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Abstract

Background: Cerebral Palsy (CP) is a group of neurodevelopmental disorders characterized by
injury to the developing brain. CP is caused by environmental and genetic factors; however,
the genetic contributions are poorly understood.

Objectives: To better understand genetic factors, The Centre For Applied Genomics conducted
whole genome sequencing on DNA from CP patients and their parents and identified potential
clinically relevant variants. Of these variants, | confirmed the de novo predictive loss-of-function
and missense variants using Sanger Sequencing.

Here, | highlight three de novo variants in genes that have been previously linked to
neurodevelopmental disorders: BCL11A (c.A200G:p.(K67R)), GATAD2B (c.T1321C:p.(C441R))
and PIK3R2 (c.G1117A:p.(G373R)). | investigated each gene’s functions, previously identified
gene variants, and impacts of those variants in animal models, cell lines, and clinical studies to
understand each genes’ potential link to CP.

Results: BCL11A encodes a transcription regulating protein that suppresses fetal hemoglobin
after birth and promotes axonal growth and branching. GATAD2B encodes a subunit of the
nucleosome remodeling and histone deacetylase complex which regulates transcription and is
linked to neural development. PIK3R2 encodes a regulatory subunit of a kinase which is
involved in growth signaling and transcription regulation. All genes are highly expressed in the
brain, and all variants are in conserved regions of their respective gene. Other de novo
missense alterations in the same exon of each gene have been identified in patients with other
neurodevelopmental disorders such as intellectual disability. Knockdown studies in mice

and Drosophila as well as molecular pathway analyses show evidence for

pathogenicity of similar variants in all genes.

Conclusions: The validation of sequence level variants adds to the growing database of genes
and variants connected to CP, including three variants, two of which are completely novel, on
genes that have not previously been linked to CP. Further investigation can be done on other
variants and how they impact gene function, adding to the overall understanding of potential
causes of CP.



Introduction

Cerebral Palsy, or CP, is a group of developmental conditions characterized by injury to
the developing brain causing motor, speech, vision, or hearing impairments, and intellectual
disabilities (CPnet, 2021). CP is the most common childhood physical disability, and in most
industrialized countries the prevalence is approximately 1 in 500 live births (Colledge, 2001).

CP is thought to be caused by both environmental and genetic factors creating a brain
injury before or during birth, or within the first few years of life (Nelson, 2008). Environmental
risk factors include prematurity, birth asphyxia, and exposure to infection (CPnet, 2021).
Population studies have also shown evidence for a genetic contribution to risk (Tolldnes Mette
et al., 2014). However, genetic contributions to CP are still poorly understood. The objective of
my research is to better understand the genetic factors of cerebral palsy. To do so, | validated
72 genetic variants from the DNA of CP patients, and conducted in-depth literature searches on
genes which contain 3 of the validated variants.

Methods
Whole Genome Sequencing

Prior to the start of my research, The Centre for Applied Genomics (TCAG) conducted
whole genome sequencing (WGS) on DNA from over 200 CP patients and their families and
identified copy number variants, single nucleotide variants, insertions, and deletions in each
participants’ genomes. Variants were evaluated based on the 5-tier pathogenicity classification
through which likely pathogenic and thus potential clinically relevant variants were identified.
Of the identified variants, | validated and analyzed 72 de novo?, exonic?, missense and loss of
function? variants.

Primer Picking, PCR, and Cleaning

| picked primers for each variant using Primer 3. | used the UCSC In-Silico PCR tool to
check for single nucleotide polymorphisms (SNPs) on the primer sequence, and | used the
Human BLAT Search tool to check for primer overlap with other DNA segments. | then tested
the primers through PCR, and subsequently conducted PCR on the DNA samples themselves.
After checking that the PCR successfully amplified the DNA sequences using gel electrophoresis,
| cleaned the PCR products using the Invitrogen PCR Purification Kit. Cleaned products were
sent to the TCAG Sanger Sequencing facility. Sanger sequencing results were analyzed using
FinchTV software (Figure 1) and were compared against the UCSC Genome Browser.

! De novo variants are new mutations that arise first in germ cells; they are not inherited from parents.
2 Exonic variants are found in protein coding regions of the gene.

3 Missense and loss of function variants are changes in the DNA sequence that affect the amino acid
sequence of a given protein.
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Figure 1: Sanger Sequencing results read through FinchTV for sequences on genes BCL11A
(A), GATAD2B (B), and PIK3R2 (C). De novo SNP variants can be seen in proband
sequences for each gene, indicated by two overlapping arcs.

Literature Searches

| first conducted an overview literature search on each variant to see if the variant was
already listed in existing genomic databases such as OMIM, ClinVar, ClinGen, and gnomAD.
Maijority of the variants had not been previously identified. However, some variants appeared
in genes that have been linked to other neurodevelopmental conditions and literature
investigates similar missense and loss of function variants nearby on the given gene. For these
genes, | conducted in depth literature searches on each gene’s function, other variants
identified in the gene, and impacts of those variants in animal models, cell lines, and clinical
studies. While many genes linked to other neurodevelopmental disorders still returned little to
no information during the literature search, three genes were selected as “high impact” genes
on which there is abundant existing literature. This report explores these three genes: GATA
Zinc Finger Domain Containing 2B (GATAD2B), B-cell ymphoma 11A (BCL11A), and
Phosphoinositide-3-kinase regulatory subunit 2 (PIK3R2).

Results and Discussion
Variants

Analysis of the Sanger Sequencing results showed that 67 out of 72 variants (93%) were
successfully validated. 71% (51) of the variants were SNPs, and 22% (16) were insertions or
deletions (Table 1).

Table 1: Summary of Variant Validations.




Type of Variant Number of Variants Percentage of total
(N=76)

SNPs 51 71%

Insertions/Deletions 16 22%

Unsuccessful Validation 5 7%

Literature searches showed that majority of the identified variants are novel and have not
been previously identified in existing genomic databases. However, existing literature can still
inform us on the potential pathogenicity of novel variants, as will be explored further with
GATAD2B, BCL11A, and PIK3R2 (Figure 1).

GATA Zinc Finger Domain Containing 2B (GATAD2B)
Gene Function

GATADZ2B encodes a subunit of the nucleosome remodeling and histone deacetylase
complex (NURD complex) (OMIM, 2020). The NURD complex regulates transcription through
binding DNA and histones, deacetylation of histone tails, and playing a role in nucleosome
sliding and positioning (Pierson et al., 2019). It is highly conserved across species (Luo et al.,
2017). The complex is linked to both neural development as well as embryonic development
and is highly expressed in the brain (OMIM, 2020) (Pierson et al., 2019), which may be why
GATADZ2B variants have been linked to neurodevelopmental disorders. GATAD2B’s known role
in the complex is to recruit and localize other subunits (Feng et al., 2002) (Figure 2).
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Figure 2: lllustration of the nucleosome remodeling and histone
deacetylase (NURD) complex. Image from Pierson et al., 2019.

Previously Recorded Variants




While our identified variant (c.T1321C:p.(C441R)) has not previously been found, other
GATADZ2B variants have been studied and linked to macrocephaly (abnormally large head size),
intellectual disability, developmental delay, and crossed eyes (Shieh et al., 2020). This
phenotype has been called GATAD2B associated neurodevelopmental disorder (GAND). GAND
shares many common characteristics with CP phenotypes, thus it is possible that variants
similar to those that cause GAND may cause CP. Over 50 cases of GAND have been previously
identified (Shieh et al., 2020) (Pierson et al., 2019) (Figure 3). Most cases are caused by
missense and loss of function variants. Many variants are found in one of two conserved
regions of the gene, including our identified variant, which is in conserved region 2 (CR2)%.
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Figure 3: Genomic Map of previously recorded GATAD2B variants, many of which
are found in conserved region 2 along with our identified variant
(c.T1321C:p.(C441R)). Image from Pierson et al., 2019.

Functional Impacts of Variants

Due to the large number of variants found in CR2 of GATADZ2B, functional studies have
investigated how variants may impact the function of this region. One study used
immunoprecipitation assays to show that CR2 helps direct the GATAD2B protein to specific
nuclear loci, and variants in this region may disrupt that pathway (Feng et al., 2002). Another
study used immunoprecipitation assays to show how missense variants in CR2 disrupted
interaction of the protein with binding partners CHD3, CHD4, and CHD5 (Shieh et al, 2020)
(Figure 4). By disrupting the interaction of GATAD2B with binding partners, the variants may
disrupt the overall structure of this region of the complex, inhibiting it from functioning

properly.

4 Conserved regions are regions of DNA that are similar or identical across many species, showing that
the region contains important DNA that has been preserved through natural selection.
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Figure 4: In-vitro transcription-translation of GATAD2B with NURD components
(detected by Western blot) show that missense variants disrupt binding of GATAD2B to
other components of the NURD complex. Image from Shieh et al., 2020.

Additionally, a knockdown of a GATAD2B ortholog® in fruit flies led to impaired learning
and synaptic development (Willemsen et al., 2013) (Figure 5). The fruit flies’ learning was
measured through a timed jump response to a stimulus, which quickly improved in controls as
they became habituated but didn’t improve in the knocked down fruit flies. This result provides
strong evidence for pathogenicity. However, since this knockdown used a microdeletion of the
gene, deleting 240kb of DNA, instead of a SNP, this evidence is only partially applicable to our
variant of interest, which may have similar but reduced effects when knocked down.
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Figure 5: Knockdown of GATAD2B orthologue in fruit flies led to slower jump responses to
a stimulus and decreased habituation Image from Willemsen et al., 2013.

B-cell lymphoma 11A

Gene Function and Conservation

BCL11A encodes a transcription regulating protein that suppresses fetal hemoglobin after
birth and promotes axonal growth and branching (Kuo et al., 2010). Like the NURD complex

> An orthologue is an alternate version of a given gene found in a different species



which hosts GATAD2B, it is also involved in chromatin remodeling for gene suppression, and is
highly expressed in the lymph nodes and brain (Liu et al., 2006). Studies have also found that it
promotes young neuron outgrowth (Kuo et al., 2010), and plays a role in the polarity of upper
neurons (Wiegreffe et al., 2015). To function, the BCL11A protein forms a dimer with other
BCL11A isoforms to localize to nucleus and bind to chromatin (Kuo et al., 2010).
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Figure 6: Isoforms of the BCL11A protein. Exon 2 is conserved in each isoform of the
protein, thus a mutation in this exon would affect each isoform of the protein.
Image from Liu et al., 2006.

BCL11A is largely conserved between mice chicken, clawed frogs, and humans, suggesting
the importance of its function (Satterwhite et al., 2001). Additionally, exon 2 of the gene, which
contains the identified variant (c.A200G:p.(K67R)), is found in each isoform of the protein the
gene produces (Liu et al., 2006) (Figure 6). Thus, if the identified variant is pathogenic, it would
affect the function of several resulting proteins.

Previously Identified Variants

While BCL11A has not been as extensively studied as GATAD2B, at least 7 missense or loss
of function variants have been found in exon 2 in patients with neurodevelopmental disorders,
specifically intellectual disability and speech and language development delay (Dias et al., 2016)
(Korenke et al., 2020). In all individuals with BCL11A missense variants, fetal hemoglobin levels
were significantly elevated. Since BCL11A suppresses fetal hemoglobin, this suggests that the
BCL11A variant had a functional impact on the body.

Functional Impacts of Variants




Molecular assays investigated missense variants on exon 2 of BCL11A by measuring its
interaction with NONO (a related protein) and with wild-type isoforms of the BCL11A protein
(Figure 7). These studies found that the variants disrupt protein dimerization and localization
(Dias et al., 2016). Because the BCL11A protein must form a dimer to function properly,
disrupting dimerization stopped the protein from proper functioning and decreased its
transcriptional regulatory activity (Dias et al., 2016).
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Figure 7: Missense variants on exon 2 of BCL11A-L reduce its ability to form a dimer with with
wild type isoforms of BCL11A (BCL11A-S and BCL11A-L). Image from Dias et al., 2016.

Researchers also investigated BCL11A exon 2 missense variants with mice models, as mice
BCL11A is highly homologous to human BCL11A. Mice models showed that mice with BCL11A
missense variants showed phenotypical features of intellectual disability, such as decreased
brain volume and social recognition (Dias et al., 2016). Additionally, RNA sequencing of the
mouse cortex and hippocampus showed that missense variants lead to transcriptional
deregulation and thus significantly altered gene expression, strongly suggesting pathogenicity
(Dias et al., 2016).

Phosphoinositide-3-kinase regulatory subunit 2 (PIK3R2)

Gene Function and Conservation

PIK3R2 encodes the regulatory subunit of the protein phosphatidylinositol 3-kinase (P/3K)
(NCBI Gene, 2021). PI3K is a heterodimer protein with a regulatory subunit and a catalytic one,
and performs a variety of functions by phosphorylating phosphatidylinositol and similar
compounds that are involved in cell signaling (NCBI Gene, 2021). This creates secondary
messengers that are important in growth signaling pathways, including the mTOR pathway,
which is vital for cell proliferation and maintenance of brain tissues (Negishi et al., 2017).
PIK3R2 along with PIK3R1 also regulate the function of another protein: XBP1S. This protein is a
transcription factor that initiates protein unfolding in response to endoplasmic reticulum stress
(Park et al., 2010).



The PI3K pathway is highly conserved in eukaryotic evolution, showing its important role
in cellular function and suggesting that variants disrupting this pathway may have grave
impacts on the body (Riviéere et al., 2012). Additionally, this pathway is especially important for
brain development; PIK3R2 is expressed widely throughout the body but is especially highly
expressed in the brain (NCBI Gene, 2021).

Variants

Unlike GATAD2B and BCL11A, the identified variant on PIK3R2 has been previously
identified several times in the literature: over 40 individuals have been identified with the
¢.G1117A:p.(G373R) variant (Terrone et al., 2016) (Mirzaa et al., 2016) (Riviéere et al., 2012).
Phenotypic features associated with this variant include megalencephaly (large head size),
overgrowth and asymmetry, intellectual disability, developmental delay, and other neurologic
issues such as seizures and polymicrogyria® (Negishi et al., 2017) (Terrone et al., 2016) (Mirzaa
et al., 2016). While this variant has not previously been identified in a CP patient, many of the
identified phenotypic features relate to CP and are shared by CP patients.

Functional Impacts of Variants

Functional analyses of the PIK3R2 gene, and the G373R variant specifically, found that
aberrations on PIK3R2 alter activity of the mTOR pathway by preventing PI3K from entering its
inactive conformation, thus keeping the pathway permanently in a high activity state (Riviére et
al., 2012) (Negishi et al., 2017). Since the mTOR pathway is important for growth and cell
proliferation, this may lead to the large head size, overgrowth, and other kinds of growth
asymmetry observed in individuals with this variant (Negishi et al., 2017).

Conclusion

By validating 72 variants among CP patients, many of which are novel variants, this
research adds to the growing database of genes and variants connected to CP. Such data can
help other researchers recognize the significance of a given variant. Additionally, these variants
can be further studied, both through literature searches and through experimental work, to
better understand their pathogenicity and specific functional impacts.

| conducted in-depth literature searches on three genes that have previously been linked
to neurodevelopmental conditions similar to CP and whose functional impacts have been
studied. Literature searches show that all the genes are involved in neural development and
highly expressed in the brain. Additionally, the variants are either found in conserved regions of
their gene or the gene itself is highly conserved.

In the case of GATAD2B and BCL11A, our identified variants are completely novel.
However, nearby variants on each gene have been previously studied and linked to other

® Polymicrogyria is a condition in which the brain develops abnormally to have too many ridges or folds,
which are often too small as well.



neurodevelopmental disorders such as intellectual disability and developmental delay.
Investigations of gene function through molecular analysis as well as animal models have
provided evidence for the pathogenicity of these nearby variants. Additionally, the cellular
explanation for the variants’ pathogenicity, i.e. how it affects the body, can be linked to CP. In
the case of PIK3R2, our identified variant has previously been seen in patients with other
neurodevelopmental disorders, but has not been linked to CP. However, the molecular analysis
of the variant shows how it may be pathogenic and linked to CP. Thus, while we cannot
definitively declare our identified variants as pathogenic, the literature provides strong
evidence for pathogenicity of each of these variants among CP patients.

Future Directions

Further investigation is needed to explore if other variants found in CP patients lie on
genes that have been linked to neurodevelopmental conditions, as this may provide evidence
to suggest pathogenicity of these variants even without experimental work on the CP variants
themselves. However, this may prove difficult as there is little information about many genes
and how they relate to neural development, as discovered with many of our identified variants
and their genes. Thus, experiments with cell lines, molecular assays, and animal models should
also be conducted to confirm pathogenicity on variants that are highly likely to be pathogenic,
such as the variants on GATAD2B, BCL11A, and PIK3R2 explored in this paper. Overall, such
investigation expands the overall genetic understanding of CP, prompting further research on
potential prevention and treatment methods.
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