by HiC with these multi-gene interacting DAEs using Enrichr, we
found that these genes were enriched for broader developmental and metabolic pro-
cesses. However, genes that interact with DAESs that only regulate single genes were
enriched for more specific brain related terms, such as “neuron differentiation” and
“neuron migration” (Supplementary Table 7). Similar results were obtained using
GREAT and Metascape analysis, where multi-gene interacting DAEs for example
were enriched in mouse phenotypes associated with “early lethality”, whereas DAEs
associated with only a single gene were enriched for “regulation of neural precursor
cell proliferation” (Supplementary Table 7).
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We next asked whether DAEs that regulate single or multiple genes could have dis-
tinguishing DNA sequence characteristics, which could support their presumed dis-
tinct functional roles. To answer this, we focused on scores that provide some weight
based on the underlying sequences: non-coding essential regulation (ncER) score?’,
GC content*® and phastcons score*. The ncER scores were recently established us-
ing a machine learning model*’, taking functional, mutational and structural features
into account, including sequence constraint in the human population, and provides
a score where 0 is non-essential, and 1 is putative-essential. We observe that DAEs
that interact with 3 or more genes have a significantly higher ncER percentile com-
pared to DAESs that interact with only 1 gene (Figure 2C). This might reflect their
biological function regulating multiple genes, resulting in a higher tendency to be
constraint. A similar trend was observed for GC content, where DAEs interacting
with more than one gene had a significantly higher GC content, whereas for the
phastcons score, an indicator of multi-species conservation, differences were not
significant (Figure 2C). Similar observations were made for nDAEs (Figure 2D).
Higher GC content has also been observed in more broadly active enhancers in the
immune system® and might be explained by binding of broadly active transcription
factors (TFs) to GC-rich motifs®.

Sequence characteristics distinguish DAEs from nDAEs

Given the differences in gene ontology between DAE and nDAE linked genes (Fig-
ure 1B) and the differences in ncER score and CG content between enhancers that
regulate single versus multiple genes (Figure 2C, D), we next asked whether there
are differences between these scores in DAEs and nDAEs, and whether any potential
difference would be influenced by gene interactions that these regulatory elements
have. We observed a significantly higher ncER percentile, CG content and phast-
cons score when comparing all DAEs to nDAEs (Figure 2E). Interestingly, some
of these scores further increased, when only considering those DAEs and nDAEs
that interact with target genes (as determined by HiC). This increased even further
when only considering interacting target genes that are associated with known On-
line Mendelian Inheritance in Man (OMIM) phenotypes. Similar observations were
made when using the Orion* and CADD scores® (Figure 2E) that similarly take
depletion of variation in the human population and likelihood of deleteriousness of
a given nucleotide based on integration of various annotations into account, respec-
tively. Again, DAEs scored significantly higher for Orion and CADD scores than
nDAESs, emphasizing the potentially biological important role of DAEs during brain
development. Genes that are essential in humans are generally depleted of loss-of-
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function alleles, and this is reflected by a higher probability of loss-of-function intol-
erance (pLI) score®?. When we plotted the median pLI of genes linked to DAEs, or
to nDAESs, genes linked to DAESs scored significantly higher (Figure 2F). Finally, a
recent study determined loss-of-function tolerance scores for non-coding sequences,
by using machine learning and structural variants from whole genome sequencing,
including homozygous enhancer deletions®'. Using this analysis, we observed that
DAEs were more likely to be intolerant to loss-of-function, whereas nDAEs were
more often tolerant to loss-of-function (Figure 2G). Again, when only considering
those interactions linked to known target genes, scores further improved, in favor of
DAE:s.

We and others previously showed that functional enhancers can be enriched for
transposable elements (TEs), some of which can be human specific®® °%. We thus
asked whether DAEs and nDAEs showed a similar TE enrichment, and whether any
TEs could distinguish both groups (Figure 2H, Supplementary Table 8). nDAEs
showed a small enrichment for various LTR-containing TEs (e.g. LTR75B, LTR60,
LTR36). Compared to nDAEs, DAEs were mainly enriched for CG rich repeat se-
quences, and a number of LTR repeats, such as Harlequin-int, HERVS71-int and
HERVK3-int. Enrichment of the latter LTR repeats was not seen when only con-
sidering gene-interacting DAEs. The MER130 repeat family was previously shown
to be enriched near critical genes for the development of the mouse neocortex and
suggested to be co-opted for developmental enhancers of these genes”. Interestingly,
MER130 repeats were enriched in all DAESs, but this enrichment was lost when only
assessing DAEs that interact with genes, which made it difficult to further investigate
the role of MER130 in human brain regulation. Compared to our previous findings
in human embryonic stem cells (ESCs)®, the overall TE enrichment in enhancers in
brain was markedly different, with none of the TEs enriched in active enhancers in
ESC showing enrichment at brain enhancers. This could indicate that different TEs
co-opted into the regulatory landscape acquired different tissue specific roles during
evolution.

Together this indicates that by investigating unbiased variability in epigenome marks
over putative brain enhancers across developmental time points, DAEs and nDAEs
can be identified which are associated with different gene ontologies, show different
enrichments, have different sequence characteristics, and are distinctively linked to
disease relevant genes.
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DAESs and nDAE: s are enriched for distinct transcription factor binding sites

As the merging of pCRs and subsequent variability calling identified DAEs with
distinct sequence characteristics, we next wondered whether we could further zoom
in into each of the DAEs, to identify functional relevant nucleotides. To this end, we
again made use of the ncER, CG and phastcons scores, assuming that the functional
relevant nucleotides in each DAE might be those that have higher scores. As the
identified DAEs varied in size between 50 and 1000 bps, we first split up each DAE
into 10 bp bins, and assigned the median ncER, CG and phastcons scores to each bin.
To be able to compare the score distribution within each bin between all DAEs, we
re-scaled each DAE to a relative bin position from 1-100 (see Methods for details).
Strikingly, the mean of ncER, CG and phastcons scores were highest between bins
40-60 (Figure 3A). To exclude that this was an artefact from the bin-rescaling, we
plotted the mean distribution for the same scores also for DAEs that had an identical
length and found similar results (Supplementary Figure 4A). We next calculated
the number of reads from all epigenome data sets and plotted the log2 enrichment
over the same relative DAE bin positions. We found that ATAC-seq, DNase-seq,
H3K27ac, H3K4mel and H3K4me?2 signals (all associated with enhancers) again
were most enriched between bins 40-60, whereas signal for H3K4me3 (of which
high levels are associated with promoters and lower levels are found at enhancers)
and H3K27me3 (associated with repressed chromatin) showed a broader distribution
(Figure 3B), and this holds true for all developmental time points assessed.

Figure 2. Distinct sequence characteristics between DAEs and nDAEs. A) Line graph showing the
number of protein-coding and lincRNA genes (1, 2, 3, 4, or 5 or more) that each DAE is interacting
with, and the number of DAEs per category, for CP (red) and GZ (blue). B) As A), but here for nDAEs.
C) Box plots showing the median ncER percentile (left)”’, GC content score (middle)* or phastcons
score (right)* for DAEs-CP (red) and DAEs-GZ (blue) that interact with 1, 2, 3, 4, or 5 or more pro-
tein-coding and lincRNA genes. Boxes are IQR; line is median; and whiskers extend to 1.5 the IQR. * p
<0.05; ** p<0.01; *** p <0.001; **** p <0.0001; ns, not significant (wilcox.test). D) As C), but here
for nDAESs. E) Box plots, showing from left to right ncER percentile*’, GC content score*, phastcons
score®®, Orion score*, and CADD score®, for all DAEs (light gray) and nDAEs (dark gray), or for those
DAEs and nDAEs that are interacting in CP or GZ with protein-coding and lincRNA genes (red) or genes
with a known OMIM phenotype (blue). Boxes are IQR; line is median; and whiskers extend to 1.5 the
IQR. * p <0.05; ** p <0.01; *** p <0.001; ns, not significant (wilcox.test). F) Box plot showing the
pLI score®? of genes interacting with DAEs (light gray) and nDAESs (dark gray) in CP or GZ. Boxes are
IQR; line is median; and whiskers extend to 1.5 the IQR. *** p < 0.001; (wilcox.test). G) Kernel den-
sity plot showing the distribution of loss-of-function tolerance scores for non-coding sequences®' for
all DAEs (light gray), all nDAESs (dark gray), DAEs linked to protein-coding and lincRNA genes in CP
(red), DAEs linked to protein-coding and lincRNA genes in GZ (green), nDAEs linked to protein-cod-
ing and lincRNA genes in CP (orange), and nDAEs linked to protein-coding and lincRNA genes in GZ
(yellow). H) Bar chart showing the most enriched transposable elements (TEs) overlapping with from
left to right all nDAESs, all DAEs, DAEs interacting with protein-coding and lincRNA genes in CP, and
DAEs interacting with protein-coding genes in GZ. Plotted is a ratio between the observed (O) number
of TEs over the expected (E). Different classes of TE are indicated with different colors as indicated.
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This suggests that on average the center of the DAEs most likely contains the func-
tional relevant sequences, and given the increased chromatin accessibility at those
locations, this could indicate binding of functionally relevant TFs in these central
regions.

To investigate this further, we first performed TF enrichment analysis using Locus
Overlap Analysis (LOLA)®, on both full length DAEs, as well as on only the central
DAE parts between bin 40-60 (ncER subset). LOLA performs enrichment analysis
based on genomic regions and tests the overlap of the query regions with a core
reference database assembled from public data, including amongst others ChIP-seq
data from CODEX!®, We found a similar enrichment of TF binding sites between
full length and central parts of DAEs (Figure 3C, Supplementary Table 8), and
between all DAEs and those interacting with target genes in CP and GZ. The most
enriched TFs at DAEs according to LOLA, included well-known TFs with essential
roles for brain development. This includes amongst others ETS1, a widely studied
TF with functions in different biological systems which was previously shown to be
necessary for radial glia formation in vertebrates'”' and FGF-dependent patterning of
anterior-posterior compartments in the central nervous system of Ciona (a marine in-
vertebrate that is a well-suited model to study cell fate specification in chordates)!%?;
103 ‘medi-
ating enhancer-promoter interactions'® and of which mutations cause a neurodevel-
opmental disorder'®”; and CTCF, a master regulator of chromatin structure, of which
de novo mutations cause intellectual disability'%. We next repeated the same analysis
for nDAEs (Figure 3D-F, Supplementary Table 8). Similar to our observations for
DAEs, nDAEs had higher ncERs, CG content and conservation at the central part,
with those regions being enriched for enhancer associated histone marks, but showed
less variability over time. When performing TF enrichment analysis using LOLA,
we observed a different and less specific set of TFs enriched at nDAESs compared to
DAE:s. Also, enrichment was lower at those nDAESs that were interacting with target
genes. Again similar enrichment was found in the central part compared to the whole
nDAESs. Enriched TFs for nDAEs included amongst others FOXL1, a transcription-
al repressor that regulates central nervous system development!”’; the LIM home-
odomain TF LHX3, that is essential for pituitary and nervous system development!'®®:
199 and FOXA2, which plays a role in midbrain dopaminergic neurons''® "' (Figure
3F). Shared TFs enriched both at DAEs and nDAEs included SP1, loss of which in
astrocytes impacts on neurons in the cortex and hippocampus of mice''?; MAFB, a
basic leucine zipper TF that plays a role in hindbrain development!'3-'' and postnatal

YY1, a crucial TF which is involved in both gene activation and repression
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brain development''® ''7; and ZEB1 which is required for neuronal differentiation''®
119

As LOLA analysis considers a single shared base pair being sufficient for regions
to count as overlapping, this analysis could not distinguish well between TFs spe-
cifically enriched at the central part of DAEs and nDAEs relative to the flanking re-
gions. We therefore further investigated which TFs motifs were specifically enriched
at the central parts versus other parts of DAEs and nDAESs, using motif enrichment
analysis with HOMER®', a motif discovery algorithm, which identifies regulatory el-
ements that are specifically enriched in the query set relative to background. We first
split the 100 relative bins into 20 groups of 5 consecutive bins each and determined
the significantly enriched TF motifs (p<0.01) for each of these 20 bin groups (Sup-
plementary Table 8). Amongst the enriched motifs, we found back, amongst others,
the motifs for the TFs enriched using the LOLA analysis, validating these findings
(Supplementary Table 8). When plotting the number of significant motifs (p<0.01)
per bin group and the number of target sequences with those motifs, we found that
bins located in the central part of both DAEs and nDAEs had both the highest num-
bers of significant TF motifs and the highest number of target sequences (Supple-
mentary Figure 4B,C). As most enriched motifs were found in multiple bins, and
there can be multiple TF bindings sites of the same TF within the same enhancer,
we next focused on only those TF motifs which were not equally enriched in all 20
bin groups (n= 251 for DAEs and n=218 for nDAEs). For both DAEs and nDAEs,
we again found most motif enrichment in the central enhancer part, with DAEs

Figure 3. DAEs and nDAEs are enriched for distinct transcription factor binding sites. A) Line
plot showing the distribution of the mean ncER percentile (left)’, GC content score (middle)*, and
phastcons score (right)*® over the relative bin position for all DAEs. B) Line plot showing the log2
enrichment for various epigenome features as indicated, over the relative bin positions for all DAEs.
Different colors indicate different time points of human brain development and different brain regions
from which the data were obtained. DFC, dorsal frontal cortex; CBC, cerebellar cortex; OC, occipital
cortex; FC, frontal cortex; CP, cortical plate; GZ, germinal zone; Brain, whole brain. Epigenome data
used are summarized in Additional file 3: Table S2. C) Bar chart showing the relative LOLA enrichment
of TFs from JASPAR in all DAEs (light gray), in the central part of all DAEs (ncER subset, orange), in
DAEs linked to genes in CP (red) and in DAEs linked to genes in GZ (blue). X-axis displays the rank
score (a combination of p value, odds ratio from Fisher’s exact test, and the raw number of overlapping
regions) from LOLA. The rank was re-scaled between 0 and 100, so that DAEs with a larger TFs en-
richment have a higher rank. Also shown is a heatmap showing the RNA-seq expression levels (Log2
FPKM) of the same TFs across various human fetal tissues. RNA-seq data obtained from ENCODE
project’. D) As in A), but here for nDAEs. E) As in B), but here for nDAEs. Note the difference in y-axis
scale for H3K4me3 and H3K27me3 compared to panel B given the higher enrichment in nDAEs. F)
As in C), but now for nDAEs. G) Line plot showing the distribution of enrichment (— logl0 p value
as determined by HOMER analysis) across the relative DAE bins, for the 251 TF motifs that were not
equally enriched in all 20 bin groups. The most enriched TF motifs are indicated. H) As G, but now for
218 TFs that were not equally enriched across the 20 bin groups of all nDAEs.
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being more enriched than nDAEs (Figure 3G,H, Supplementary Figure 4D,E).
Amongst the most enriched TF motifs at the center of DAEs were motifs for the pro-
neural basic helix-loop-helix transcription factors NEUROG2, ATOH1 and NEU-
RODI, that promote neurogenesis'**'??, OLIG1, a marker of oligodendrocytes'* that
also regulates the neuron-glial switch during earlier embryonic development 2!,
TCF4, that is necessary for neuronal migration and the correct development of the
cerebral cortex'? and loss of which is associated with intellectual disability'?’, and
NF1, that regulates neuronal and glial differentiation and is causative of neurofibro-
matosis type 1 when mutant'?® (Figure 3G). Enriched TF motifs at the central part of
nDAE:s are involved in more ubiquitous processes and include mainly activator pro-
tein 1 (AP-1), a heterodimer composed of members of the JUN (including JUNB),
FOS (including FOSL2, FRA1, FRA2), ATF (including ATF3, BAFT) and MAF
family, that regulates a wide variety of cellular processes in response to a wide range
of extracellular cues'”’ (Figure 3H).

Together this indicates that on average the central part of brain enhancers (both
DAE and nDAESs) contains relevant but partially distinct TF binding sites and might
be enriched for functional relevant sequences, which can be further fine-mapped
using ncER scores and other sequence characteristics. To test this directly, we se-
lected three DAEs, linked to /IRF2BPL, CHD2 and MACF 1, that showed activity
in reporter assays in NSCs (Figure 1G), and deleted 10-30 bp of those regions
that had the highest ncER scores in those enhancers. Upon transfection of these
mutant DAEs, we observed a significantly reduced enhancer activity for /RF2B-
PL and CHD2, but not for MACFI (Supplementary Figure 4F). Deleting regions
with a lower ncER score did not affect enhancer activity. Together this indicates
that integrative analysis, variability analysis during development and sequence
characteristics can identify functional relevant nucleotides in brain enhancers.

DAEs show temporal epigenome dynamics during human brain
development

To further understand the dynamics of enhancer regulation, we subdivided
DAEs interacting with genes in GZ and CP by performing clustering analysis
on all available epigenome data sets, at different developmental stages (between
8-12 PCW, 13-18 PCW and >18 PCW) (Figure 4A, Supplementary Table 9).
At 8-12 PCW, we found two clusters for both GZ and CP that showed relatively
constant enrichments over time, with the first cluster (red) showing a higher en-
richment for all epigenome features available for that developmental stage, com-
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pared to the second cluster (green). No statistically significant differences in gene
expression levels between genes linked to both clusters were found. Genes asso-
ciated with cluster 1 DAEs in CP were enriched for gene ontology terms related
to neuronal differentiation, whereas cluster 2 was dominated by processes in the
Golgi. Likewise, for GZ, genes associated with cluster 1 seemed to be associated
with more specific biological functions, whereas processes associated with clus-
ter 2 showed more broad involvements (Figure 4A, Supplementary Table 9).

At 13-18 PCW, three clusters emerged in both GZ and CP (Figure 4B, Supple-
mentary Table 9). Whereas cluster 3 (green) showed relatively low levels of epig-
enome marks similar to cluster 2 at 8-12 PCW, cluster 1 (red) and cluster 2 (blue)
showed higher epigenome enrichments. Both cluster 1 and 2 had similar levels of
H3K27ac, but mainly diverged from each other on the levels of H3K4me3. Clus-
ter 2 was strongly enriched for processes involved in neural system development
both in CP and GZ. Gene ontology of genes associated with cluster 1 (red) which
showed higher H3K4me3 levels, showed enrichment for insulin-like growth factor
receptor signalling and immune cell related processes in CP. Insulin-like growth
factors are important for neuronal survival and neurogenesis'*’. As high levels of
H3K4me3 have also been found at enhancers in blood cells'®!, possibly stabiliz-
ing their transcription, it is tempting to speculate that part of this cluster reflects
enhancers active in hematopoietic cells from the developing vasculature'*? and mi-
croglia (brain tissue macrophages) that are invading the brain at these developmen-
tal time points'**, In GZ, cluster 1 was associated with phosphatidylinositol 3—ki-
nase signaling, which is important for commitment of neural progenitor cells'** '%°.

Finally, at >18 PCWs, we found two clusters of DAEs, of which cluster 1 (red) was
marked by higher levels of epigenome marks (Figure 4C, Supplementary Table 9).
In CP, genes associated with this cluster were enriched for carboxylation processes
and insulin-like growth factor receptor signalling. Genes associated with the second
cluster (green) were again more enriched for broad developmental processes, in-
cluding the Golgi system. In GZ, genes associated with cluster 1 (red) were amongst
others involved in DNA damage repair. Indeed, alterations in this pathway can lead
to reduced proliferation of neural progenitor cells leading to microcephaly!'*® 137,
Cluster 2 (green) in GZ was associated with terms related to neurodevelopment and
organ morphogenesis. Together, this shows that temporal epigenomic rearrangement
in DAEs is reflected in regulating the expression level of genes that are important in
developmental and cell type specific processes.
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Cell type specificity of DAEs and nDAEs and their dynamics in adult brain

To further investigate cell type specificity of DAEs and nDAEs, we performed two
additional analyses. First, we compared DAEs and nDAEs to recently identified cell-
type specific regulatory elements. A recent study used scATAC-seq to generate a
human cell atlas of fetal chromatin accessibility spanning 15 organs, including fetal
brain®. When overlapping DAEs and nDAE:s to the most specific chromatin acces-
sibility peaks per cell type, we found 7,753 DAEs and 7,946 nDAEs that overlapped
with these cell type specific chromatin accessibility peaks, including those found in
several types of neurons and astrocytes (Supplementary Figure SA,B). This indi-
cates that our bulk analysis re-identifies cell type specific chromatin accessibility
peaks which might therefore present cell type-specific enhancers, and it also shows
that the bulk analysis identifies additional enhancers that are not captured by the
single cell chromatin accessibility profiles.

We next investigated how these cell type specific enhancer might behave over time.
Two recent studies determined cell type specific regulatory elements from postna-
tal brain with a reasonable overlap between both studies (Supplementary Figure
5C,D), by either isolating cell type specific bulk populations from brain followed
by ATAC-seq and ChIP-seq for H3K27ac and H3K4me3*, or by performing scAT-
AC-seq*. Comparing the DAEs and nDAEs to these cell type specific regulatory
elements, showed as expected that only a fraction of DAEs and nDAEs from the fetal
brain analysis showed an overlap with the cell type specific regulatory elements de-
rived from postnatal samples. Amongst those, we found overlap with cell type spe-
cific regulatory elements from neurons, oligodendrocytes, astrocytes and microglia
(Supplementary Figure SE,F). This indicates that despite determined from an inte-
grative analysis of bulk samples derived during fetal brain development, a fraction
of DAEs and nDAEs can be linked to cell-type specific regulatory elements which
are likely to also have roles in postnatal brain. In contrast, other DAEs and nDAEs
are likely having fetal specific functions.

Figure 4. Clustering of DAEs unravels temporal dynamics of brain gene regulation. A) Heat-
map displaying all available epigenome features for PCW 8-12, across all DAEs interacting with pro-
tein-coding genes in CP (upper heatmap) and GZ (lower heatmap) (Al ). K-means clustering analysis
of epigenome features (All) identifies two clusters, cluster 1 (red) and cluster 2 (green). Level of en-
richment is indicated on the y-axis in Log2 TPM. Box plots (AIIl) shows RNA-seq gene expression of
protein-coding genes regulated by the DAEs from each cluster (Expression pattern), for available data
from PCW 8, 9, and 12%. Boxes are IQR; line is median; and whiskers extend to 1.5 the IQR. Gene
enrichment analysis for the corresponding genes in each cluster (AIV). X-axis shows the — log 10 (p
value) from Enrichr. B) As for A), but now for PCW 13-18. C) As for A), but now for PCW > 18.

140



Meta-analysis of putative enhancers in fetal brain

To further investigate the dynamics of DAEs and nDAE:s in adult brain, in the second
analysis, we compared H3K27ac levels obtained from both fetal and adult samples
derived from a single study®® for all DAEs and nDAEs linked to target genes in GZ
and CP by HiC, and performed clustering and gene ontology analysis (Supplemen-
tary Figure 6, Supplementary Table 9). We found that DAEs that were mainly
enriched for H3K27ac in fetal samples, were as expected associated with gene on-
tology terms related to fetal brain development, including regulation of neuron dif-
ferentiation. DAEs which also showed H3K27ac enrichment in adult samples were
associated with more broad physiological processes.

Together, this shows that part of DAEs and nDAEs can be linked back to cell type
specific regulatory elements despite being identified from bulk tissue analysis and
that some DAEs and nDAE:s are likely to also function in postnatal brain.

DAEs regulate disease relevant genes and are enriched for disease
implicated variants

Given our findings that DAEs are associated with genes relevant for brain develop-
ment, we further investigated which disease relevant genes are regulated by DAEs.
We first focused on known disease causing genes retrieved from OMIM. We found
that 1,556 OMIM genes are regulated by DAEs (of which 1,165 and 1,166 from the
interactions found in GZ and CP, respectively) (Supplementary Table 10). Most
DAEs are linked to genes involved in mental retardation, developmental and epilep-
tic encephalopathy, and neurodevelopmental disorders (Figure SA). This included
genes like KMT2C, involved in Kleefstra syndrome (OMIM #617768), and GRIN2A
of which heterozygous mutations cause epilepsy and speech delay (OMIM #245570).
Next to genes, enhancers can also interact with other additional enhancers. Interest-
ingly, the more additional enhancers (DAE and/or nDAE) a DAE was interacting
with, the more likely the target gene of this DAE was an OMIM gene (Supplemen-
tary Figure 7A). This supports recent findings that the number of enhancers linked
to a gene reflect its disease pathogenicity'*®
disease relevant genes'®’.

, and confirms enhancer redundancy for

We next leveraged published GWAS loci for brain-related traits and disorders (Sup-
plementary Table 11). When comparing the odds ratio between DAEs and nDAEs,
we found that DAEs were more often enriched for various significant GWAS loci,
reflecting a broad variety of both brain developmental processes (e.g. volumes of
different anatomical brain regions) and neurodevelopmental disorders (e.g. mental
development, autism) (Figure 5B). Similar, using LD score regression analysis we
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found enrichment of heritability for variants within DAEs, nDAEs and pCRs, in-
cluding for the trait “intelligence” (Supplementary Figure 7B).

Encouraged by these findings, we next asked whether copy number variants (CNVs)
or single nucleotide variants (SNVs) at DAEs could be involved in causing genetic
disease. We first leveraged previously published disease implicated CNVs. Brandler
et al performed WGS in their discovery cohort of individuals affected by an autism
spectrum disorder (ASD) and unaffected individuals and reported on 135 de novo
CNVs (104 deletions, 29 duplications and 2 inversions)®'. Of these, 25 overlapped
a DAE in cases, and 8 in controls (odds ratio=2.10, p-value=0.144101). When only
considering those CNVs overlapping DAEs linked to target genes, this became 17 in
cases and 1 in control for DAEs linked to CP genes (odds ratio=11.83, p=0.003003)
and 15 in cases and 1 in control for DAEs linked to GZ genes (odds ratio=10.14,
p-value=0.010423). For nDAEs, 36 CNVs were found in cases and 15 in controls
(odds ratio=1.63, p-value=0.267964). However, as not all these CNVs exclusively
covered non-coding regions, it cannot be excluded that the observed association is
due to disrupted coding genes, rather than involvement of DAEs. We therefore also
assessed rare inherited deletions from the same study that did not overlap with cod-
ing exons (n=213 in total, 175 in cases and 38 in controls). From these, 32 cases had
a deletion covering a DAE, compared to two controls (odds ratio=4.027972, p-val-
ue=0.05119). Although not significant, this might point to more deletions covering
DAEs in ASD individuals but would require a larger sample size to be confirmed
(Figure 5C, Supplementary Table 12).

In another study, Monlong et al** reported on CNVs in 198 epilepsy patients detected
by WGS. They found an enrichment of rare non-coding CNVs near known epilepsy
genes, with the GABRD gene showing the strongest and only nominally significant
association with 4 non-coding deletions amongst the epilepsy patients. Interestingly,
a 4999 bp deletion reported in that study, overlapped with a 386 bp DAE which is lo-
cated ~110 kb upstream of GABRD and which interacts with its promoter (Figure SD).

Figure 5. Variants in DAEs and nDAEs are associated with human disease. A) Bar graph showing
the number of DAEs linked to their target genes in CP and GZ and their most enriched OMIM pheno-
types. B) Plot showing the top-25 GWAS phenotypes that are enriched in DAEs compared to nDAEs
(log2 odds ratio DAE/mDAE). C) Line graph showing the odds ratio, confidence interval, and p value
for enrichment of CNVs from an ASD cohort at DAEs and nDAEs. CNVs data obtained from Brandler
et al®’. * p<0.05; ** p <0.01 (Fisher’s exact test). D) Genome browser track showing the regulatory
landscape of the GABRD gene. Indicated are a DAE (chrl: 1,840,449-1,840,835) that is interacting
with the GABRD promoter, and a deletion (chrl: 1,840,001-1,845,000) that is found in an epilepsy
patient (CNET0068) from Monlong et al.®>.* p < 0.05 (Fisher’s exact test). E) Line graph showing the
odds ratio, confidence interval, and p value for enrichment of SNV from an ASD cohort at DAEs and
nDAEs. SNV data obtained from Zhou et al.*.
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Hence it is possible that deletion of this DAE affects GABRD expression, which
might be implicated in the phenotype of that individual.

Third, we made use of de novo SNVs found in WGS from 1,790 ASD simplex fam-
ilies®. We found 932 de novo variants that overlapped all DAEs in ASD individuals
compared to 829 variants overlapping all DAEs in unaffected individuals (odds ra-
tio=1.07, p-value=0.157). We next repeated the analysis with only those DAEs that
are interacting with known autism genes from the SFARI Gene database (n=1,003
genes)®. We found 26 cases and 11 controls with de novo variants in DAEs that in-
teract with autism genes in CP (odds ratio=2.249703, p-value=0.021455), whereas
for DAEs interacting with autism genes in GZ this was 20 cases and 17 controls
(odds ratio=1.11955, p-value=0.745628) (Figure S5E, Supplementary Table 12).
Interestingly, for each of the genes C/IB2, FBRSLI, PACS2, KDM4B and MYTIL we
found 2 individuals with autism with de novo variants in DAEs interacting with these
genes. These variants are either absent or extremely rare in a large control cohort of
gnomAD™, possibly pointing to a role in causing the phenotype, although this will
require further validation.

Together this indicates that DAEs are linked to disease relevant genes and are en-
riched for GWAS loci relevant for brain related traits and for variants linked to ge-
netic disorders.

CRISPRi and zebrafish experiments confirm enhancer activity of DAEs
regulating genes involved in epileptic encephalopathy

To further substantiate our findings, we validated the biological role of selected en-
hancers, using in vivo zebrafish transgenic reporter assays and CRISPR inhibition in
human NSCs by focusing on enhancers linked to disease relevant genes.

CHD?2 belongs to the chromodomain helicase DNA binding families of chromatin
remodeling proteins, and haplo-insufficiency of this gene has been associated with
a developmental and epileptic encephalopathy, presenting with early onset intracta-
ble seizures, cognitive regression, intellectual disability and ASD behaviors (OMIM
#615369)'*'. Around 80 kb upstream of CHD2, we found a DAE that interacts with
the CHD2 promoter (Figure 6A). In NSC reporter assays, this region showed strong
enhancer activity, and this was less pronounced in non-neural HEK cells (Figure
1G). To further study the biological relevance of this region, we first tested en-
hancer activity in vivo using zebrafish transgenesis. Out of the 36 analyzed zebrafish
larvae, 61.1% showed GFP-expression in the forebrain at 1 day post fertilization
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(dpf), and this increased to 81.8% at 2dpf and 87.9% at 3dpf, indicating enhancer
activity (Figure 6B,C). Expression was also found in midbrain and hindbrain, at
a slightly lower extent, in the eyes, in peripheral neurons and in the spinal cord
(Supplementary Table 13). GFP expression in the developing zebrafish brain cor-
related with in situ hybridisations of endogenous chd2'*. To test whether epigenome
silencing of this enhancer would affect CHD2 expression, we performed CRISPR
interference (CRISPRi) by targeting dCas9-KRAB-MeCP2 to the enhancer region
by co-expression of gRNAs with a GFP fluorescent reporter. Transfection efficiency
in these experiments, based on FACS for GFP, was 78-92%, and this resulted in
around 50% reduction of CHD2 expression compared to mock cells transfected sole-
ly with dCas9-KRAB-MeCP2 (Figure 6D). Interestingly, it was previously shown
that silencing of CHD?2 leads to reduced expression of REST'®. In agreement with
this, cells with reduced CHD?2 expression upon CHD?2 enhancer silencing showed
reduced REST expression (Figure 6E). This confirms that CHD? is under control of
the investigated DAE.

Bi-allelic variants in CAD cause an early infantile epileptic encephalopathy (OMIM
#616457)'*, that is characterized by global developmental delay, loss of skills,
therapy refractory epilepsy, brain atrophy, and dyserythropoietic anemia. We found
an enhancer located in the third intron of EMILINI, around 135 kb upstream of
CAD, that interacts with the CAD promoter (Figure 6A) and which showed strong
enhancer reporter activity in NSCs and only limited activity in HEK cells (Fig-
ure 1G). Targeting this region in NSCs by CRISPRi significantly diminished
gene expression of CAD to around 50% compared to mock (Figure 6D). Sim-
ilar to CHD2, in vivo reporter assays in zebrafish recapitulated in situ hybridisa-
tion results for cad'”. From the 45 analyzed larvae, GFP expression was found
in the forebrain of 88.9% larvae at 1dpf, which remained ~85% at 2 and 3 dpf.
Again, GFP expression was observed also in midbrain, hindbrain, eyes, in periph-
eral neurons, notochord and spinal cord (Figure 6B, Supplementary Table 13).

We next focused on an enhancer interacting with TRAK 1, located ~65 kb upstream of
the TSS (Figure 6A). TRAK1 is involved in mitochondrial trafficking, and bi-allelic
loss-of-function variants in TRAK are associated with developmental and epileptic
encephalopathy (OMIM #618201)'% 147, Similar to the CHD2 enhancer results, the
TRAK 1 enhancer showed higher reporter assay activity in NSCs than in HEK cells
(Figure 1G). Targeting of dCas9-KRAB-MeCP2 to the TRAK! enhancer reduced
TRAK I expression to ~25% residual expression (Figure 6D). Interestingly, in the VIS-
TA enhancer browser, another enhancer linked to TRAK (hs2359), ~18 kb upstream
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of'the TSS, has been reported which did not show enhancer reporter activity in E11.5
mouse embryos. When testing the TRAK ] enhancer identified here in zebrafish (Fig-
ure 6B), we found that from 55 larvae, 89.1% showed GFP-expression in the fore-
brain, as well as in the midbrain (74.5%) and hindbrain (85.5%). The larvae showed
decreasing GFP expression in neurons outside of the brain over the different time-
point (83.6% at 1dpf, 65.5% at 2dpf and 67.3% at 3dpf) and increasing expression
in both somites (89.1%) and heart (58.2%) at 3dpf, compared to 32.7% and 1.8% at
1dpf larvae, respectively. Moreover, this enhancer was active also in the eye, trunk
and tail, notochord and, at 1 dpf, in the spinal cord (Supplementary Table 13).
Finally, next to these three enhancers, we validated 7 additional enhancers linked to
the genes LRP1, LRP5, TUBB2A, ELOVL6, MACF1, C12o0rf4, and EBP41L1 using
zebrafish reporter assays, and could confirm enhancer activity for all of them with
>60% larvae expressing GFP (Figure 6B, Supplementary Figure 8, Supplementa-
ry Table 13). These included enhancers linked to the disease genes MACF1 (OMIM
#618325) and TUBB24 (OMIM #615763), of which coding pathogenic mutations
cause brain malformations'* ¥ and C12orf4 (OMIM #618221) of which bi-allelic
variants cause intellectual disability'>’. Together, this shows that DAEs identified
in this integrative analysis show enhancer activity in vitro and in vivo and regulate,
amongst others, genes linked to Mendelian disorders.

Figure 6. CRISPRi and zebrafish experiments validate activity of DAEs regulating genes involved
in neurogenetic disorders. A) Genome browser tracks showing enhancers interacting with CHD2
(left), CAD (middle), and TRAKI (right). Shown are RNA-seq expression profiles, various histone
modifications, and ATAC-seq and DNase profiles for various time points during human fetal brain
development, as indicated. The tested DAEs are indicated by the box. B) Representative fluorescent
images showing GFP expression of transgenic enhancer reporter assays in zebrafish larvae at 1, 2, and
3 dpf. Tested are the enhancers for CHD2, CAD, and TRAK1 (shown in A), and two additional en-
hancers for MACF1 and TUBB2A. The five tested enhancers induced GFP expression in the head of the
larvae, amongst others in the forebrain in 61.1%, 81.8%, and 87.9% larvae for CHD2; 88.9%, 85.4%,
and 85.7% for CAD; 87.1%, 70%, and 88.5% for TRAK1; 81.5%, 85.7%, and 76.2% for MACF'I; and
87.5%, 100%, and 100% for TUBB2A, respectively at 1, 2, and 3 dpf. Also peripheral neuron-specific
GFP expression was found, with 0%, 60.6%, and 21.2% for CHD2; 68.9%, 24.4%, and 51.4% for
CAD; 83.6%, 65.5%, and 67.3% for TRAK1; 37%, 50%, and 33.3% for MACF'1; and 50%, 83.3%, and
63.3% for TUBB24, respectively at 1, 2, and 3 dpf. See also Additional file 14: Table S13. Scale bars
represent 500 pm. C) Bright-field image of a wild type zebrafish larvae at 3 dpf (lateral view), with
the anatomical sites that were scored for GFP expression indicated. D) qRT-PCR showing reduction of
CHD2, CAD, and TRAK1 expression in NSCs upon silencing of respective enhancer by dCas9-KRAB-
MECP2. Data represent fold change of expression of respective genes compared to mock transfected
cells (KRAB-MECP2 plasmid only, no gRNA plasmid). Two independent transfection experiments
were performed, each in duplicate. All data points and standard deviation are shown. ** p < 0.01;
**%* n < 0.0001 (one-way ANOVA test followed by multiple comparison test (Fisher’s LSD test). E)
qRT-PCR showing reduction of REST expression in NSCs upon silencing of CHD2, CAD, or TRAK1
enhancers by dCas9-KRAB-MECP2. Data represent fold change of REST expression compared to
mock transfected cells (KRAB-MECP2 plasmid only, no gRNA plasmid). Two independent transfec-
tion experiments were performed, each in duplicate. All data points and standard deviation are shown.
** p <0.01 (one-way ANOVA test followed by multiple comparison test (Fisher’s LSD test).
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Discussion

Understanding the role of NCREs in development and disease still needs a signif-
icant effort at multiple levels: starting from identifying and annotating NCREs to
investigating their target gene(s) and function. In the past few years, the identifi-
cation and annotation of NCREs have gained a lot of attention. However, despite
these developments, due to their sheer number and complex function, more studies
and concerted efforts are needed to understand the role of NCREs in development
and disease. Here we performed an integrative analysis of virtually all previously
described putative enhancers and epigenome datasets of relevance for human brain
development.

Our analysis has allowed us to first identify the intersection between previous stud-
ies and identify a list of putative NCREs. This is an important step as the different
regions that were identified by previous investigations often have slightly differ-
ent coordinates, length and quality. Our putative regions are thus the commonality
between all the different studies that are conducted hitherto, but at the same time
keep the originality in each of them. To further specify enhancers that might have
a biological relevance, mapping epigenomic data to these putative regions allowed
us to identify around 40 thousand enhancers that display epigenomic rearrangement
during human brain development. These DAEs have different sequence characteris-
tics compared to non-variable enhancers, are bound by distinct sets of TFs, regulate
disease relevant genes and can harbor non-coding variants that are associated with
human disease. Furthermore, our integrative analysis identified a large number of
enhancers linked to known disease genes and expands on the knowledge of reg-
ulation of these genes. For example, CHD2 expression regulation has so far only
been known to be influenced by a highly conserved long non-coding RNA (IncRNA)
referred to as CHD2 Adjacent Suppressive Regulatory RNA (CHASERR), which is
located in proximity to the CHD2 TSS, and which represses Chd?2 gene expression in
cis . It has been hypothesized that targeting CHASERR could be used to increase

expression of CHD?2 in haploinsufficient individuals "'

, and it will be interesting to
explore whether targeting the enhancer region of CHD?2 that we find and validate
here could be exploited as an alternative target of such a strategy. Similarly, the reg-
ulation by enhancers of other disease implicated genes that we validate here adds to
the list of potential targets to find disease causing non-coding variants that disturb

this regulation.

An interesting finding of our study is that by starting with putative enhancers and
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variability of epigenome features over time during development, we recover DAEs
and nDAEs that can be distinguished based on sequence characteristics, such as
differences in GC content, the level of sequence constraint, tolerance to loss-of-func-
tion and differential profiles of TF binding. Also, these DAEs and nDAEs seem to be
associated with distinct developmental processes, and result in differences in gene
expression levels. It is tempting to speculate that the distinctive features between
these two types of enhancers can be used to uncover key nucleotides responsible for
those biological regulatory differences. It seems plausible that disturbing these func-
tionally causative sequences could lead to altered physiology resulting in disease.
Our analysis revealing GWAS loci enrichment and the link of DAEs supports this
statement. We suggest that our results might help interpreting the effects of SNVs in
non-coding sequences, which is at this stage not a trivial task. Our annotated data-
base of DAE and nDAE will be instrumental to prioritize SNVs based on distinct
sequence characteristics identified for these elements as well as to provide cues
on potentially disturbed developmental processes based on differential temporal
activity and regulatory targets of the enhancer in question. This in turn can in-
struct functional validation and help deciphering pathogenicity of variants. With
an increasing number of whole genome sequencing data available, it is expected that
more, possibly disease implicated, non-coding variants will be identified, and the
need to classify those sequences in benign or pathogenic will only further increase.
With more computational pathogenicity prediction tools available, such as the ncER
score and outcomes of integrative analyses such as performed here that pinpoint
likely functional sequences, it might become possible to further decipher the impact
of these SN'Vs.

In this study, by using an integrative computational analysis of virtually all previ-
ously described putative enhancers and epigenome datasets, we identified a compre-
hensive compendium of likely functional enhancers that are involved human brain
development and disease. By applying CRISPRi based silencing and zebrafish en-
hancer reporter assays, we show that these putative regions possess enhancer char-
acteristics. We foresee that these enhancer sequences will be instrumental in identi-
fying disease causing variants which might explain parts of the missing heritability
in the field of clinical genetics.
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Experimental procedure
Data visualization

To generate UCSC Genome Browser Tracks, aligned reads were converted to bed-
graph using genomeCoverageBed, after which the bedGraphToBigWig tool from the
UCSC Genome Browser was used to create a bigwig file’***, All enhancer regions,
Enhancer-Gene interactions and TAD coordinates were uploaded directly as bed
files. Other plots were drawn using R packages and Figures 1-6 and Supplementa-
ry Figures 1-8 were assembled in Adobe Illustrator®*. Supplementary Tables 1-14
were exported as Text or Excel files.

Data collection and processing
Collection of putative brain enhancers

To generate a comprehensive set of putative brain enhancers active during fetal brain
development, we scrutinized PubMed and various enhancer databases (last assessed:
April 2019), including amongst others EnhancerAtlas, the FANTOMS Project, and
the Vista Enhancer database® ' 17?7, This resulted in 1,595,292 putative enhancers
(Supplementary Table 1). Enhancers with identical coordinates were deduplicated
and the unique regions were used to determine putative critical regions (pCRs), rea-
soning that overlapping parts of a putative enhancer obtained from different sources
might point to functional relevant regions of that putative enhancer. If there is any
overlap between coordinates of putative enhancers derived from two or more da-
tabases, the pCRs were defined as maximum overlapping regions present in those
databases using the BEDtools suite (mergeBed, intersectBed, genomeCoverageBed
and groupBy sub-commands) (version 2.30.0)*. Putative enhancers that were only
present in one of the input sources were also included in the pCRs (Figure 1A,
step 1), as it cannot be excluded that these putative enhancers are biologically rel-
evant. pCRs with length less than 50 bp and more than 1000 bp were excluded. To
avoid any overlap with gene promoters, enhancers located within 2 kb upstream or 1
kb downstream of a transcriptional start site (TSS) (Ensembl GRCh37.p13 Release
102) were excluded using intersectBed. Following this procedure, we identified a
total 0f 202,462 pCRs which were used for downstream analyses. Next, we excluded
299 pCRs that were not covered by sufficient amounts of epigenome data (less than
10 reads in at least two samples (see section on defining DAEs)), resulting in a final
number 0f 202,163 pCRs (Supplementary Table 3). GREAT web interface was used
(version 4.0.4) (http://great.stanford.edu/public/html/)*® to visualize enhancer-TSS
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distance (with basal plus extension, proximal 5kb upstream and 1kb downstream,
plus distal up to 100kb, including curated regulatory domains, and whole genome
(GRCh37/hgl19) as background parameters) (Supplementary Figure 2B).

Epigenome data

Epigenome data were collected from the Roadmap Epigenomics Consortium, EN-
CODE, PsychENCODE and other studies (Supplementary Table 2). Epigenome
data sets used for integration included histone modifications (H3K27ac, H3K27me3,
H3K4mel, H3K4me2, H3K4me3) and chromatin accessibility (ATAC-seq and
DNase-seq) from different brain regions and different human developmental stages
(Figure 1A, step 1). To avoid any possible confounding biases because of the var-
ious pipelines used in different studies, we reanalyzed the raw FASTQ files using
our analysis pipeline (Additional File 1: Fig. S1). First, adaptor contamination was
removed using Trim Galore (version 0.6.5 (https://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/) and trimmed data were aligned to the GRCh37/hg19
human genome using Bowtie2 aligner (version 2.4.2)(with --very-sensitive parame-
ter)’”. Only properly paired and uniquely mapped reads, with mapping quality more
than 30 (MAPQ >=30), were kept followed by removing any possible duplicated
reads using Picard’s MarkDuplicates (version 4.0.1.1) (http://broadinstitute.github.
io/picard/). These reads were used to define differentially active enhancers (DAEs).

Defining differentially active enhancers (DAEs)

We assumed that pCRs with high variability in different epigenome data (dynamic
epigenomic rearrangement) across different developmental stages are more likely to
be functional than other pCRs. To determine this variability, the number of overlap-
ping reads (for each epigenome mark) with pCRs were counted using the multiBam-
Cov sub-command of BEDtools and a matrix was generated that included enhancers
as rows and epigenome features as columns. Epigenome features were from different
brain regions and developmental stages. 299 pCRs with less than 10 reads were
excluded, leaving 202,163 pCRs for this analysis. Subsequently, the raw read count
matrix was normalized using TMM-normalization®®. Since there were different de-
velopmental stages (time-point factor) and brain regions (brain part factor) in each
epigenome data, a design matrix was generated for each factor separately. A limited
number of samples without biological replicates were grouped together with other
samples based on high correlation (Pearson correlation; » > 0.89). The DAEs were
defined based on each design matrix using a generalized linear model and quasi-like-
lihood F-tests. In order to define the final DAE list, DAEs identified from at least two
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epigenome data specific matrices were pooled. In total, this resulted in 39,709 DAEs
(FDR adjusted p-value < 0.05). The remaining 162,454 pCRs that did not show vari-
ability were considered as nDAEs (Supplementary Table 3).

Identifying chromatin interactions
Enhancer-Gene interactions

In order to define Enhancer-Gene interaction, published HiC data from 3 human fetal
brains, for cortical plate (CP) and germinal zone (GZ) at gestation week 17—18 were
used®. This data provides 10 kb resolution bins for gene loop interactions and 40
kb resolution for topologically associating domain (TAD). Pre-calculated significant
interactions were intersected with pCRs (DAEs and nDAESs) using intersectBed to
define gene-enhancer interaction for both CP and GZ separately. Out of the 202,163
pCRs, 41,041 pCRs engaged in 101,366 interactions in CP, and 41,085 pCRs had
100,521 interactions in GZ. Enhancer-gene interactions locating within the same
TAD were considered for downstream analyses (almost 80% of all interactions were
intra-TAD). We only included protein coding and lincRNA genes in our analysis. To
determine enhancer-enhancer interactions in Additional File 1: Fig. S7TA we also
intersected HiC data with pCRs, focusing on interactions between DAEs and both
DAEs and nDAE:s.

In addition to HiC, we employed other enhancer-gene interaction predictions includ-
ing JEME (http://yiplab.cse.cuhk.edu.hk/jeme/)*, ENCODE (https://ernstlab.biol-
chem.ucla.edu/roadmaplinking/)*!, FOCS (http://acgt.cs.tau.ac.il/focs/download.
html)*, and GeneHancer (downloaded from UCSC table browser; hgl9; updated
2019)®. These databases apply statistical models on different types of omics data
to predict enhancer-gene interactions. We collected fetal brain enhancer-gene pre-
dictions from JEME and ENCODE and all brain related enhancer-gene predictions
from FOCS and GeneHancer, as the latter two resources do not specify fetal specific
interactions. In addition, we used H3K27ac HiChIP derived chromatin interactions
from several postnatal brain regions* cell type specific chromatin conformation cap-
ture data from PLAC-seq experiments in postnatal brain tissue** and enhancer-gene
interaction predictions generated by the Activity-by-contact (ABC) model (https://
github.com/broadinstitute/ ABC-Enhancer-Gene-Prediction)*. We performed the
ABC model by fixing the length of pCRs to 500 bps from the center (250 bps from
each side). The enhancer activity was then determined considering DNase, and
H3K27ac samples, and gene expression data from fetal brain'® using default settings
of'the “run.neighborhoods.py” function. The ABC score was calculated by integrat-
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ing the fetal HiC data and enhancer activity defined using the default settings of the
“predict.py” function and adjusting “--hic_type bedpe”, “--hic_resolution 10000”
flags and ignoring “--cellType” flag.

Intersections between the pCRs and each of these predictions were considered as
enhancer-gene interaction (Supplementary Table 5). The coordinates of the HiChIP
interactions were lifted over to hgl19 before intersecting with pCRs.

Functional enrichment analysis
Enhancer sequence characteristics analysis

To determine whether different DNA sequence features distinguish different en-
hancer groups and whether there is any association between these features and func-
tional prediction, we considered the following features: (i) the non-coding essential
regulation (ncER) score (https://github.com/TelentiLab/ncER _datasets/; updated
06-03-2019)%; (ii) GC content, as determined by the GCcontent R packages based
on BSgenome. Hsapiens.UCSC.hgl9 (version 1.4.3); (iii) conservation score for
each enhancer, as derived from the gscores R packages based on phastCons100way.
UCSC.hg19 (version 3.7.2)*; (iv) Orion scores*; (v) CADD scores*’; (vi) Haploin-
sufficiency scores®' and (vii) probability of loss-of-function intolerance (pLI) score™.
The overlaps between DNA sequence features and enhancer coordinates were de-
fined using intersectBed. As assessed enhancers (e.g. pCRs) varied in length between
50-1000 bp, and the above mentioned scores were given either at the nucleotide level
or in certain bins (depending on the given scores from the individual resources), we
calculated the mean value for each enhancer and used this in group comparisons.
For gene specific scores (e.g. pLI), we plotted the scores of the genes linked to the
enhancers. Statistical significant differences between groups were determined using
Wilcoxon signed rank test in R.

Gene expression correlation

To compare gene expression levels of enhancer target genes between different groups,
various transcriptome data were collected. This included transcriptome data from
different brain regions and developmental stages, and also various control data from
other fetal tissues from the Roadmap Epigenomics Consortium, ENCODE project,
Allen human brain atlas and other studies (Supplementary Table 6) -2%35% Raw
data (FASTQ) was quality controlled and adaptors and other contaminants were re-
moved using Trim Galore (version 0.6.5), reads were mapped to the GRCh37/hgl19
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human genome assembly using STAR aligner (version 2.7)%, and gene counts were
obtained using htseq-count (version 0.12.4)%, Gene expression levels were normal-
ized based on fragments per kilobase of transcript per million mapped reads (FPKM).
To correlate enhancers to gene expression, enhancer-gene interactions were derived
from the HiC data or the alternative enhancer-gene predictions as described above.
Gene expression levels were plotted and statistical comparison was performed, be-
tween expression levels of subgroups, using Wilcoxon signed rank test in R. We also
compared genes linked to DAEs and nDAEs by HiC, to the three trajectory gene
groups from BrainVar®’. For this we first found the overlap between genes interact-
ing with DAEs/nDAEs using HiC-CP/GZ and each of the three trajectory groups
(e.g. falling, rising and constant genes). We then determined the odds ratio between
DAE and nDAE linked genes for each of the three gene trajectories, and used Fish-
er’s exact test to determine significance.

Gene ontology analysis

For functional enrichment analysis, we used GREAT?®, Enrichr*® and Metascape™.
GREAT was used via the web interface (version 4.0.4) (http://great.stanford.edu/
public/html/) using the following settings: basal plus extension, proximal 5 kb up-
stream and 1 kb downstream, plus distal up to 100 kb, including curated regulatory
domains, and either whole genome or all pCRs as background, as indicated in the
tabs of Supplementary Table 4. The -log 10 p-value was used to rank GREAT
enrichment. Enrichr and Metascape were also used via the web interface (https://
maayanlab.cloud/Enrichr/; https://metascape.org/gp/index.html#/main/stepl), us-
ing the default settings and the whole genome set as background. All outputs of
p-value, Adjusted p-value (¢g-value) and combined score (which is the estimation
of significance based on the combination of Fisher’s exact test p value and z score
deviation from the expected rank) for Enrichr and of LogP, enrichment, z score and
log(g value) for Metascape are reported in Supplementary Table 4, Supplementa-
ry Table 7 and Supplementary Table 9.

Transcription factor binding enrichment

We used LOLA® using default settings to assess binding of known transcription
factors to DAEs and nDAEs (Figure 3). We used motifs from the JASPAR motif
database (using reference genome GRCh37/hgl9 and LOLAJaspar database core),
to test the TF enrichment in DAEs and nDAEs, using all pCRs as background. The
mean rank index (a combination of p-value, odds ratio from Fisher’s exact test and
the raw number of overlapping regions), was used to rank the known motifs. To dis-

154



Meta-analysis of putative enhancers in fetal brain

play TF enrichment in Figure 3 C and F, we re-scaled the rank between 0-100 using
the rescale () R function. To further identify motifs across the different relative DAE
or nDAE bins and distinguish motifs in the central versus peripheral parts of the en-
hancers (Figure 3G, H) we split the 100 relative bins into 20 groups of 5 consecutive
bins and performed motif enrichment analysis using HOMER (version 4.11), using
function “findMotifsGenome.pl” and all pCRs as background. A p-value <0.01 was
considered to select significantly enriched motifs.

Transposable element enrichment

The RepeatMask (GRCh37/hg19, updated 20-02-2020) was downloaded from the
UCSC table browser and joined to the pCRs. To determine enrichment of transpos-
able elements in brain enhancers, we followed a strategy previously used when in-
vestigating active enhancers in human embryonic stem cells®>. The number of over-
laps of each type of repeat (n_overlaps) with all pCRs (n) was used to calculate the
relative frequency (f all = n_overlaps/n). Multiplication of the relative frequency
with the number of regions (n_test, e.g. DAE, nDAE etc.) in any tested group yields
the expected frequency (E). This number was compared with the actual observed
frequency in the subgroups (f test = (n_overlap, test)/n_test = O) to calculate the ob-
served versus expected ratio (O/E). We considered repeats with O/E < 0.5 as deplet-
ed, or O/E > 1 as enriched. For the subsequent data interpretation we only focused on
transposable elements that were present multiple times (n_overlap > 15) in all pCRs
(Supplementary Table 8).

Disease relevance enrichment

The Online Mendelian inheritance in Man (OMIM) gene list (updated 28-09-2020)
was downloaded using biomaRt R package® from Ensembl GRCh37.p13 Release
101. The GWAS catalog (GRCh37/hgl19,updated 17-03-2021) was downloaded
from the UCSC table browser. The GWAS catalog was manually filtered to keep
brain related studies and their variants with p-value < 9¢-08 (Supplementary Ta-
ble 11). Stratified LD score regression analysis was performed by implementing the
full baseline model to calculate enrichment (https://github.com/bulik/ldsc/wiki)®* .
Annotation and LD score files were created using the “make annot.py” and “Idsc.
py” functions, respectively. Partitioning heritability was performed using the “Idsc.
py” script considering default parameters with “-- h2” flag. We obtained GWAS
summary statistics for several brain-related traits including Alzheimer’s disease®,
Anorexia Nervosa®, Anxiety®, Attention Deficit Hyperactivity Disorder®, Autism
Spectrum Disorder™, Bipolar Disorder and Schizophrenia’™, Epilepsy’?, Insomnia’,
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Intelligence™, Major Depressive Disorder”, Neuroticism’ 77, Obsessive compulsive
disorder / Tourette syndrome’®, Parkinson’s disease’, and Schizophrenia® (Supple-
mentary Table 11). Z-scores were used to calculate the p-values which were cor-
rected for multiple hypothesis testing using the Benjamini-Hochberg method. For
CNV analysis, we retrieved pre-processed published data from Brandler et a/ (their
supplemental table 9: de novo SVs sheet, and their supplemental table 7: Primary
CR Trans and Replication CR Trans sheets) *' and Monlong et al (cnvs-PopSV-Ep-
ilepsy-198affected-301controls-5kb.tsv.gz file in https://figshare.com/s/20dfded-
cc4718e465185)%. For SNV analysis of the ASD simplex families, we collected de
novo variants from supplemental table 1 of Zhou et al . Autism genes were col-
lected from the SFARI Gene database (http://gene.sfari.org/database/human-gene)
8 The overlap between enhancer regions (DAE and nDAE) and each data set was
determined using intersectBed. The odds ratio and p-value between DAE and nDAE
was calculated using fisher.test () R function. The Haldane—Anscombe correction
was used to adjust the odds ratio.

Distribution of features across enhancer bins

To investigate the distribution of enrichment of different features (ncER score,
GC content, phastCons score and epigenome data) across enhancers, we divided
the enhancer regions into 10 bp bins and calculated the relative scores (the median
value for ncER score, GC content, phastCons score) and the number of reads (for
epigenome data) for each bin. As the enhancers under investigation differed in size
between 50-1000 bp, to make enrichments between enhancers comparable, we re-
scaled each enhancer bin. To this end, we calculated a relative position between
1-100 for each bin of each enhancer, where 1 is the first bin, and 100 is the last bin
of each individual enhancer. We then plotted the distribution of each feature across
all these re-scaled enhancer bins.

DAE clustering analysis

The matrix of DAEs was used to determine the pattern of epigenome data through
different developmental stages. To determine the optimal clustering algorithm, we
used clValid R package which simultaneously compares multiple clustering algo-
rithms (hierarchical, kmeans, model-based, pam and clara). Based on this, the pam
algorithm (which is similar to k-means but more robust to noise and outliers) was
selected to cluster DAEs using the spearman distance and ward.D? method. To define
the optimal number of clusters, we used fviz_nbclust and NbClust R packages which
compute different indices by bootstrapping (n=1000). The predicted number of clus-
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ters were tested using the silhouette R package to examine whether the clustering
performed correctly. This approach resulted in 2 clusters for DAEs and epigenome
features at 8-12 PCW, 3 clusters for 13-18 PCW and 2 clusters for >18 PCW, for each
of CP and GZ, respectively. For each cluster, we determined the gene expression of
protein coding genes interacting with the DAEs from each cluster, as obtained from
published RNA-seq data sets. Significant differences in expression levels between
different clusters were determined using the Wilcoxon signed rank test in R. Also,
target genes linked to each cluster were used for functional enrichment analysis us-
ing Enrichr®, as described under gene ontology analysis (Supplementary Table 9).

Enhancer cell type specificity and their dynamics in adult brain

To determine cell type specificity of enhancers, we compared DAEs and nDAEs to
recently described cell-type specific regulatory elements from two studies on adult
brain (obtained from supplementary data Set 4 (data lifted over to hgl9) of Corces
et al** and Supplementary Table 5 of Nott et al/** and a study of fetal brain (obtained
from supplementary file 4 of Domcke et al, specificity scores for top 10000 regions®.
We used bedtools to intersect DAEs or nDAEs and different cell type specific regula-
tory elements. For all DAEs and nDAEs linked to target genes in CP and GZ by HiC,
we compared dynamics of H3K27ac levels in both fetal and adult samples, using
H3K27ac data from Li et al*®. Clustering analysis was performed as described under
“DAE clustering analysis” above. Gene ontology analysis for each defined cluster
was performed using Enrichr, as described above.

Experimental validation
Cell culture

HEK293 LTV cells (Cell Biolabs) were cultured in DMEM medium (Gibco), supple-
mented with 10% FBS at 37°C, 5% CO2. Human neural stem cells (NSCs) (Gibco),
were cultured in NSC medium (KnockOut DMEM-F12 (Gibco), 2 mM L-glutamine
(Gibco), 20 ng/ml bFGF (Peprotech), 20 ng/ml EGF (Peprotech), 2% StemPro Neu-
ral supplement (Gibco), 100U/ml penicillin and 100pg/ml streptomycin), as previ-
ously described *’.

Enhancer activity in STARR-seq reporter plasmids

For experimental validation in Figure 1G, we randomly selected 22 DAEs that
showed interaction with a target gene by HiC, and of which the target gene was
expressed in neural stem cells, as indicated from our previously generated RNA-seq
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data (GSE137129;%). DAEs were amplified from genomic DNA and cloned into
the STARR-seq plasmid (kind gift of A.Stark)® as previously described®. For the
additional tested enhancer deletions (Supplementary Fig. 4), the obtained STARR-
seq plasmids containing /RF2BPL, CHD?2 and MACF1 enhancers were modified by
site-directed mutagenesis to remove regions with high or low ncER score. The fol-
lowing regions were deleted: /RF2BPL (chr14: 77422484-77422514); CHD2 (ncER1
chr15: 93363603-93363640, ncER3 chrl5: 93363780-93363790); MACFI (ncER1
chrl: 39598824-39598844, ncER2 chr1:39598744-39598754). The regions with
low ncER score at the 5’ and 3’ ends (80-100bp) of /IRF2BPL, CHD2 and MACF'1
enhancers were excluded by Gibson assembly. Primer sequences are provided in
Supplementary Table 14. HEK293 and NSC were transfected with STARR-seq
plasmid containing enhancer regions using polyethylenimine (PEI, Sigma) or Lipo-
fectamine™ Stem Transfection Reagent (Thermo Scientific) respectively. Spike-in
of a pmCherry-N1 plasmid (Clonetech) was used as a transfection control. 24h post
transfection cells were collected, stained with Hoechst dye and the enhancer activ-
ity was measured by FACS analysis (20,000 cells per sample). GFP-positive cells
within the mCherry-positive population were quantified to assess enhancer activi-
ty compared to an empty STARR-seq vector. Two independent transfection exper-
iments were performed, each in duplicates. Statistical analysis was performed using
a one-way ANOVA test followed by multiple comparison test (Fisher’s LSD test).
Calculations were conducted in GraphPad Prism (version 8).

dCas9-KRAB-MeCP2 silencing of active enhancers in NSC

We selected DAEs linked to CHD2, CAD and TRAK! and designed for each DAE
two targeting gRNAs (primer sequences are given in Supplementary Table 14).
gRNAs were cloned into a pgRGFP plasmid (Addgene #82695, a kind gift of Al-
lan Mullen)®. NSCs were co-transfected with dCas9-KRAB-MeCP2 (Addgene
#110824, kind gift of Alejandro Chavez and George Church)® and the two gRNAs/
DAE and collected for RNA isolation 48h post transfection. Transfection efficiency
was estimated by FACS analysis (78-92% GFP-positive cells detected). RNA was
isolated using TRI reagent (Sigma) followed by cDNA preparation using iSCRIPT
cDNA synthesis kit (BioRad). Fold change in gene expression (AAct method) was
evaluated by qPCR (iTaq universal SYBR Green Supermix) (Sigma), performed in
CFX96RTS thermal cycler (Bio-Rad), as previously described®”. TBP expression
was used as housekeeping normalization control. Statistical analysis was performed
using a one-way ANOVA test followed by multiple comparison test (Fisher’s LSD
test). Calculations were conducted in GraphPad Prism (version 8).
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Zebrafish studies

Zebrafish (Danio rerio) were raised and maintained under standard conditions®'.
Adult and larval fish were kept on a 14h/10h light—dark cycle at 28°C. Larvae were
kept in HEPES-buffered E3 medium. Media was refreshed daily and at 24 hpf
0.003% 1-phenyl 2-thiourea (PTU) was added to prevent pigmentation. All zebraf-
ish experiments were performed in compliance with Dutch animal welfare legisla-
tion. Selected DAEs used in the in vitro experiments were transferred by Gibson
assembly between the Ascl and Pacl site of a E1b-GFP-Tol2 enhancer assay plasmid
(a kind gift of Ramon Birnbaum)®* containing an E1b minimal promoter followed
by GFP, using the following transfer primers: Transfer fw: 5’-AGATGGGCCCTC-
GGGTAGAGCATGCACCGG-3’ and Transfer rv: 5’-TCGAGAGATCTTAATG-
GCCGAATTCGTCGA-3’. Constructs were injected into zebrafish embryos using
standard procedures, together with Tol2 mRNA to facilitate genomic integration.
At least 50 embryos were injected per construct in at least two different injection
experiments. GFP expression was observed and annotated at 1, 2 and 3 dpf by a flu-
orescent Leica M165FC stereomicroscope (Supplementary Table 13). Images were
analyzed using imagelJ (FIJI). An enhancer was considered active when at least 30%
of the larvae showed consistent GFP expression.

Availability of data and materials

All primary data used in this study are given in Supplementary Tables 1, 2 and
6 Some of the primary data that were used to support the findings of this study are
available from dbGaP and PsychENCODE, but restrictions apply to the availability
of these data, which were used under license for the current study and so are not
publicly available (third party data). The source code and all processed data for all
analysis performed in this study are available in the repositories https://github.com/
syousefi87/Differentially-Active-Enhancers'>?, and https:/figshare.com/projects/
Differentially-Active-Enhancers/122965'.
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Supplementary Figures
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Supplementary Figure 1. Flow chart of integrative data analysis. Overview of the various analysis
steps performed in this study. See text and methods for additional details.
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Supplementary Figure 2. Derivation of pCRs and DAEs. A) Density plot showing the size distribu-
tion of the 202,163 pCRs in bps. The red dashed line indicates the average length of all pCRs (460 bp).
B) Relative distribution of all 202,163 pCRs in relation to their closest transcriptional start site. Graph
generated using GREAT. C) Heatmaps showing variability across all epigenome features for the top
30,000 DAEs (left) and nDAE:s (right). Columns represent in total 494 epigenome data sets used for the
various types of histone marks and chromatin accessibility, as indicated.
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Supplementary Figure 3. Enhancer-Gene predictions and target gene expression. A) Bar chart
showing the overlap between predicted enhancer-gene interactions from HiC of CP (upper panel) or
GZ (lower panel) and the alternatively used enhancer-prediction methods JEME, ENCODE, FOCS,-
GeneHancer, HiChIP, PLAC-seq and ABC model. B) Bar chart showing the number of target genes that
overlap between the HiC enhancer-gene interaction predictions and the target gene predictions from the
alternative methods, for DAEs (upper panel) and nDAEs (lower panel). C) Venn diagrams showing the
interactions of DAEs (first and third panel) or nDAEs (second and fourth panel) with protein coding
genes (left) and lincRNA (right) within the same TAD, for interactions from HiC in CP (first and second
panel) or GZ (third and fourth panel). D) Venn diagrams showing the overlap between DAEs (upper
panel) or nDAEs (lower panel) that interact with genes in CP (left) or GZ (right). E) Box plots showing
the RNA-seq gene expression levels (in log2 FPKM) of genes linked to DAEs or nDAESs in CP (left) or
GZ (right) for different brain regions. Boxes are interquartile range (IQR); line is median; and whiskers
extend to 1.5 the IQR. * p<0.05; ** p<0.01; *** p<0.001; (wilcox.test). RNA-seq data obtained from
ENCODE project. F) Box plots showing gene expression levels as determined by RNA-seq, for genes
that interact with DAEs (light gray) or nDAESs (dark gray) as predicted by JEME, FOCS, GeneHancer,
ENCODE, HiChIP, PLAC-seq, or the activity-by-contact (ABC) method, as indicated, for either CP or
GZ, for fetal (red) or adult (blue) brain samples. Boxes are interquartile range (IQR); line is median;
and whiskers extend to 1.5 the IQR. PCW, postconceptional week. FPKM, fragments per kilobase of
transcript per million mapped reads. * p<0.05; *** p<0.001; ns, not significant (wilcox.test). Data
obtained from: 12 PCW, Yan et al; 15-17 PCW, De la Torre-Ubieta et al; 17 PCW, Roadmap; 81 years,
Roadmap; mean of fetal sources is the mean expression of the first three fetal samples. G) Bar plot
showing the overlap between rising, falling and constantly expressed genes from BrainVar and DAE
and nDAE target genes as predicted by HiC in CP or GZ. H) Line plot showing the odds ratio between
DAE and nDAE linked genes in CP (red) or GZ (blue) (as determined by HiC), for rising, falling or
constant genes from BrainVar. * p<0.05; *** p<0.001, Fisher’s exact test.
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Supplementary Figure 4. Features and motifs in DAEs and nDAEs. A) Line plot showing the distri-
bution of the mean ncER percentile (left) , GC content score (middle) and phastcons score (right) over
all DAESs that have a size of 500 bp (n= 768). B) Bar chart showing the number of significant motifs
from HOMER analysis (left) or the total number of target sequences for these motifs, across the 20
relative bin groups for DAEs. C) As B, but now for nDAEs. D) Heatmap showing the RNA-seq expres-
sion levels (Log2 FPKM) of the most enriched TFs at the center of DAEs from the HOMER analysis
presented in Figure 3G, across various human fetal tissues. RNA-seq data obtained from ENCODE
project. E) As D), but now for the most enriched TFs at the center of nDAEs from the HOMER anal-
ysis reported in Figure 3H. F) Effect of ncER deletion on activity of DAEs linked to /RF2BPL, CHD?2
and MACFI. Percentage of activity of modified DAEs (see methods) compared to the full-length DAE
in STARR-seq enhancer reporter experiments is plotted. Two independent transfection experiments
were performed, each in duplicate. All data points and standard deviation are shown. * p<0.05; ****
p<0.0001 (one-way ANOVA test followed by multiple comparison test (Fisher’s LSD test).
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Supplementary Figure 5. Cell type specificity of DAEs and nDAEs. A) Bar chart showing the
overlap between DAEs and cell type-specific chromatin accessibility peaks derived from Domcke et al,
generated by scATAC-seq on fetal brain. B) As A, but not nDAEs. C) Bar chart showing the overlap
between cell type specific putative enhancers from postnatal brain from Nott et al and Corces et al, us-
ing the putative enhancers from Nott et al as reference for the intersection. D) As C, but now using the
putative enhancers from Corces et al as reference for the intersection. E) Bar chart showing the overlap
between DAEs and the postnatal, cell type specific putative enhancers from Nott et al and Corces et al.
F) As E, but now for nDAEs.
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Supplementary Figure 6. Dynamics of DAEs and nDAEs in comparison to adult brain. A) Heat-
map displaying H3K27ac for pre- and postnatal samples from Li et al, across all DAEs interacting with
protein coding genes in CP (upper heatmap) and GZ (lower heatmap) (A"). K means clustering analysis
of H3K27ac enrichment (A") identifies four clusters, depicted in purple, blue, green and red. Level of
enrichment is indicated on the y-axis in Log2 TPM. Gene enrichment analysis for the corresponding
genes in each cluster (A™). X-axis shows the - log 10 (p-value) from Enrichr. B) As A, but then for
nDAESs. K means clustering identifies 5 different clusters for nDAEs, depicted in yellow, purple, green,
blue and red.
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Supplementary Figure 7. DAEs and nDAEs in human disease, related to Figure 5. A) Line graph
showing the fraction between OMIM divided by nonOMIM genes as a function of the number of en-
hancers that a DAE is interacting with, for interactions in CP (red) and GZ (blue). The more enhancers
a DAE is interacting with, the more likely it is that the target gene of that DAE is a OMIM gene. B)
Heat map showing the —log10 p-value obtained from LD score regression analysis using relevant pub-
licly available GWAS data for several brain related disorders (see Supplementary Table 11), for DAEs,
nDAEs and pCRs. AD, Alzheimer’s disease; ADHD, attention-deficit hyperactivity disorder; BDSCZ,
bipolar disorder and schizophrenia; MDD, major depressive disorder; OCD_TS, obsessive compulsive
disorder / Tourette syndrome; PD, Parkinson’s disease; SCZ, schizophrenia.
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Supplementary Figure 8. Zebrafish enhancer reporter assay. Panel of additional fluorescent images
for validated enhancers, showing GFP expression in zebrafish at 1, 2 and 3 dpf. Scale bars represent
500 um.
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Summary

As sequencing costs decrease, whole genome sequencing (WGS) will be more of-
ten routinely employed for diagnostics of patients with presumed genetic diseases
in the field of human genetics. These studies provide the opportunity to investigate
regions of our genome that currently used routine methods, such as whole exome
sequencing (WES) fail to assess, including non-coding regions. Variants in these
regions beyond the exome, are excellent candidates in which genetic variants might
contribute to the phenomena of missing heritability. Namely, independent of the pre-
cise indication for genetic testing, in general a molecular diagnosis is not achieved
in around 50% of individuals suspected of a genetic disorder, including neurodevel-
opmental disorders, and it seems likely that at least part of this missing heritability
is caused by alterations of the non-coding genome. Particular interesting parts of
that non-coding genome are enhancers, which are non-coding elements that ensure
correct spatio-temporal expression of their target genes. An increasing number of
studies have linked alterations of such enhancers to human disease, but still, their
wide-spread investigation in a clinical setting is hampered. One of the key reasons
is that it is still challenging to predict the location and the activity of functional en-
hancers genome-wide. Given these hurdles, it is even more challenging to interpret
the effect of genetic variants in such non-coding regulatory elements. It is thus of
crucial relevance to better functionally annotate non-coding regulatory elements as
this will greatly facilitate the interpretation of genetic variants identified outside of
the exome in WGS studies.

In this thesis, I aimed to solve part of the missing heritability in neurodevelopmental
disorders, using computational approaches. Next to the investigations of a novel
epilepsy syndrome and investigations aiming to elucidate the regulation of the gene
involved, I investigated and prioritized genomic sequences that have implications
in gene regulation during the developmental stages of human brain, with the goal to
create an atlas of high confidence non-coding regulatory elements that future studies
can assess for genetic variants in genetically unexplained individuals suffering from
neurodevelopmental disorders that are of suspected genetic origin.

In chapter 1, we provided an overview of the current knowledge of the role of the
non-coding genome in gene regulation and diseases, with a particular focus on en-
hancers. We discussed the main techniques currently applied to identify putative and
functional enhancers, their target genes, and computational approaches that facilitate
future investigations on non-coding causes of genetic diseases.

184



Summary

In chapter 2A, we applied WES to identify the cause of a severe epileptic encepha-
lopathy in a child visiting the outpatient clinic of the Clinical Genetics department,
identifying a homozygous variant in the essential gene UGP2. Subsequently, through
international collaboration, we identified in 21 additional individuals presenting with
the same phenotype exactly the same variant, establishing UGP2 as a new cause
of developmental epileptic encephalopathy. The UGP2 gene encodes two different
protein isoforms, which only differ by 11 amino acids at the N-terminal, and which
do not display any functional differences. The rare variant in the affected individuals
results in a tolerable Met12Val missense change of the longer UGP2 isoform but
disrupts the start codon of the shorter isoform, which is predominantly expressed
in the brain. Affected individuals therefore become functionally depleted of UGP2
in brain, but still have expression of the functional long isoform in other tissues.
Absence of UGP2 leads to alterations in glycogen metabolism, protein glycosylation
and increased ER-stress, leading to neuronal dysfunction. This is the first disease
caused by the specific absence of a tissue-specific isoform of an essential gene, and
our computational analysis shows that a similar mechanism might apply as well to
other essential genes with a similar structure of the gene locus.

In chapter 2B, we investigated the mechanisms underlying the UGP2 gene regu-
lation and the switch of isoform expression amongst various cell types. To identify
potential UGP2 regulatory elements and the 3D interactions with the UGP2 promot-
er, we combined ChIP-seq with T2C maps, allowing a high-resolution investigation
of all interactions around the UGP2 promoter. A potential UGP?2 regulatory element
(pDE4 enhancer) is located adjacent to the OTX7 gene and shows interactions with
the UGP2 promoter. Also, partially knocking out the pDE4 enhancer sequence pro-
vided evidence for potential UGP2 regulation by this enhancer. Computational motif
analysis at pDE4 showed two binding sites of ZNF281, a zinc finger transcription
factor which is expressed at a higher level in human embryonic stem cells (ESCs)
compared to neural stem cells (NSCs). This ongoing work provides the first glimpse
in the mechanisms underlying gene regulation at the UGP2 locus.

In chapter 3, we introduced a pipeline to computationally define likely functional
enhancers during different stages of fetal brain developmental. Data integration al-
lowed us to generate a comprehensive list of functional enhancers, integrating vir-
tually all available epigenome data and previously proposed putative enhancers for
brain development. We first collected more than 1.6 million putative enhancers from
literature and various data bases, and assessed their individual overlap which we
hypothesized might identify the real biological relevant sequences, leading to the
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identification of around 200 thousand putative critical regions. The epigenome state
of these putative critical regions was assessed across ~500 distinct epigenome data
during the early stages of human brain development, likely reflecting the activity of
those sequences during development. This multi-omics integration analysis defined
39,709 differentially active enhancers (DAEs) with dynamic epigenomic rearrange-
ment during fetal brain development. Many of these DAEs are linked to clinically
relevant genes, and functional validation of selected DAEs in cell models and zebraf-
ish confirmed their role in gene regulation. DAEs were subjected to higher sequence
constraints in humans, different sequence characteristics, and a distinct transcription
factor binding landscapes. Also, DAEs are enriched for GWAS loci for brain-related
traits and genetic variation found in individuals with autism spectrum disorder. To-
gether, this work provides a large atlas of regulatory elements that play a role during
human brain development, many of which regulate disease relevant genes.

Chapter 4 provides a catalog of active enhancers in NSCs identified using the mas-
sively parallel reporter assay ChIP-STARR-seq, a technology previously developed
in our laboratory which allows the genome-wide identification of functional en-
hancers in a genome-wide manner. Using this approach, we could assess the activ-
ity of more than 148 thousands genomic regions and identify around 14 thousands
highly active enhancers. Using computational studies, we showed correlations be-
tween enhancer activity and various characteristics, such as gene expression levels
of their target genes, sequence constraint, conservation, and enrichment for tran-
scription factor (TF) motifs and transposable elements (TEs), providing insights into
the mechanisms underlying gene regulation in NSCs. Furthermore, testing the same
genomic regions in ESCs allowed the assessment of differential enhancer activity in
the two cell types. We determined a subset of enhancers with higher activity in ESCs
that were surprisingly linked to neural genes with evidence of epigenetic silencing
at the endogenous chromatin context in ESCs, suggesting they might be silenced
in ESCs but primed for activation at later stages of (neural) development. Interest-
ingly, a small subset of these enhancers are enriched for binding sites of ZNF281,
which might indicate that this zinc finger protein also plays a role in priming these
enhancers. Together, this study provides a catalogue of functionally validated en-
hancers in NSCs, and provides novel insights in gene regulatory mechanisms in
NSCs.

In chapter 5, we provided a graphical user interface to explore the enhancer-related
information obtained from previous chapters in a user-friendly manner. This visu-
alization application allows users to explore enhancer activity, enhancer-gene inter-
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actions and enhancer-disease associations, and other enhancer-related information
during development. Launching of the application will facilitate widespread data
access to users that do not have to be trained in bioinformatics and will help facili-
tating the use of enhancer analysis in a clinical setting.

Finally, chapter 6 provides a general discussion of the findings of this thesis, high-
lighting notable results and discusses them in the context of recent literature, with an
outlook to future clinical implementation of these findings.
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Samenvatting

Naarmate de sequencingkosten dalen, zal whole genome sequencing (WGS) vaker
routinematig worden toegepast voor de diagnostiek van pati€énten met vermoedelijk
genetische ziekten in het veld van de klinische genetica. Deze studies bieden de mo-
gelijkheid om regio's van ons genoom te onderzoeken die momenteel met de huidige
technologieén, zoals whole exome sequencing (WES), niet worden geévalueerd,
zoals niet-coderende regio's buiten de eiwitcoderende genen. Varianten in deze re-
gio's buiten het exoom, zijn uitstekende kandidaten waarin genetische varianten
zouden kunnen bijdragen tot het fenomeen van “missing heritability”. Onafhanke-
lijk van de precieze indicatie voor genetische tests wordt namelijk in het algemeen
bij ongeveer 50% van de van een genetische aandoening verdachte personen, met
inbegrip van neurologische ontwikkelingsstoornissen, geen moleculaire diagnose
gesteld, en het lijkt waarschijnlijk dat ten minste een deel van deze missing heritabil-
ity wordt veroorzaakt door veranderingen in het niet-coderende genoom. Bijzonder
interessante delen van dat niet-coderende genoom zijn enhancers, dat zijn niet-co-
derende elementen die er voor zorgen dat de genen die zij reguleren op het juiste mo-
ment aan en uit gaan, ook wel regulatie van correcte spatio-temporele genexpressie
genoemd. Een toenemend aantal studies heeft afwijkingen van dergelijke enhancers
in verband gebracht met ziekten bij de mens, maar nog steeds wordt het onderzoek
hiervan op grote schaal in een klinische setting belemmerd. Een van de belangrijkste
redenen hiervoor is dat het nog steeds een uitdaging is om de locatie en de activiteit
van functionele enhancers genoombreed te voorspellen. Gezien deze hindernissen is
het zelfs nog moeilijker om het effect van genetische varianten in dergelijke niet-co-
derende regulerende elementen te interpreteren. Het is dus van cruciaal belang om
niet-coderende regulatorische elementen beter functioneel te annoteren, aangezien
dit de interpretatie van genetische varianten die buiten het exoom in WGS studies
worden geidentificeerd, aanzienlijk zal vergemakkelijken.

In dit proefschrift heb ik getracht een deel van de ontbrekende erfelijkheid in neu-
rologische ontwikkelingsstoornissen op te lossen, gebruik makend van bioinforma-
tische benaderingen. Naast het onderzoek naar een nieuw epilepsie syndroom en
onderzoek gericht op het ophelderen van de regulatie van het betrokken gen, heb ik
genomische sequenties onderzocht en geprioriteerd die implicaties hebben in genreg-
ulatie tijdens de ontwikkelingsstadia van het menselijk brein, met als doel een atlas
te cre€ren van niet-coderende regulatoire elementen met een hoge betrouw-baarheid,
die toekomstige studies kunnen gebruiken om genetische varianten op pathogenic-
iteit te beoordelen in genetisch onverklaarde individuen die lijden aan vermoedelijk
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genetische neurologische ontwikkelingsstoornissen.

In hoofdstuk 1 gaven we een overzicht van de huidige kennis van de rol van het
niet-coderende genoom in genregulatie en ziekten, met een bijzondere nadruk op en-
hancers. We bespraken de belangrijkste technieken die momenteel worden toegepast
om mogelijke en functionele enhancers te identificeren, hun doelgenen in kaart te
brengen, en bioinformatische benaderingen die toekomstig onderzoek naar niet-co-
derende oorzaken van genetische ziekten vergemakkelijken.

In hoofdstuk 2A hebben we WES toegepast om de oorzaak van een ernstige epilep-
tische encefalopathie vast te stellen bij een kind dat de polikliniek van de afdeling
Klinische Genetica bezocht, waarbij we een homozygote variant in het essenti€le
gen UGP2 hebben geidentificeerd. Door internationale samenwerking hebben we
vervolgens bij 21 andere personen met hetzelfde fenotype precies dezelfde variant
geidentificeerd, waardoor UGP?2 als een nieuwe oorzaak van epileptische encefalop-
athie (developmental epileptic encephalopathy) werd vastgesteld. Het UGP2 gen
codeert voor twee verschillende eiwit isovormen, die slechts 11 aminozuren ver-
schillen aan de N-terminal, en die geen functionele verschillen vertonen. De zeld-
zame variant in de getroffen individuen resulteert in een tolereerbare Met12Val mis-
sense verandering van de langere UGP2 isovorm, maar verstoort het startcodon van
de kortere isovorm, die overwegend in de hersenen tot expressie komt. Getroffen
individuen hebben hierdoor geen functioneel UGP2 in de hersenen, maar hebben
nog expressie van de functionele lange isovorm in andere weefsels. Afwezigheid
van UGP2 leidt tot veranderingen in het glycogeenmetabolisme, eiwitglycosylering
en verhoogde ER-stress, wat leidt tot neuronale disfunctie. Dit is de eerste ziekte die
veroorzaakt wordt door de specifieke afwezigheid van een weefselspecifieke isovo-
rm van een essentieel gen, en onze rekenkundige analyse toont aan dat een zelfde
mechanisme ook zou kunnen gelden voor andere essenti€le genen met een gelijkaar-
dige structuur van het gen locus.

In hoofdstuk 2B hebben we de mechanismen onderzocht die ten grondslag liggen
aan de UGP?2 genregulatie en de omschakeling van isovorm expressie tussen ver-
schillende celtypen. Om potentiéle UGP2 regulerende elementen en de 3D interac-
ties met de UGP2 promoter te identificeren, combineerden we ChIP-seq met T2C
kaarten, waardoor een hoge-resolutie onderzoek van alle interacties rond de UGP2
promoter mogelijk werd. Een potentieel UGP?2 regulerend element (pDE4 enhancer)
bevindt zich naast het OTX7 gen en vertoont interacties met de UGP2 promoter. Ook
het gedeeltelijk uitschakelen van de pDE4 enhancer sequentie leverde bewijs voor
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potenti€le UGP2 regulatie. Computermotiefanalyse op pDE4 toonde twee binding-
splaatsen van ZNF281, een zinkvingertranscriptiefactor die op een hoger niveau tot
expressie komt in menselijke embryonale stamcellen (ESCs) in vergelijking met
neurale stamcellen (NSCs). Dit werk levert een eerste glimp op van de mechanismen
die ten grondslag liggen aan genregulatie op de UGP2 locus.

In hoofdstuk 3 introduceerden we een analyse pipeline voor het bioinformatisch
definiéren van waarschijnlijke functionele enhancers tijdens verschillende stadia
van de foetale hersenontwikkeling van de mens. Data-integratie stelde ons in sta-
at om een uitgebreide lijst van functionele enhancers te genereren, waarin vrijwel
alle beschikbare epigenoom data en eerder voorgestelde mogelijke enhancers voor
hersenontwikkeling zijn geintegreerd. Eerst verzamelden we meer dan 1.6 miljoen
putatieve enhancers uit de literatuur en verschillende databases, en beoordeelden
hun individuele overlap, waarvan we veronderstelden dat dit de echte biologisch
relevante sequenties zou kunnen identificeren, wat leidde tot de identificatie van on-
geveer 200 duizend vermeende kritieke gebieden. De epigenoom toestand van deze
mogelijke kritieke regio's werd beoordeeld in ~500 verschillende epigenoom data ti-
jdens de vroege stadia van de menselijke hersenontwikkeling, wat waarschijnlijk de
activiteit van deze sequenties tijdens de ontwikkeling weerspiegelt. Deze multi-om-
ics integratie analyse identificeerde 39,709 differentieel actieve enhancers (DAEs)
met dynamische epigenomische herschikking tijdens de foetale hersenontwikkeling.
Veel van deze DAEs zijn gelinkt aan klinisch relevante genen, en functionele val-
idatie van geselecteerde DAEs in celmodellen en zebravissen bevestigden hun rol
in genregulatie. DAEs zijn onderhevig aan hogere sequence constraint bij de mens,
hebben verschillende sequentie karakteristicken, en een verschillend transcriptie
factor bindingslandschap. Bovendien zijn DAEs verrijkt voor GWAS loci voor hers-
en-gerelateerde eigenschappen en genetische variatie gevonden bij personen met
autisme spectrum stoornis. Samen levert dit werk een grote atlas op van regulatoire
elementen die een rol spelen tijdens de ontwikkeling van het menselijk brein, en
waarvan vele genen reguleren die relevant zijn voor ziekten.

Hoofdstuk 4 geeft een catalogus van actieve enhancers in NSCs die geidentificeerd
zijn met behulp van de massaal parallelle reporter assay ChIP-STARR-seq, een
technologie die eerder in ons laboratorium is ontwikkeld en die het mogelijk maakt
om functionele enhancers op genoom-brede wijze te identificeren. Met deze aanpak
konden we de activiteit van meer dan 148 duizend genomische regio's bepalen en on-
geveer 14 duizend zeer actieve enhancers identificeren. Met behulp van bioinforma-
tische studies toonden we correlaties aan tussen enhancer activiteit en verschillende

190



Samenvatting

karakteristicken, zoals genexpressieniveau van de genen die door deze enhancers
gereguleerd worden, sequence constraint en conservatie, en verrijking voor tran-
scriptiefactor (TF) motieven en transposable elementen (TEs), wat samen inzicht
verschaft in de mechanismen die ten grondslag liggen aan genregulatie in NSCs.
Bovendien maakte het testen van dezelfde genomische regio's in ESCs de beoordel-
ing mogelijk van differenti€le enhancer activiteit in de twee celtypes. We vonden een
subset van enhancers met hogere activiteit in ESCs die verrassend gelinkt waren aan
neurale genen met bewijs van epigenetische silencing in de endogene chromatine
context in ESCs. Dit suggereert dat ze mogelijk in ESCs gesilenced zijn maar klaar
staan voor activatie in latere stadia van (neurale) ontwikkeling. Interessant is dat een
klein deel van deze enhancers verrijkt is met bindingsplaatsen van ZNF281, wat erop
zou kunnen wijzen dat dit zinkvingereiwit ook een rol speelt in de priming van deze
enhancers. Samengevat biedt deze studie een catalogus van functioneel gevalideerde
enhancers in NSCs, en verschaft nieuwe inzichten in genregulerende mechanismen
in NSCs.

In hoofdstuk 5 hebben we een grafische gebruikersinterface gemaakt om de en-
hancer-gerelateerde informatie, verkregen uit voorgaande hoofdstukken, op een geb-
ruikersvriendelijke manier te verkennen. Deze visualisatie applicatie stelt gebruikers
in staat om enhancer-activiteit, enhancer-gen interacties en enhancer-ziekte associ-
aties, en andere enhancer-gerelateerde informatie tijdens de ontwikkeling interactief
te verkennen. De lancering van de applicatie zal een wijdverspreide datatoegang
vergemakkelijken voor gebruikers die niet hoeven te zijn opgeleid in bioinformatica
en zal het gebruik van enhanceranalyse in een klinische setting helpen vergemakke-
lijken.

Tenslotte geeft hoofdstuk 6 een algemene discussie van de bevindingen van dit
proefschrift, waarbij relevante resultaten worden belicht en besproken in de context
van recente literatuur, met een vooruitblik naar toekomstige klinische implementatie
van deze bevindingen.
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PhD Portfolio

Courses Year
The Workshop UCSC Genome Browser 2018
R2 Workshop 2018
Scientific Integrity 2019
Next Generation Sequencing Data Analysis 2019
Single Cell Analysis 2019
Python Programming 2019
Biomedical Writing for PhD candidate 2021
SNP Course: SNP and human Diseases 2021
Survival Analysis 2021
Seminars and Workshops

26" MGC Workshop 2019
27" MGC Workshop 2021
28" MGC Workshop 2022
Clinical Genetics Meeting 2018-2022
Clinical Genetics Seminars 2018-2022
Journal Clubs PhD Students 2018-2022
Cell Biology Meeting 2018-2022
Cell Biology Seminars 2018-2022
Sophia Research Days 2018-2022
(Inter)national Conferences

MGC Symposium 2019,2022
European Society of Human Genetics 2020
European Society of Human Genetics 2022
Oral Presentation, 27" MGC Workshop 2021
Oral Presentation, 28" MGC Workshop 2022
Oral Presentation, The UK and Dutch Clinical Genetics joint meeting 2022
Poster Presentation, Biomedical Science PhD Day 2022
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